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PERTANIKA JOURNAL OF TROPICAL AGRICULTURAL 
SCIENCE 
About the Journal
Overview
Pertanika Journal of Tropical Agricultural Science is an official journal of Universiti Putra Malaysia. 
It is an open-access online scientific journal. It publishes the scientific outputs. It neither accepts nor 
commissions third party content.

Recognised internationally as the leading peer-reviewed interdisciplinary journal devoted to the 
publication of original papers, it serves as a forum for practical approaches to improving quality in issues 
pertaining to tropical agriculture and its related fields.

Pertanika Journal of Tropical Agricultural Science is a quarterly (February, May, August, and November) 
periodical that considers for publication original articles as per its scope. The journal publishes in 
English and it is open for submission by authors from all over the world.

The journal is available world-wide.

Aims and scope
Pertanika Journal of Tropical Agricultural Science aims to provide a forum for high quality research 
related to tropical agricultural research. Areas relevant to the scope of the journal include agricultural 
biotechnology, biochemistry, biology, ecology, fisheries, forestry, food sciences, genetics, microbiology, 
pathology and management, physiology, plant and animal sciences, production of plants and animals 
of economic importance, and veterinary medicine.

History
Pertanika was founded in 1978. A decision was made in 1992 to streamline Pertanika into 3 journals 
as Pertanika Journal of Tropical Agricultural Science, Pertanika Journal of Science & Technology, and 
Pertanika Journal of Social Sciences & Humanities to meet the need for specialised journals in areas of 
study aligned with the interdisciplinary strengths of the university.

Currently, as an interdisciplinary journal of agriculture, the revamped journal, a leading agricultural 
journal in Malaysia now focuses on tropical agricultural research and its related fields.

Vision
To publish journals of international repute.

Mission
Our goal is to bring the highest quality research to the widest possible audience.

Quality
We aim for excellence, sustained by a responsible and professional approach to journal publishing. 
Submissions are guaranteed to receive a decision within 90 days. The elapsed time from submission to 
publication for the articles averages 180 days. We are working towards decreasing the processing time 
with the help of our editors and the reviewers.

Abstracting and indexing of Pertanika
Pertanika is now over 42 years old; this accumulated knowledge has resulted in Pertanika Journal 
of Tropical Agricultural Science being abstracted and indexed in SCOPUS (Elsevier), Clarivate Web 
of Science (ESCI), EBSCO, DOAJ, Agricola, ASEAN CITATION INDEX, ISC, Microsoft Academic, Google 
Scholar, National Agricultural Science (NAL), and MyCite.

Citing journal articles
The abbreviation for Pertanika Journal of Tropical Agricultural Science is Pertanika J. Trop. Agric. Sci.
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Publication policy
Pertanika policy prohibits an author from submitting the same manuscript for concurrent consideration 
by two or more publications. It prohibits as well publication of any manuscript that has already been 
published either in whole or substantial part elsewhere. It also does not permit publication of 
manuscript that has been published in full in proceedings.

Code of Ethics
The Pertanika journals and Universiti Putra Malaysia take seriously the responsibility of all its journal 
publications to reflect the highest publication ethics. Thus, all journals and journal editors are 
expected to abide by the journal’s codes of ethics. Refer to Pertanika’s Code of Ethics for full details, or 
visit the journal’s web link at http://www.pertanika.upm.edu.my/code_of_ethics.php

Originality
The author must ensure that when a manuscript is submitted to Pertanika, the manuscript must be an 
original work. The author should check the manuscript for any possible plagiarism using any program 
such as Turn-It-In or any other software before submitting the manuscripts to the Pertanika Editorial 
Office, Journal Division.

All submitted manuscripts must be in the journal’s acceptable similarity index range:
≤ 20% – PASS; > 20% – REJECT.

International Standard Serial Number (ISSN)
An ISSN is an 8-digit code used to identify periodicals such as journals of all kinds and on all media–
print and electronic. All Pertanika journals have an e-ISSN.

Pertanika Journal of Tropical Agricultural Science: e-ISSN 2231-8542 (Online).

Lag time
A decision on acceptance or rejection of a manuscript is expected within 90 days (average). The 
elapsed time from submission to publication for the articles averages 180 days.

Authorship
Authors are not permitted to add or remove any names from the authorship provided at the time 
of initial submission without the consent of the journal’s Chief Executive Editor.

Manuscript preparation
Most scientific papers are prepared according to a format called IMRAD. The term represents the first 
letters of the words Introduction, Materials and Methods, Results, And Discussion. IMRAD is simply 
a more ‘defined’ version of the “IBC” (Introduction, Body, Conclusion) format used for all academic 
writing. IMRAD indicates a pattern or format rather than a complete list of headings or components 
of research papers; the missing parts of a paper are: Title, Authors, Keywords, Abstract, Conclusions, 
References, and Acknowledgement. Additionally, some papers include Appendices.

The Introduction explains the scope and objective of the study in the light of current knowledge on 
the subject; the Materials and Methods describes how the study was conducted; the Results section 
reports what was found in the study; and the Discussion section explains meaning and significance 
of the results and provides suggestions for future directions of research. The manuscript must 
be prepared according to the journal’s Instruction to Authors (http://www.pertanika.upm.edu.my/
Resources/regular_issues/Regular_Issues_Instructions_to_ Authors.pdf).

Editorial process
Authors who complete any submission are notified with an acknowledgement containing a manuscript 
ID on receipt of a manuscript, and upon the editorial decision regarding publication.

Pertanika follows a double-blind peer review process. Manuscripts deemed suitable for publication 
are sent to reviewers. Authors are encouraged to suggest names of at least 3 potential reviewers at the 
time of submission of their manuscripts to Pertanika. The editors are not, however, bound by these 
suggestions.

Notification of the editorial decision is usually provided within 90 days from the receipt of manuscript. 
Publication of solicited manuscripts is not guaranteed. In most cases, manuscripts are accepted 
conditionally, pending an author’s revision of the material.
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As articles are double-blind reviewed, material that may identify authorship of the paper should be 
placed only on page 2 as described in the first-4-page format in Pertanika’s Instruction to Authors 
(http://www.pertanika.upm.edu.my/Resources/regular_issues/Regular_Issues_Instructions_to_ 
Authors.pdf).

The journal’s peer review
In the peer review process, 2 or 3 referees independently evaluate the scientific quality of the submitted 
manuscripts. At least 2 referee reports are required to help make a decision.

Peer reviewers are experts chosen by journal editors to provide written assessment of the strengths and 
weaknesses of written research, with the aim of improving the reporting of research and identifying the 
most appropriate and highest quality material for the journal.

Operating and review process
What happens to a manuscript once it is submitted to Pertanika? Typically, there are 7 steps to the 
editorial review process:

1.	 The journal’s Chief Executive Editor and the Editor-in-Chief examine the paper to 
determine whether it is relevance to journal needs in terms of novelty, impact, design, 
procedure, language as well as presentation and allow it to proceed to the reviewing process. 
If not appropriate, the manuscript is rejected outright and the author is informed.

2.	 The  Chief  Executive  Editor  sends  the  article-identifying  information  having  been 
removed, to 2 or 3 reviewers. They are specialists in the subject matter of the article. The 
Chief Executive Editor requests that they complete the review within 3 weeks.

	 Comments to authors are about the appropriateness and adequacy of the theoretical or 
conceptual framework, literature review, method, results and discussion, and conclusions. 
Reviewers often include suggestions for strengthening of the manuscript. Comments to the 
editor are in the nature of the significance of the work and its potential contribution to the 
research field.

3.	 The Editor-in-Chief examines the review reports and decides whether to accept or 
reject the manuscript, invite the authors to revise and resubmit the manuscript, or 
seek additional review reports. In rare instances, the manuscript is accepted with almost no 
revision. Almost without exception, reviewers’ comments (to the authors) are forwarded 
to the authors. If a revision is indicated, the editor provides guidelines to the authors for 
attending to the reviewers’ suggestions and perhaps additional advice about revising the 
manuscript.

4.	 The  authors  decide  whether  and  how  to  address  the  reviewers’  comments  and 
criticisms and the editor’s concerns. The authors return a revised version of the paper to the 
Chief Executive Editor along with specific information describing how they have answered’ 
the concerns of the reviewers and the editor, usually in a tabular form. The authors may 
also submit a rebuttal if there is a need especially when the authors disagree with certain 
comments provided by reviewers.

5.	 The Chief Executive Editor sends the revised manuscript out for re-review. Typically, at least 
1 of the original reviewers will be asked to examine the article.

6.	 When the reviewers have completed their work, the Editor-in-Chief examines their 
comments and decides whether the manuscript is ready to be published, needs another 
round of revisions, or should be rejected. If the decision is to accept, the Chief Executive 
Editor is notified.

7.	 The Chief Executive Editor reserves the final right to accept or reject any material for 
publication, if the processing of a particular manuscript is deemed not to be in compliance 
with the S.O.P. of Pertanika. An acceptance notification is sent to all the authors.

The editorial office ensures that the manuscript adheres to the correct style (in-text citations, 
the reference list, and tables are typical areas of concern, clarity, and grammar). The 
authors are asked to respond to any minor queries by the editorial office. Following these 
corrections, page proofs are mailed to the corresponding authors for their final approval. At 
this point, only essential changes are accepted. Finally, the manuscript appears in the pages 
of the journal and is posted on-line.
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Foreword

Welcome to the first issue of 2023 for the Pertanika Journal of Tropical Agricultural Science 
(PJTAS)! 

PJTAS is an open-access journal for studies in Tropical Agricultural Science published by Universiti 
Putra Malaysia Press. It is independently owned and managed by the university for the benefit of 
the world-wide science community.

This issue contains 20 articles; three review articles, one short communication, and the rest are 
regular articles. The authors of these articles come from different countries namely Germany, 
Indonesia, Jamaica, Kingdom of Saudi Arabia, Malaysia, Nigeria, Sudan, Thailand, United Kingdom, 
and United State of America.

A selected article, by Nurdianah Harif Fadzilah and Wan Adnan Wan Omar from Universiti Sains 
Malaysia, evaluated the therapeutic effect of ethanolic bee pollen extract (BPE) from Malaysian 
stingless bee in cultured breast adenocarcinoma human cell lines (MCF-7) and mammary 
epithelial human cell lines (MCF-10A). Three stingless bee species were used to prepare bee 
pollen ethanolic extracts: Geniotrigona thoracica, Heterotrigona itama, and Tetrigona apicalis. 
The trypan blue exclusion assay was applied for cell proliferation activity in MCF-7 and MCF-
10A. Besides that, the therapeutic index (TI) was analyzed to assess the relative antiproliferative 
activity of BPE on cancer versus normal cells. The results showed that the therapeutic index of G. 
thoracica BPE was the highest, which is potentially developing as a chemotherapeutic agent. The 
detailed information of this article is available on page 37.

Another article entitled “The Effect of Cadmium, Copper, and Lead on Brassica juncea in 
Hydroponic Growth Medium” investigated the accumulation of heavy metals, including copper, 
cadmium, and lead, in the different parts of Brassica juncea planted by the hydroponic method. 
The research results show that the accumulation of these heavy metals in the different parts of B. 
juncea varied over time. Full information of this study is presented on page 253.

A regular article entitled “Phylogeny Study of 20 Selected Species of Zingiberaceae from Ex situ 
Collections in Peninsular Malaysia” provided additional biological information to the 20 selected 
Zingiberaceae species, which were collected from the Agricultural Conservatory Park, Institute of 
Bioscience, Universiti Putra Malaysia. The combined random amplified polymorphic DNA (RAPD) 
and inter simple sequence repeat unweighted pair group method with arithmetic mean (ISSR 
UPGMA) phylogenetic tree classed them according to their three tribes (Alpinieae, Zingiberaceae, 
and Globbeae). The further details of this study are found on page 329.

i



We anticipate that you will find the evidence presented in this issue to be intriguing, thought-
provoking and useful in reaching new milestones in your own research. Please recommend the 
journal to your colleagues and students to make this endeavour meaningful.

A special thanks to the Editor-in-Chief, Prof. Dr. Amin Ismail for serving Pertanika Journal of Tropical 
Agricultural Science for the past two years, in ensuring Pertanika plays a vital role in shaping the 
minds of researchers, enriching their lives, and encouraging them to continue their quest for new 
knowledge. We welcome the new Editor-in-Chief, Assoc. Prof. Dr. Phebe Ding on board. We hope 
that her involvement and contributions towards Pertanika would not only improve its quality but 
also support the development efforts in making it an international journal of good standing. 

We would also like to express our gratitude to all the contributors, namely the authors, reviewers, 
and Editorial Board Members of PJTAS, who have made this issue possible. 

All the papers published in this edition underwent Pertanika’s stringent peer-review process 
involving a minimum of two reviewers comprising internal as well as external referees. This was to 
ensure that the quality of the papers justified the high ranking of the journal, which is renowned 
as a heavily-cited journal not only by authors and researchers in Malaysia but by those in other 
countries around the world as well.

PJTAS is currently accepting manuscripts for upcoming issues based on original qualitative or 
quantitative research that opens new areas of inquiry and investigation.

Chief Executive Editor
Mohd Sapuan Salit
executive_editor.pertanika@upm.edu.my
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ABSTRACT

To date, no study has investigated the variation of the primary metabolite profile of the 
fruit of Flacourtia indica  (Burm.f.) Merr. (commonly known as governor’s plum), an 
underutilised fruit in Jamaica. To fill this gap, the current study aimed to bring novel data 
on this fruit at two different ripe stages (light = deep wine-red colour and dark = fully 
darkened brown colour) and explore the variation of their metabolome profiles. The gas 
chromatography-mass spectrometry (GC-MS) profiling identified 10 saccharides, 4 sugar 
alcohols, 11 organic acids, 24 fatty acids, and 8 amino acids in the light and dark colour 
fruits. However, some metabolites were not shared by both fruit ripening stages. The 
principal component analysis (PCA) of the different classes of the primary metabolites 
showed that the significant difference between the light and dark colour governor’s plum 

fruit is mainly determined by the content 
of sugars and organic acids, with the fully 
ripe (dark) stage expressing significant 
high levels of both. The hierarchical cluster 
analysis (HCA) showed that the profiled 
sugars, sugar alcohols, and fatty acids were 
grouped into two main clusters. In contrast, 
organic acids and amino acids were grouped 
into one cluster. However, some metabolites 
were related to the clusters observed. With 
these profiles, it was concluded that the 
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dark colour governor’s plum is in the true 
ripe stage, although the light colour fruit is 
commercially considered ripe.

Keywords: Flacourtia indica, primary metabolites, 
profiling, ripening

INTRODUCTION

F r u i t  s c i e n c e  i s  b e i n g  d e e p l y 
transformed because of unprecedented 
and incommensurate developments and 
advances in analytical chemistry. As sugars 
and other primary metabolites play a central 
role in maturation and ripening processes, 
the use of metabolomics in quantifying these 
primary metabolites is undoubtedly being 
established as a key analytical tool. This 
promising approach attempts to elucidate 
the variations of the primary metabolite 
profiles through the maturation process. In 
fact, following the changes in primary and 
secondary metabolites help establish the fact 
that they are not merely the end product of 
the expression of their respective genes but 
that they form a part of the regulatory system 
of maturation and ripening in an integrated 
manner (Goodacre et al., 2004).

In the tropics, fruits present large 
b iodivers i ty  vary ing  in  s t ruc ture , 
characteristics, and physiology (Wongs-
Aree & Noichinda, 2018). Bananas, 
pineapples, papaya, and avocado fall within 
the category of major tropical fruits, while 
others, such as lychee, durian, rambutan, 
guava, passionfruit, mangosteen, and 
tamarind, are considered minor tropical 
fruits (Paull & Duarte, 2011a, 2011b). As 
in many parts of the world, numerous not-

so-well-known, unknown, and underutilized 
fruits grow island-wide, as exemplified by 
governor’s plum (Flacourtia inidca), rose 
apple (Syzygium malaccense), jimbilin 
(Phyllanthus acidus), and mammee apple 
(Mammea americana). These indigenous 
introduced and native fruits are consumed 
by the rural communities and people living 
in the island’s countryside and constitute 
an important source of vitamin and mineral 
requirements in their diet.

Governor’s plum (Flacourtia indica), 
also known as ‘Indian plum’ or ‘boichi, 
belongs to the family of Flacourtiaceae 
and grows widely in dry tropical forests. It 
is native to India, Bangladesh, Sri Lanka, 
Ethiopia, and South Africa, and was 
introduced to Jamaica (Chatterjee et al., 
2015; Eramma, 2016). The edible fruit is 
round, cherry-sized, fleshy with a sour or 
sweet taste, and astringent (Lim, 2013). The 
unripe fruit is green, the ripe is deep wine 
red, and the very ripe fruit is dark brown 
(Chatterjee et al., 2015).

Ripening is defined as the total changes 
in fruit tissue metabolism and is characterized 
by softening fruit tissue. It is accompanied 
by an increase in a unique combination of 
numerous volatile compounds derived from 
primary metabolites, which confer a delicate 
aroma and an attractive and appealing fruit 
(Adams-Phillips et al., 2004; Giovannoni, 
2001; Pott et al., 2019). 

The  var ia t ions  o f  the  p r imary 
metabolites, i.e., sugar and sugar alcohols, 
organic acids, fatty acids, and amino 
acids, depend on the fruit type and the 
environmental conditions of the parent plant 
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(Haruenkit, 2004). Overall, there is a general 
decrease in organic acids and an increase 
in sugar content as the fruit develops 
and ripens due to the decarboxylation of 
organic acids and the breakdown of stored 
carbohydrates to produce sugars (Batista-
Silva et al., 2018). Studies using omics 
technologies have shown evidence of a shift 
from the accumulation of organic acids to 
sugar synthesis in the final stage of fruit 
development in several fruit species (Etienne 
et al., 2013). The respiratory pathways 
commonly involved in the reduction of 
fruit sugars are glycolysis, the oxidative 
pentose phosphate (OPP) pathway, and the 
tricarboxylic acid (TCA) pathway (Tucker, 
2012), triggering fruit ripening and leading 
to the formation of hundreds and even 
thousands of different metabolites (Pech et 
al., 2013). Although extensive literature is 
readily available on the metabolic changes 
during certain fruits’ maturation, ripening 
and senescence, work is scarce on many 
tropical fruits (Fabi et al., 2010). There has 
been no study on the variation of the primary 
metabolites in the governor’s plum. 

Therefore, to bring novel data on the 
governor’s plum fruit and explore the 
variation of the metabolites profile, this 
study aimed to perform profiling of the 
primary metabolites of the fruit harvested 
at two ripe (light colour and dark colour) 
stages. The importance of the study is to 
screen the change in the metabolites of ripe 
governor’s plum and determine the most 
appropriate commercial ripening stage, 
which is associated with the quality of fruits. 
Hence, using metabolomics will provide a 

comprehensive and unbiased analysis of 
the primary metabolites of the governor’s 
plum at two different ripe stages. In addition, 
comprehensive metabolite profiling of 
sugars, organic acids, and amino acids is 
lacking in the governor’s plum. Therefore, 
the findings of this study may provide 
the basis for further investigation of the 
physiological and biochemical changes in 
ripe fruit.

MATERIALS AND METHODS

Fruit Samples

The fruit of Flacourtia indica (governor’s 
plum) was collected freshly from trees 
growing in Shortwood, St. Andrew, Jamaica. 
Fruits were collected at two commercial and 
ripe stages practised by farmers and the local 
market retailers: light colour fruit and dark 
colour fruit. Immediately after harvesting, 
fruits were transported to the laboratory and 
leaves, branches, and fruit were identified 
by the herbarium curator (Mr Patrick 
Lewis, botanist) of the Department of Life 
Sciences, UWI Mona campus, and deposited 
under voucher No: UWI‐Mona 35 250. 
Afterwards, samples were sorted, and any 
sample with visible defect, contamination, 
or injury was discarded. The fruits were 
separated visually into two ripening stages 
based on the skin colour: light = deep wine-
red colour and dark = fully darkened brown 
colour (Figure 1). The fruits were quickly 
washed with distilled water, left to drain 
for one hour at room temperature, and then 
freeze-dried for 72 hours using a Labconco 
freeze drier (Labconco Corp., USA) and 
stored under a vacuum at -20 °C until use.
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Sample Preparation. The metabolites 
of the extracts were profiled using gas 
chromatography-mass spectrometry (GC-
MS) according to the method described 
by Broeckling et al. (2005) and Roessner-
Tunali et al. (2003). Freeze-dried samples 
(300 mg) were extracted with 1 mL pure 
methanol (Sigma-Aldrich, USA) at 60 
°C for 1 hour. Subsequently, 100 µL 
of ribitol (Sigma-Aldrich, USA) (0.2 
mg/mL in distilled water) was added to 
the mixture as an internal standard. For 
separating polar and non-polar compounds, 
1 mL of chloroform (Sigma-Aldrich, 
USA) was added to the mixture and then 
centrifuged at 1,400 × g for 10 min. Then the 
supernatant layer was separated and reduced 
to dryness. After dryness, the residues 
were redissolved in pyridine (Sigma-
Aldrich, USA) (150 µL) for non-polar 
fractions. For polar fractions, the residues 
were redissolved in 150 µL of 20 mg/mL 
methoxyamine hydrochloride (Sigma-
Aldrich, USA) in pyridine and incubated 
at 50 °C until the residue was completely 
dissolved. Subsequently, all the extracts 

were derivatized by the addition of 150 
µL MSTFA (N-methyl-N-(trimethylsilyl) 
trifluoroacetamide) (Sigma-Aldrich, USA) + 
1% TMCS (Trimethylchlorosilane) (Sigma-
Aldrich, USA) and incubated at 50 °C for 
1 hour. Afterwards, 200 µL of the extracts 
were transferred to a glass insert for GC-MS 
analysis.

GC-MS Analysis. GC-MS analysis was 
conducted using an Agilent Technologies 
gas chromatograph (model 6890N, USA) 
coupled to a mass spectrometric detector 
(model MSD 5973N). The operating 
conditions are as follows: electron impact 
mode, 70 eV; splitless mode (injection 
purge off = 0.75 min); injector temperature 
250 °C; transfer line temperature 280 °C; 
column, DB-1701, 30 m, 0.25 mm i.d., 0.25 
µm film thickness. A ramped temperature 
program was employed, starting at 80 
°C, holding for 2 min, and increasing the 
temperature by 20 °C per min for 10 min 
and holding for 10 min. The solvent delay 
was 3 min, and the carrier gas helium 
was at a flow rate of 1.2 mL/min. All the 
operations were conducted in scan mode. 
The deconvolution of the metabolites was 

Figure 1. Governor’s plum Flacourtia indica at the two ripe commercial stages. (A) Deep wine red (light) 
fruit; (B) Fully darkened brown (dark) very ripe fruit; and (C) Whole and sliced fruit

C
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done using AMDIS (Automated Mass 
Spectral Deconvolution and Identification 
System), and the metabolites were identified 
as TMS (trimethylsilyl) derivatives using 
the NIST (National Institute of Standards 
and Technology) database (NIST Mass 
Spectral Database, PC-Version 5.0, 2005, 
National Institute of Standardisation and 
Technology, USA). Other plant-specific 
databases, such as the Golm Metabolome 
Database (http://www.csbdb.mpimp-Golm.
mpg.de/csbdb/gmd/home/gmd_sm.html) 
and RIKEN database (http://prime.psc.
riken.jp/compms/msdial/main.html#MSP), 
based on matching mass and the highest 
match (probability).

Statistical Analysis. Data were treated 
by t-test to compare the means of the 
metabolites in the light and dark ripe 
fruits. Differences among means were 
determined by the least significant difference 
(LSD) test, with significance defined at P < 
0.05. For multivariate analysis, data were 
transformed, and principal component 
(PCA) and hierarchical cluster (HCA) 
analyses were computed using the SPSS 
software package (version 25.0, IBM Corp., 
USA). Pearson’s correlation coefficients 
and the furthest neighbour as the clustering 
method were selected to ensure that groups 
share a good correlation for the HCA 
analysis. 

RESULTS 

Sugars and Sugar Alcohols

The profiling of the primary sugars and 
sugar alcohols led to the identification 

of 10 saccharides and 4 sugar alcohols 
(Table 1). Ten (10) saccharides, were 
identified, including 3 pentoses, 4 hexoses, 
and 2 disaccharides in light colour fruit 
extracts, but fructose and melibiose were 
not detected. In dark colour fruit extracts, 
11 saccharides, including 3 pentoses, 5 
hexoses, and 2 disaccharides, were also 
identified, but sucrose was not detected. 
Similarly, only mannitol and galactitol 
were identified in light colour fruit extracts, 
while mannitol, arabinitol, and myo-inositol 
were detected in dark colour fruit extracts. 
In light colour fruit extracts, significantly 

Table 1
Sugars and sugar alcohols profiled and identified in 
governor’s plum Flacourtia indica fruit at two different 
ripe stages

Sugars and 
sugar alcohols

Light colour 
fruit 

(mg/g D.W.)

Dark colour 
fruit 

(mg/g D.W.)
Ribose 0.351a 76.11b

Galactose 2.1a 178.9b

Mannose 4.3a 25.4b

Xylose 1.3a 44.3b

Arabinose 1.1a 126.4b

Glucose 4.5a 32.8b

Fructose (< 0.001)*a 0.5b

Sucrose 0.2a (< 0.001)*b

Sorbose 0.2a 6.0b

Melibiose (< 0.001)*a 1.0b

Maltose (< 0.001)*a 0.2b

Myo-Inositol (< 0.001)*a 11.8b

Xylitol 0.1a (< 0.001)*b

Mannitol (< 0.001)*a (< 0.001)*a

Arabinitol (< 0.001)*a (< 0.001)*b

Galactitol 0.005a (< 0.001)*a

Note. (< 0.001)* indicates concentrations that were not 
detected and below the limit of detection of the GC-
MS. Values of the same row with different superscript 
letters are significantly different
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Table 2
Organic acids profiled and identified in governor’s 
plum Flacourtia indica fruit at two different ripe stages

Organic acids
Light colour 

fruit
(mg/g D.W.)

Dark colour 
fruit

(mg/g)
Malonic acid 0.001a 0.003a

Citric acid (< 0.001)*a 0.495b

Malic acid 0.002a 0.005a

Phenylacetic acid 0.005a 0.363b

Mannonic acid 0.002a 19.206b

Gluconic acid 0.001a 0.099b

Hexahydro-
benzoic acid (< 0.001)*a 0.005a

Azelaic acid (< 0.001)*a 0.010a

Tartaric acid 0.001a 0.001a

Arabinonic acid 1.090a 0.470b

Succinic acid 0.077a 0.009b

Note. (< 0.001)* indicates concentrations that were not 
detected and below the limit of detection of the GC-
MS. Values of the same row with different superscript 
letters are significantly different

high concentrations (> 1 mg/g D.W.) of 
sugars were noted, yielding 2.12, 4.31, 1.29, 
1.12, and 4.48 mg/g for galactose, mannose, 
xylose, arabinose, and glucose, respectively 
totalizing 95% of the identified saccharides. 
In dark colour fruit extracts, significantly 
high concentrations (> 1 mg/g D.W.) of 
sugars were noted, yielding 76.10, 178.86, 
25.39, 44.27, 126.36, 32.84, 6.01, and 
1.02 mg/g for ribose, galactose, mannose, 
xylose, arabinose, glucose, sorbose, and 
melibiose, respectively totalizing 99% of the 
identified saccharides. On the other hand, 
sugar alcohols were found at significantly 
low concentrations (< 1 mg/g D.W.), except 
myo-inositol, which yielded 11.75 mg/g 
D.W. in dark colour fruit extract. These 
significantly low concentrations of sugar 
alcohols are likely due to their physiological 
role as they function as phloem-translocated 
carbohydrates, even though a few of them, 
such as sorbitol and mannitol, also serve as 
storage carbon but at low concentrations. 
Comparatively, the total concentration of 
sugars and sugar alcohols in light colour 
fruit extracts was significantly lower (14.06 
mg/g D.W.) compared to dark colour fruit 
extracts (491.50 mg/g D.W.).

Organic Acids (OA)

The profiled samples led to the identification 
of a total of 11 different OAs, which were 
found in the dark colour fruit extracts. In 
contrast, 8 organic acids were found in the 
light colour extracts at a concentration higher 
than 1 mg/g D.W. (Table 2). Surprisingly, 
most OAs were found at significantly 
low concentrations except arabinonic and 

mannonic acids, which yielded 92% and 
93% of the total organic acids in light and 
dark fruit extracts, respectively. Indeed, 
in ripe fruits, the amount of organic acids 
decreases since they are metabolized by 
oxidation, amino acid synthesis, or serve 
as precursors for synthesising secondary 
metabolites. It was also noted that in light 
colour fruit extracts, total OAs concentration 
was significantly lower (1.1775 mg/g D.W.) 
compared to dark colour fruit extracts 
(20.6646 mg/g D.W.).

Fatty Acids (FAs)

In the fruit samples, analysis of the fruit 
extracts led to identifying 24 different FAs 
(Table 3). However, 3 FAs, ethanimidic, 
pelargonic, and linoleic acids were not 
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detected (< 1 mg/g D.W.) in both light 
and dark fruit extracts. In light colour 
fruit extracts, 17 FAs were identified with 
two yielding more than 0.5 mg/g D.W., 
butanoic acid (0.909 mg/g D.W.), and 
valeric acid (0.508 mg/g D.W.). In dark 
colour fruit extracts, 18 FAs were identified 
with 3 yielding more than 0.5 mg/g D.W., 
butanoic acid (4.527 mg/g D.W.), stearic 
acid (4.189 mg/g D.W.), and oleic acid 

(0.569 mg/g D.W.). From the structural 
point of view, 7 FAs are of an odd number 
of carbons yielding 21.9% and 1.06% of 
the total FAs in light and dark colour fruit 
extracts, respectively. The other FAs, 13 
FAs, are saturated, yielding 74% and 98.3% 
in light and dark fruit extract, respectively. 
Interestingly, 1 monosaturated (MOFA: 
oleic acid). Furthermore, 2 polyunsaturated 
(PUFA: linoleic and linolenic acids) FAs 

Table 3
Fatty acids profiled and identified in governor’s plum Flacourtia indica fruit at two different ripe stages

Fatty acids Number of carbons Light colour fruit 
(mg/g D.W.)

Dark colour fruit
(mg/g D.W.)

Propanoic acid C3 0.254a 0.165a

Butanoic acid C4 0.909a 4.527b
Ethanimidic acid C4 (< 0.001)*a (< 0.001)*a

Valeric acid C5 0.508a 0.010b

Caproic acid 6 0.016a 0.099a

Enanthic acid C7 0.010a 0.010a

Caprylic acid C8 0.021a 0.099b

Pelargonic acid C9 (< 0.001)*a (< 0.001)*a

Capric acid C10 (< 0.001)*a 0.067b

Sebacic acid C10 0.010a 0.080b

Undecanoic acid C11 (< 0.001)*a (< 0.001)*a

Lauric acid C12:0 0.333a 0.010b

Myristic acid C14:0 (< 0.001)*a 0.007a

Pentadecanoic acid C15:0 0.010a 0.010a

Palmitic acid C16:0 0.203a 0.116a

Margaric acid C17:0 0.010a 0.005a

Stearic acid C18:0 0.096a 4.189b

Oleic acid C18:1 0.057a 0.569b

Linoleic acid C18:2 (< 0.001)*a (< 0.001)*a

Linolenic acid C18:3 0.032a (< 0.001)*b

Nonadecanoic acid C19:0 0.010a 0.066a

Arachidic acid C20:0 0.010a 0.002a

Behenic acid C22:0 0.002a (< 0.001)*a

Lignoceric acid C24:0 (< 0.001)*a 0.033b

Note. (< 0.001)* indicates concentrations that were not detected and below the limit of detection of the GC-
MS. Values of the same row with different superscript letters are significantly different
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were identified; however, only oleic, 
linoleic acids, and linolenic acids were 
significantly higher (> 1 mg/g D.W.) in light 
and dark colour fruit extracts, respectively. 
Furthermore, MOFA and PUFA yielded 
2.3% and 1.3%, and 0.56% and 0.02% of 
the total FAs in light and dark colour fruit 
extracts, respectively. 

Amino Acids (AAs)

Although eight different AAs were identified 
in the fruit extracts, only two, glycine and 
proline; and four, glycine, proline, leucine, 
and glutamine, showed concentrations 
significantly high than 1 mg/g D.W. in the 
light colour and dark colour fruit extracts, 
respectively (Table 4). These predominant 
AAs yielded 97% and 96% of the total 
AAs in light and dark colour fruit extracts, 
respectively.

Table 4
Amino acids profiled and identified in governor’s plum 
Flacourtia indica fruit at two different ripe stages

Amino acids
Light colour 

fruit
(mg/g)

Dark colour 
fruit

(mg/g)
Methionine (< 0.001)*a (< 0.001)*a

Glycine 0.0172a 0.660b

Proline 0.009a 0.149b

Tryptophan (< 0.001)*a (< 0.001)*a

Arginine (< 0.001)*a (< 0.001)*a

Aspartic acid (< 0.001)*a (< 0.001)*a

Leucine (< 0.001)*a 0.002a

Glutamine (< 0.001)*a 0.033b

Note. (< 0.001)* indicates concentrations that were not 
detected and below the limit of detection of the GC-
MS. Values of the same row with different superscript 
letters are significantly different

DISCUSSION

Based on the literature available, extensive 
research was carried out on profiling primary 
metabolites of numerous temperate fruits 
such as tomato, apple, pear, strawberry, 
persimmon, and other citrus species. In 
addition, extensive literature reported the 
metabolic changes during the maturation 
and ripening of fresh crops, such as peach 
(Lombardo et al., 2011), strawberry (Zhang 
et al., 2011), pear (Oikawa et al., 2015), and 
pitaya (Wu et al., 2019), while very scarce 
work was reported on some tropical fruits 
(Fabi et al., 2010).

Unfortunately,  out of the seven 
Flacourtia accepted species, most of the 
work was conducted on the biological and 
therapeutic activities of some secondary 
metabolites, phenolic compounds mainly, 
while no referenced work reported on 
the profile of the primary metabolites 
of any Flacourtia species, including 
governor’s plum F. indica. In general, 
fruits’ organoleptic and commercial quality 
attributes are determined by their ripening 
stage (Kader, 1999). Colour and sugars 
content is commonly used as an index to 
determine the ripe stage, and the colour 
of the skin is one of the most important 
criteria for ripening in many fruits like 
stony fruits (Crisosto, 1994; Usenik et al., 
2008), mango (Lalel et al., 2003; Malevski 
et al., 1977), guava (Mercado-Silva et al., 
1998), and pomegranate (Manera et al., 
2013). Nevertheless, many tropical fruits 
remain unknown, and neither appropriate 
harvesting time nor ripening index has 
been reported. Our results showed that 
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total sugars and OAs were significantly 
higher in dark colour fruit compared to light 
colour fruit, showing that this stage (light 
colour) is not the appropriate ripe stage for 
harvesting the governor’s plum. However, 
the taste of the fruit is almost similar, i.e., 
very astringent due to the high content of 
phenolics and tannins (personal data).

The untargeted profiling of primary 
metabolites of fruits is a good approach to 
provide better insight into their metabolome 
changes. Metabolomics studies on temperate 
fruits revealed similar dynamic variations in 
the levels of sugars and organic acids, as 
well as other primary metabolites during 
ripening (Oikawa et al., 2015). Our results 
showing patterns of variation in sugars and 
sugar alcohols, organic acids, fatty acids, 
and amino acid levels in two ripe governor’s 
plums provided fundamental metabolomic 
data that is useful for understanding this 
unknown fruit. The significant trend of 
sugars is due to photosynthates import or 
starch degradation, while organic acids 
accumulated in young fruits significantly 
decrease by being converted to other 
metabolites, including volatiles (Beauvoit et 
al., 2018; Carrari et al., 2006). Moreover, the 
relative levels of sugars and organic acids in 
fruits are of great importance for harvesting 
time and are one of the determinants of the 
organoleptic quality attributes of fruits, 
particularly sweetness (Itai & Tanahashi, 
2008). Although barely comparable, Pandit 
et al. (2010) used transcriptomics markers 
to understand the maturation and ripening 
programmes in mango (Mangifera indica 
L.) fruit. Among eighteen genes related to 

fruit physiology and biochemistry, genes 
related to primary metabolism showed a 
significantly high expression in comparison 
to that of the genes related to flavour 
production, and this agrees with our results 
showing a significant increase in sugars 
and sugar alcohols in the dark colour fruit 
compared to the light colour fruit.

Ripe fruit is defined as the total changes 
in tissue metabolism leading to increased 
attractiveness and organoleptic quality 
attributes (Adams-Phillips et al., 2004). 
The ripe stage is characterised by tissue 
softness and increased volatile compounds 
and pigments, such as carotenoids and 
flavonoids, resulting in a more appealing 
fruit (Giovannoni, 2001). The concentration 
of sugars and organic acids in fruits varies 
in ripe fruits. Overall, a decrease in organic 
acids and an increase in sugar content as 
fruit ripen are due to the decarboxylation 
of organic acids and the breakdown of 
stored carbohydrates to produce sugars 
(Batista-Silva et al., 2018). Several studies 
have shown evidence of a shift from the 
accumulation of organic acids to sugar 
synthesis in the ripe fruit of several species 
using metabolomics and other advanced 
omics technologies. Indeed, this shift 
results from the respiratory pathways 
commonly involved in the reduction of 
sugars by the glycolysis pathway, oxidative 
pentose phosphate (OPP) pathway, and the 
tricarboxylic acid (TCA) pathway (Etienne 
et al., 2013; Tucker, 2012). These pathways 
dramatically alter the complex network 
of primary metabolites, as well as other 
secondary metabolites and proteins, and 
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our findings showed how the profile of 
the primary metabolites was significantly 
altered, highlighting the difference between 
the two ripe stages of the governor’s plum.

Factoring and Clustering of the Profiled 
Metabolites

The principal component analysis of the 
data sets revealed that the distribution of 
the metabolites seems to be governed by 
the ripening stage of the fruits (Figure 2). 
In the present analysis, the PCA of sugars 
and sugar alcohols showed a loading plot 
scoring 16% and 98% in PC1 and PC2 for 
both light colour and dark colour governor’s 
plum fruit. On the contrary, the PCA of 
organic acids showed a different loading plot 
scoring less than 1% and more than 99% in 
PC1 and PC2 for both light colour and dark 

colour governor’s plum fruit. The PCA of 
fatty acids showed that light and dark colour 
fruit scores were closer, with a score of 32% 
and 94% for both light colour and dark 
colour governor’s plum fruit. Interestingly, 
The PCA of amino acids showed that light 
and dark colour fruit scores were very close, 
with a score of 60% and 80% for both light 
colour and dark colour governor’s plum 
fruit. Overall, hierarchically separated 
sugars and sugar alcohols, as well as organic 
acids in the light colour and dark colour 
governor’s plum fruit, and the 2D PCA 
graphs depicted this result. Thus, the loading 
plots of the different classes of the primary 
metabolites revealed that the difference 
observed between the light colour and dark 
colour governor’s plum fruit is mainly due 
to the content of sugars and organic acids, 

Figure 2. Score plots of the principal component analysis (PCA) of the profiled primary metabolites: sugars, 
organic acids, fatty acids, and amino acids of governor’s plum (Flacourtia indica) fruit of two different ripe 
stages (light colour and dark colour skin)
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to less extent to fatty acids. In contrast, 
amino acids cannot be considered markers 
to differentiate the governor’s plum fruit’s 
light and dark colour. 

Hierarchical cluster analysis (HCA) 
was applied to a data set of the profiled 
and detected metabolites of light and dark 
colour governor’s plum fruit (Figure 3). The 
dendrogram shows that the profiled sugars 
and sugar alcohols are distributed into 
different groups (clusters). Two clusters are 
observed at the first clustering level, while 
xylose, ribose, arabinose, and galactose 

are separated from the two main clusters. 
Similarly to sugars and sugar alcohols, 
fatty acids are grouped into two main 
clusters. However, the one formed by two 
FAs (behenic acid and stearic acid) is less 
related to the first cluster formed by the 22 
other FAs. Interestingly, the organic acids 
dendrogram shows one cluster grouping 
all the organic acids except mannonic acid, 
which is separated from the unique cluster. 
Similarly to organic acids, the amino acids 
dendrogram shows one cluster grouping 
all AAs except proline and glycine, which 

Figure 3. Dendrogram showing the hierarchical cluster analysis (HCA) of the profiled primary metabolites: 
sugars, organic acids, fatty acids, and amino acids of governor’s plum (Flacourtia indica) fruit of two 
different ripe stages (light colour and dark colour skin)
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seems unrelated to the unique cluster formed 
by the other AAs. Furthermore, as shown by 
the heatmap (Figure 4), sugars and sugar 
alcohols concentrate at the highest levels 

(higher colour intensity scale), followed by 
fatty acids, organic acids, and lastly, amino 
acids (lowest colour intensity.

Figure 4. Heatmap of the primary metabolites: (A) sugars + sugar alcohols, (B) organic acids, (C) amino 
acids and (D) of governor’s plum (Flacourtia indica) fruit of two different ripe stages (light colour and 
dark colour skin)
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CONCLUSION

The data presented here have indicated that 
the profiled sugars and sugars alcohols, and 
organic acids varied significantly between 
the light and dark colours of the governor’s 
plum fruit. However, fatty acids and amino 
acids did not govern the ripening stage. 
Multivariate analysis showed that fatty acids 
and amino acids of the two ripe stages fruit 
were much closer compared to sugars, sugar 
alcohols, and organic acids. Comparatively, 
dark colour fruit showed a significantly high 
content of sugars and sugar alcohols, while 
amino acids showed the lowest level with a 
significant statistical difference between the 
light and the dark colour fruit. The different 
groups of profiled primary metabolites 
suggest that sugars and sugar alcohols can 
be considered the “marker metabolites” of 
the ripe stage of dark colour governor’s 
plum. In contrast, light colour fruit cannot 
be considered a ripe stage even though it is 
commercially harvested at this stage. 

This study represents the first report on 
the profiling of the primary metabolites of 
governor’s plum Flacourtia indica, and the 
observed variations therein are suggestive of 
the need to profile the secondary metabolites 
(mainly phenolics and volatiles) also, for a 
full understanding of the difference in the 
two ripe stages characterized by the fully 
darkened and red colour fruit.
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ABSTRACT

A field survey of synchronized fireflies (Pteroptyx tener Olivier) was conducted in Kuala 
Sepetang, Perak. It involved sampling efforts for six months, from November 2021 to 
April 2022. A total of 10 sampling stations were selected along 5.63 km from the upstream 
to the downstream of the river. A sweep net was used for sampling at each station, and 
the net was swept for two minutes. Such sampling was replicated twice at each station. 
At the same time, collecting vegetation samples was done by taking the leaves, flowers, 
fruits, tree trunks, and roots. For species identification, collected specimens were taken to 
the Laboratory of the School of Biological Sciences, Universiti Sains Malaysia (USM). 
From this survey, a total of 111,622 individuals were recorded. This species has been 
observed on Rhizophora mucronata, Rhizophora apiculata, and Sonneratia caseolaris. 
The distribution and abundance of fireflies in the sampling area were undocumented prior 
to this study. This study is being conducted to understand Pteroptys tener’s distribution in 

Malaysia better and to add knowledge about 
the undocumented area of Kuala Sepetang. 
By adding an undocumented location for 
this species, this study can contribute to and 
expand the knowledge of the distribution 
and occurrence of fireflies in Malaysia, 
particularly in Perak.

Keywords: Distribution, fireflies, Hibiscus tilliaceus 
L. Engl., Nypa fruticans, Pteroptyx tener Olivier, 
Rhizophora apiculata, Sonneratia caseolaris Engl.
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INTRODUCTION

Fireflies are insects belonging to the 
Coleoptera order and Lampyridae family 
capable of emitting flashing bioluminescent 
light (Lewis et al., 2020; Shahara et al., 
2017). They are also known as glow worms 
or lightning bugs, and their taxonomic 
diversity encompasses more than 2,000 
species in around 100 genera and 8 
subfamilies across the globe (Shahara et 
al., 2017). González-Oreja (2008) and 
Wilson (2003) report that approximately 
3,000 species per year perish, or 8 per day, 
out of a total of 3-100 million species in the 
globe. In the previous 600 years, around 70 
species have gone extinct (Dunn, 2005). In 
Malaysia, a study by Asri et al. (2021) and 
Jusoh et al. (2012) revealed a significant 
decrease in mangrove fireflies in Sungai 
Rembau-Linggi.

Sou theas t  As ia ,  encompass ing 
Singapore, the Philippines, Thailand, 
Cambodia, Indonesia, Sulawesi, Papua New 
Guinea, Thailand, and Malaysia, is home 
to the Pteroptyx species of bent-winged 
fireflies (Ballantyne, 2001; Ballantyne & 
Lambkin, 2001; Ballantyne & McLean, 
1970; Jusoh et al., 2018; Sartsanga et al., 
2018). Malaysia is home to 13 species of 
the Pteroptyx, all of which may be found 
congregating on the mangrove vegetation of 
Sonneratia caseolaris (Shahara et al., 2017; 
Sulaiman et al., 2016, 2017). Compared 
to other species, Pteroptyx tener Olivier 
was the most common species in Malaysia 
(Jusoh et al., 2011, 2018). The Pteroptyx 
tener Olivier population on Peninsular’s 
west coast differs from those on the east 

coast and in Borneo, even though there are 
no physical differences (Jusoh et al., 2020).

The locations of adult Pteroptyx tener 
Olivier fireflies recorded through the 
field surveys in Kuala Sepetang, Perak 
(Peninsular Malaysia), have existed for 
decades, but they are undocumented. 
Although this location is one of the most 
popular destinations for ecotourism, it is 
also one of the few places to watch fireflies 
where individuals can synchronize their 
flashing lights at night. The researchers, who 
studied the distribution and the occurrence 
of fireflies in the state of Perak, have 
concentrated solely on fireflies discovered 
in Kampung Dew, Perak. Pteroptyx fireflies, 
according to Mahadimenakbar et al. (2009), 
have the potential as ecotourism goods 
and contribute to wildlife tourism called 
entomotourism (Lemelin et al., 2019). 
Figure 1 shows the current study area 
for this field survey in Kuala Sepetang, 
Perak, compared to the previous study 
area in Kampung Dew, Perak. The map in 
Figure 1 also shows the documented and 
undocumented areas in Kuala Sepetang for 
Pteroptyx tener Olivier. Indirectly, this study 
adds information on the undocumented area 
for this firefly species.

The synchronized flashing light emitted 
by Pteroptyx tener Olivier makes them a 
valuable resource to promote ecotourism 
and significantly increases the local 
community  income by creating jobs and 
procuring goods and services for some areas 
in Peninsular Malaysia (K. Nallakumar, 
2003). For example, in Kuala Selangor 
(Khoo et al., 2012), Kuala Sepetang and 
Rembau-Linggi (Jusoh et al., 2010a, 
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2010b), Sungai Garama (Mahadimenakbar 
et al., 2007), Kg. Kuantan (Ballantyne 
& Menayah, 2000), Paitan River (Chey, 
2006), Bernam River (Shahara et al., 2017), 
and Cherating River (Mohd et al., 2019). 
However, due to this human interference, 
the fireflies lost their natural habitat in 
mangrove forests, resulting in extinction 
in some places (Ballantyne et al., 2011). 
Hence, preserving and conserving firefly 
habitats is crucial (Foo & Mahadimenakbar, 
2015). Furthermore, other human activities, 
such as speedboats operation, generate 
waves that erode the riverbanks, disrupting 
the habitat of adult fireflies by destroying 
the trees on which they rely. Thus, the 
population of fireflies is endangered 
(Lewis, 2016).

Therefore, this study collates records 
of adult Pteroptyx tener Olivier fireflies 

reported in the Malaysian peninsular, 
including Sabah and Sarawak. The records 
used in this study are from a compilation 
of field surveys conducted by authors 
(i.e., in Kuala Sepetang, Perak, situated in 
Peninsular Malaysia) and from published 
journal articles to construct lists of the 
distribution of this species. Moreover, the 
purpose of this study is to comprehend 
Pteroptys tener’s distribution in Malaysia. 
The authors discovered that it is crucial 
to record every location where fireflies 
are present to conserve them in the future. 
It would be challenging for the Forestry 
Department and other related organizations 
to precisely determine the number of 
firefly populations, the distribution, and 
the diversity of firefly species, particularly 
species that have never been discovered, if 
many places are undocumented. Thus, this 

Figure 1. The current study area is in Kuala Sepetang, Perak, and the previous study area was in Kampung 
Dew, Perak
Note. Map was generated using Geographical Information System (GIS) software
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study attempts to bridge the knowledge 
gap while adding information about the 
undocumented area where  fireflies were 
found.

METHODS

Study Site

This study was conducted along the 
Sepetang River in Kuala Sepetang, Perak. 
Kuala Sepetang is surrounded by mangrove 
swamps and is a focus for fireflies-
watching activities at night; and one of 
the Congregating Firefly Zones (CFZs) in 
Malaysia, aiming to protect the river’s firefly 
colonies, especially Pteroptyx tener Olivier. 
The main vegetation species that dominate 
the area are mangroves, such as Sonneratia 
caseolaris, Rhizophora mucronata, and 
Rhizophora apiculata. Malaysia’s mangrove 
forests are the sixth largest in the world. In 

Malaysia, mangrove forests are categorized 
as permanent forest reserves (PFR), which 
include protected forest reserves, domestic 
forest reserves, mangrove forest reserves 
(MFR), virgin forest reserves (VJR), and 
wildlife reserves (Tangah et al., 2022). 
In Kuala Sepetang, the largest mangrove 
forest reserve in Malaysia, with an area 
of about 40,000 ha, is Matang Mangrove 
Forest Reserve (MMFR) (Romañach et 
al., 2018). Figure 3 shows the distribution 
of mangroves in Matang, Perak, Malaysia, 
including Kuala Sepetang, Kuala Trong, and 
Kerang River.

During the initial sampling, a display 
tree with a large congregation of fireflies and 
well-synchronized Pteroptyx tener Olivier 
fireflies was used to identify ten sampling 
locations, as shown in Figure 2. Those ten 
sampling points from the upstream river to 
the downstream river with each sampling 

Figure 2. Sampling points located at Kuala Sepetang, Perak
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point were recorded at night using a Global 
Positioning System (GPS) receiver (version 
4.7.3) (Handheld Altimeter GPS+ via iPhone 
X, USA). Then, the data were analyzed 
using the Geographic Information System 
(GIS) application technique using ArcGis 
software (version 10.3). The coordinates for 
each sampling point in this study range from 
Station 1 to Station 10, as shown in Table 1. 
There had been no scientific documentation 
of Pteroptyx tener in this sampling point 
location before this study.

It is very relevant for this study to be 
conducted because the sampling point 
area in this study is a developing area. 
While conducting this study, it was found 
that human activities, such as ecotourism 

Figure 3. Distribution of mangroves in Perak (Omar 
et al., 2020)

and aquaculture (shrimp and fishponds), 
are increasingly carried out. It is feared 
that many nearby human activities would 
damage the mangrove firefly habitat. The 
fireflies’ existence will be at risk if the 
mangroves are disrupted (please refer to 
the Results and Discussion section for more 
information). There is no documentation 
for fireflies in this area. Although tourism 
activities have been very active almost 
every day, especially on weekends, many 
boats bring local and foreign tourists to 
the area. The lack of documentation on the 
firefly population makes it challenging to 
know further about these fireflies from time 
to time. The documentation in this study is 
crucial to preserve and understanding the 
fireflies’ status.

Sampling and Identification Process

The samplings were conducted for six 
consecutive months, from November 2021 
until April 2022, from 5.30 p.m. to 9:00 
p.m. Firstly, collecting vegetation samples 

Table 1
Sampling points (Station 1 - Station 10) coordinates

Sampling 
point Coordinate

Station 1 4° 53' 17.02" N, 100° 38' 03.73" E
Station 2 4° 53' 13.09" N, 100° 37' 53.02" E
Station 3 4° 52' 55.72" N, 100° 37' 48.92" E
Station 4 4° 52' 47.90" N, 100° 37' 55.77" E
Station 5 4° 52' 47.70" N, 100° 37' 58.92" E
Station 6 4° 52' 40.18" N, 100° 38' 14.73" E
Station 7 4° 52' 30.50" N, 100° 38' 07.31" E
Station 8 4° 51' 33.69" N, 100° 37' 29.31" E
Station 9 4° 51' 30.22" N, 100° 37' 30.60" E
Station 10 4° 51' 31.40" N, 100° 37' 37.75" E
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(display trees) were collected by taking 
the leaves, flowers, fruits, tree trunks, and 
roots. Further identification of the vegetation 
from the field survey done at the Laboratory 
of the School of Biological Sciences, 
Universiti Sains Malaysia (USM), where 
the description follows a book by Lee et 
al. (2015), which is entitled “Mangrove 
Guidebook for Malaysia”.

Next, the adult firefly samples were 
collected using the sweep method (using 
a sweep net). The sampling was replicated 
twice at each station, and the net was swept 
for two minutes. Then the samples were 
stored in bottles containing 95% ethanol 
and labeled according to their respective 
collection dates and sampling station. 
Finally, all the samples were taken to the 
Entomology Laboratory of the School 
of Biological Sciences, Universiti Sains 
Malaysia (USM), for further identification. 
The identification of firefly species 
concerning the taxonomic description was 
published by Ballantyne and Lambkin 
(2013), and the sex of fireflies followed the 
taxonomic description established by Jusoh 
et al. (2018).

RESULTS AND DISCUSSION 

The Locality of Pteroptyx tener Olivier 
was Recorded

Table 2 to Table 7 list the Pteroptyx tener 
Olivier Firefly specimens examined in six 
states in Peninsular Malaysia, including 
Selangor, Johor, Negeri Sembilan, Pahang, 
Perak, and Terengganu. Tables 8 and 9 list 
the Pteroptyx tener Olivier Firefly samples 
found in East Malaysia (Sarawak and 

Sabah). In addition, two digital information 
maps, such as in Figure 4, which show 
the map of the occurrence of Pteroptyx 
tener Olivier in Peninsular Malaysia, were 
developed using GIS software. Figure 5, 
meanwhile, depicts the occurrence map of 
Pteroptyx tener Olivier in East Malaysia 
(Sabah and Sarawak). Pteroptyx tener 
Olivier only occurs in six Peninsular 
Malaysia states: Terengganu, Perak, 
Pahang, Negeri Sembilan, Selangor, and 
Johor, including East Malaysia (Sabah and 
Sarawak). As stated by Wong and Yeap 
(2012), the distribution of this assemblage of 
firefly habitats in riverine mangroves is still 
primarily undocumented and unrecorded. 
Therefore, there is a possibility that no 
samples were taken or no previously 
published information about the distribution 
of this species in other states in Malaysia 
(Perlis, Kedah, Penang, Kelantan, Kuala 
Lumpur, Putrajaya, and Melaka). Another 
piece of evidence is the absence of records 
indicating the presence of fireflies in Penang, 
despite the presence of unknown species of 
fireflies in the Nibong Tebal region of the 
state. Therefore, future research should 
concentrate on documenting more firefly 
locations in Malaysia, particularly this 
species, which has the potential to boost the 
local economy.

Pteroptyx tener Olivier’s Dependence on 
Their Habitat

Pteroptyx tener Olivier fireflies are frequently 
seen in Malaysia along the mangrove 
estuary’s banks, and they are similar at 
the sampling points (S1–S10) in Kuala 
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Figure 4. The occurrence of Pteroptyx tener Olivier in Peninsular Malaysia

Figure 5. The occurrence of Pteroptyx tener Olivier in East Malaysia (Sabah and Sarawak)

The Occurrence of Pteroptyx tener in East Malaysia

The Occurrence of Pteroptyx tener in Peninsular 
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Sepetang, Perak. There are no other firefly 
species found in the area. This study found 
that mangrove trees, including Sonneratia 
caseolaris Engl., Rhizophora mucronata, 
and Rhizophora apiculata, are found along 
the entire river of the sampling locations. 
Pteroptyx tener uses these trees as display 
trees, covering them with varying densities 
of small, medium, and big firefly colonies 
on a single tree. Other than these three 
mangrove trees, Hibiscus tiliaceus, Sapium 
indicum, Metroxylon sagu, Gigantochloa 
ligulata, Ficus microcarpa, Ficus retusa, 
Urena lobata, Tetracera indica, Avicennia 
sp., Durio sp., and Garcinia sp. trees are 
among the mangrove trees species that has 
firefly species inhabiting there or nearby 
(Ohba & Wong, 2004).

The observations of this study also 
revealed that Pteroptyx tener favors young 
and low mangrove trees (Sonneratia 
caseolaris Engl.) over older trees, possibly 
because of the smaller, waxier leaves of this 
tree. More research is required to determine 
whether this species’ adult fireflies will 
likely be displayed on old Sonneratia 
caseolaris Engl. The authors’ observations 
confirm those of A. Nallakumar (2002), 
who discovered that some Kuala Selangor, 
Malaysia’s Pteroptyx fireflies, only use 
young Sonneratia caseolaris trees as their 
display trees. Jusoh et al. (2010b) found that 
Sonneratia caseolaris and Nypa fruticans 
trees are the most preferred display trees. 
This preference may be owing to the 
availability of sugar in the sap of Sonneratia 
caseolaris, a food source for fireflies (A. 
Nallakumar, 2002; Ohba & Sim, 1994).

According to Jusoh et al. (2010b), five 
more criteria in tree selection by fireflies 
are being examined. The first is that trees 
must be located near the water’s edge to 
allow firefly communication. The second 
criterion is that the leaf arrangement of each 
tree on display must be conducive to mating. 
Thirdly, the display tree must contain nectar 
or sap if the adult fireflies consume food. 
Next, the display tree must be close to the 
food plant for the larval prey. Then, the tree 
must be in good health. The tree’s health is 
important because healthy mangrove trees 
have a higher leaf density, which increases 
the amount of surface area for insects to 
perch on and gives more protection from 
direct sunlight during the day (Foo & 
Mahadimenakbar, 2015). 

In addition, the association between 
f i r e f ly  abundance  and  vege ta t ion 
assemblages may be related to the fact that 
fireflies do not mate while flying; instead, 
they use trees as mating locations (Buck 
& Buck, 1966). Adult female fireflies fly 
to the muddy bank behind the tree and lay 
their eggs near the intertidal zone of rivers 
(Barrows et al., 2008; Lewis et al., 2020).

The life cycle and habitat of Lampyridae 
(fireflies) are incredibly complex. It is 
because, throughout their life cycle, 
the surroundings and environmental 
circumstances play a crucial role (Salvador-
Caabay, 2022). For instance, adult fireflies 
mainly inhabit the canopies of mangroves 
and other trees and will only lay their eggs 
in wetlands farther from their mating sites. 
The eggs are put on the ground or moss. 
When the larvae hatch, they become mobile 
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on the ground and feed on their prey. The 
pupa may remain on the ground or logs or 
other plants for protection until the adult 
firefly emerges (Salvador-Caabay, 2022). 
Eggs of fireflies require moist soil and shady 
areas, such as Rhizophora spp., so they 
are not easily harmed by heat and dryness 
(Jusoh et al., 2010b). In Sungai Selangor, for 
example, firefly larvae were found in greater 
abundance at the base of sago trees near the 
riverbank. On the other hand, areas with 
a high density of human activity are less 
suitable for larvae and snail prey. It could be 
owing to the soil’s condition in the location, 
which has low humidity, high temperatures, 
and the prevalence of light invasion (Kirton 
et al., 2006).

Moreover, riverside palm trees like 
Nypa fruticans and Metroxylon sago 
provide an essential food source for snail 
prey that firefly larvae consume (Nada 
& Kirton, 2004). As a result, fireflies 
will make these trees their display tree. 
Another preferred assumption that fireflies 
consider when selecting a display tree as 
a favorable display tree is that fireflies 
feed exudates (sugary substances secreted 
by Sonneratia caseolaris) from leaf stipules 
(K. Nallakumar, 2003). This relationship 
between mangrove assemblage and firefly 
abundance (Jusoh et al., 2010) demonstrates 
how crucial it is to protect firefly species, as 
their display trees and habitat are threatened 
(Jusoh & Hashim, 2012). Consequently, any 
mangrove alterations will lead to a declining 
firefly population (Nallakumar, 2002; 
Yuma, 2007), and the loss of mangrove 
forests has resulted in their extinction in 

some localities (Ballantyne et al., 2011). 
Therefore, it is crucial to take fireflies and 
their habitat in mangrove forests seriously 
as a research topic to protect these fireflies 
from extinction.

CONCLUSION

This study adds an undocumented location 
for Pteroptyx tener Olivier’s and could 
contribute to the knowledge of the 
distribution and occurrence of fireflies in 
Malaysia. On the other hand, this study 
collected a record of the distribution and 
occurrence of Pteroptyx tener Olivier, 
which was then mapped using GIS 
software, which researchers rarely utilize 
to present their data visually to make it 
more comprehensible. However, because 
the records from previous researchers are 
limited, the mapping results indicate that 
there are still some locations of Pteroptyx 
tener Olivier that have been discovered that 
cannot be mapped; because the researcher 
did not record the coordinates where the 
species was discovered. Therefore, many 
locations of fireflies were found unavailable. 
From this study also, the literature review 
found that the most preferred tree for this 
species was Sonneratia caseolaris Engl. A 
few identified associated trees: Rhizophora 
mucronata, Rhizophora apiculata, Hibiscus 
tilliaceus L. Engl., and Nypa fruticans. In 
addition, the authors recommend protecting 
the mangrove forests along Kuala Sepetang 
to ensure the firefly’s long-term survival. 
Fireflies are a keystone species in mangrove 
forests because maintaining the mangrove 
habitat will benefit both fireflies and humans. 
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ABSTRACT

Bee pollen is a complete food containing comprehensive nutrients and therapeutic properties 
that could eliminate free radicals. Three stingless bee species native to Malaysia were used 
to prepare bee pollen ethanolic extracts (BPE): Geniotrigona thoracica, Heterotrigona 
itama, and Tetrigona apicalis. The methodology used in this study was a trypan blue 
exclusion assay for cell proliferation activity in cultured breast adenocarcinoma human 
cell lines (MCF-7) and mammary epithelial human cell lines (MCF-10A). In addition, 
the therapeutic index (TI) was analyzed to assess the relative antiproliferative activity of 
BPE on cancer versus normal cells. Geniotrigona thoracica BPE exhibited the highest 
therapeutic index (TI = 3.12) compared to H. itama (TI = 1.16) and T. apicalis (TI = 0.90) 
BPE. Each species represents different bioactive compounds due to different pollen foraging 
activities. Therefore, the highest TI species (G. thoracica) could be a potential candidate 
to be developed as a potential chemotherapeutic agent. 

Keywords: MCF-7, MCF-10A, stingless bee pollen, therapeutic index

INTRODUCTION

Environment, nutrition, and lifestyle factors 
play a significant role in influencing cancer 
development. Cancer could be considered 
a leading cause of mortality globally, 
including breast cancer. It is the most 
common cancer to cause mortality in women 
(Azamjah et al., 2019; Seely & Alhassan, 
2018). Therefore, there is a lot of research 
on cancer chemoprevention and therapy 
using nutritional supplementation and 
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traditional medicines to treat cancer using 
various natural compounds (Cha et al., 2005; 
Choudhari et al., 2013).

Compounds in natural products, such as 
herbal and bee products, offer many research 
opportunities in developing anticancer 
agents that have nutraceutical properties, 
are non-toxic, and safe for human health 
(Kuppusamy et al., 2014; Premratanachai & 
Chanchao, 2014; Wang et al., 2012). Natural 
compounds in bee products, including 
honey, propolis, and bee pollen, were found 
to significantly inhibit cell growth and 
reduce tumor cells proliferation (Ahmad et 
al., 2019; Choudhari et al., 2013; Franchi et 
al., 2012; Kustiawan et al., 2014; T-Johari 
et al., 2019). In Malaysia, 45 stingless bee 
species from 14 genera were documented 
(Norowi et al., 2010; Samsudin et al., 
2018), including Geniotrigona thoracica, 
Heterotrigona itama, and Tetrigona apicalis, 
which are commonly domesticated for 
honey production. 

Other than honey, stingless bee 
produces bee pollen that serves as a source 
of nutrients for both adult bees and larvae. 
It is known as a complete food since the 
food energy produced is relatively high, 
ranging from 396.4 to 411.1 kcal/100 g 
of pollen (Kocot et al., 2018). Bee pollen 
is also a popular health supplement for 
maintaining health and longevity. Studies 
have demonstrated that 70% of bee pollen 
compositions are biologically active and 
exhibit numerous benefits, including 
cardioprotection, hepatoprotection, 
antioxidation, anticarcinogen, antibacterial, 
antiosteoporosis, antiprostatitis, anti-

anemia, anti-aging, anti-inflammatory, and 
immunostimulant (Campos et al., 2010; 
Rzepecka-Stojko et al., 2015; Yang et al., 
2013).

In vitro antiproliferative activity of 
bee pollen extract can be determined based 
on the minimum effective concentrations 
(EC50) in cancer cells and the minimum 
inhibitory concentrations (IC50) in normal 
cells. EC50 and IC50, however, are often 
used interchangeably. The terms determine 
the tested compounds or drugs with the 
desired properties and qualities (Sebaugh, 
2011). EC50 is expressed as the effective 
concentration of a molecule where 50% of 
the bioactivity is observed and is commonly 
used to describe the stimulation of responses 
(MarÉchal, 2011). IC50, on the other hand, 
is defined as the inhibitor concentration 
that decreases the response to 50% of its 
maximum. That maximum response (or 
binding) is inhibited due to an inhibitor’s 
action that binds to a receptor (MarÉchal, 
2011). 

In drug development, the therapeutic 
index (TI) is expressed as the ratio of dosage 
with the maximum exposure that is not toxic 
(with fewer adverse effects) to the dosage 
that indicates the preferred pharmacological 
outcome (Muller & Milton, 2012). TI is 
a quantitative relationship between the 
drug’s safety (toxicology) and efficacy 
(pharmacology). In vitro safety assays, 
such as cytotoxicity tests, determine the 
IC50 (minimum toxic concentrations), and 
in vitro efficacy assays, such as growth 
inhibition of tumor cells, determine the EC50 
(minimum effective concentrations) (Muller 
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& Milton, 2012). IC50/EC50 is typically used 
to measure the effectiveness of a compound 
in biochemical or biological studies in cells.

TI  provides  a  semiquant i ta t ive 
evaluation of the concentrations used to 
attain the expected response with a tolerable 
level of adverse effects. It is expressed as 
the ratio of the IC50 of normal/non-tumor 
cells to the EC50 of tumor cells (Deepa et al., 
2012). TI with a high value indicates more 
safety and specificity in targeting cancer 
cells (Abughazaleh & Tracy, 2014; Muller 
& Milton, 2012). The United States Food 
and Drug Administration (FDA) describes 
drugs with a low TI as less than a 2-fold 
difference in the IC50 and EC50 (Abughazaleh 
& Tracy, 2014). However, there is no clear 
FDA guidance on the use of TI for clinical 
trials, believing that each drug is unique. 

In antiproliferative or cytotoxicity assay, 
in vitro cell cultures are frequently identified 
as alive or dead based on membrane integrity. 
Different assays can detect dead cells 
accumulation, including the measurement 
of cytoplasm’s component leakage into the 
culture medium  (by enzyme or fluorescent 
marker) or non-permeable dye penetration 
into cells with damaged membranes (trypan 
blue or fluorogenic DNA binding dyes) (Riss 
et al., 2019).

By using the trypan blue exclusion 
method, the toxicity of compounds and 
inhibition of tumor cells can be evaluated. 
This method observes cell membrane 
integrity and detects nonviable cells in 
non-dividing cell populations (Aslantürk, 
2018). The number of viable cells can be 
determined based on the fundamental that 

intact membranes of living cells exclude 
trypan blue dye, exhibiting a perfect 
cytoplasm. Meanwhile, a nonviable cell 
exhibits blue ruptured cytoplasm. 

Antiproliferative and cytotoxicity are 
terms that are being used interchangeably. 
The term cytotoxic refers to chemicals 
that cause cell toxicity, such as anticancer 
agents or chemotherapy treatments that aim 
to kill cancer cells and stop their growth 
(Kandaswami, 2014). On the other hand, 
the antiproliferative assay determines cell 
viability and cell proliferation, a measure 
of mammalian cell growth and survival 
(Kandaswami, 2014). Thus, the trypan 
blue exclusion method is better known 
as an antiproliferative viability assay that 
can estimate the rate of proliferation and 
the percentage of viable/nonviable cells 
(Strober, 2015).

This study evaluated the antiproliferative 
effect of three stingless bee pollen extracts, 
G. thoracica, H. itama, and T. apicalis, on 
two cell lines (MCF-7 and MCF-10A). In 
addition, the therapeutic index was analyzed 
to assess the relative antiproliferative 
activity of BPE on cancer versus normal 
cells. 

MATERIALS AND METHODS

Preparation of Bee Pollen Extract 
(BPE)

Malaysian stingless bee species were 
collected from Syamille Agrofarm, Kuala 
Kangsar, Perak, Malaysia, i.e., Geniotrigona 
thoracica (G. thoracica), Heterotrigona 
itama (H. itama), and Tetrigona apicalis 
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(T. apicalis). The pollen samples were 
collected from two different colonies for 
each species. They were extracted in ethanol 
(10% w/v), sonicated in an ultrasound bath 
at 41°C (90 min), centrifuged at 2,800 × 
g (5 min), filtered, and dried in a rotary 
evaporator (EYELA OSB-2100, Japan). 
The BPE was then freeze-dried for four 
days (Martin Christ Alpha freeze dryer, 
Germany) and kept at 4°C to be used later 
in the experiment.

Cell Lines  

Mammary epithelial human cell lines 
(MCF-10A) were maintained in a 75 cm3 
cell culture flask containing Dulbecco’s 
Modified Eagle Medium/Nutrient Mixture 
F-12 (DMEM/F-12) medium supplemented 
with serum from the horse (5% v/v), 
recombinant insulin from human (10 
μg/mL), recombinant epidermal growth 
factor from human (hEGF, 20 ng/mL), 
hydrocortisone (0.5 µg/mL) and penicillin-
streptomycin (1% v/v). 

Breast adenocarcinoma human cell 
lines (MCF-7) were grown in a 75 cm3 cell 
culture flask containing RPMI 1640 medium 
supplemented with serum from fetal bovine 
(10% v/v) and penicillin-streptomycin (1% 
v/v). All media and supplements were 
purchased from Sigma (USA) and Gibco 
(USA).

Cell lines were preserved in humidified 
air with 5% CO2 at 37°C and subcultured 
every two to three days. Trypsin was used 
to detach cells with 80% viability for trypan 
blue exclusion assay. MCF-10A and MCF-
7 ATCC cell lines were obtained from 

Advanced Medical and Dental Institute, 
Universiti Sains Malaysia (USM). 

Trypan Blue Exclusion Assay

Antiproliferative activity was evaluated 
using the trypan blue dye exclusion assay. 
MCF-10A and MCF-7 cells were seeded at 
5.0 × 104 cells/well in 24-well plates and 
allowed to adhere for 36 h to 48 h. After 
reaching 70% to 80% confluency, cells 
were treated for 24 h with different BPE 
concentrations ranging from 0.3 to 5.0 mg/
mL dissolved in the growth medium, while 
in control cells, no BPE treatment was 
applied. 

After 24 h treatment with BPE, 
phosphate-buffered saline (PBS) was used 
to wash the cells, followed by centrifuging 
the cells at 112 × g (5 min) and discarding 
the supernatant. PBS was used again to 
resuspend the cell pellet and mixed with 
trypan blue (0.4%, 10:10 μL) in a microplate 
well. Ten μL of the trypan blue/cell mixture 
was taken into a hemocytometer, and cells 
were observed under a microscope. The 
unstained (viable) and stained (nonviable) 
cells attached to the hemocytometer were 
calculated. The viable cells’ total number 
was multiplied by the trypan blue dilution 
factor (×2) to obtain viable cells per mL. The 
percentage of viable cells was estimated as 
(viable cells number per mL/total number of 
cells per mL) × 100 (Strober, 2019).

A dose-response curve of sample 
concentration versus cell viability was 
consequently plotted. Finally, the 50% 
inhibitory concentration in MCF-10A cells 
(IC50) and 50% effective concentration in 
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MCF-7 were calculated by interpolating 
the plotted graph using Microsoft Excel 
(version 16.37). All three experiments were 
done as independent experiments, each 
performed in duplicate. 

Therapeutic Index

The therapeutic index (TI) was estimated 
as follows: TI = (IC50 non-neoplastic cell) / 
(EC50 neoplastic cell) (Deepa et al., 2012). 
MCF-10A was non-neoplastic (normal) cells 
and MCF-7 was neoplastic (cancer) cells. 
A compound with a high therapeutic index 
is potent compared with a low therapeutic 
index compound.

Statistical Analysis 

All experiments were duplicated and 
presented as mean ± standard deviation 
(SD). The significant differences between 
experimental groups were assessed by 
Student’s t-test using IBM SPSS Statistics 
version 24.0. (IBM Corp., USA). Statistically 
significant data was presented with P values 
≤ 0.05.

RESULTS 

Antiproliferative Activity of T. apicalis 
BPE in MCF-7 and MCF-10A Cells

Different concentrations of T. apicalis BPE 
on the viability of MCF-7 and MCF-10A 
cells treated at 24 h were demonstrated in 
Figure 1. The effect of BPE from T. apicalis 
showed a dose-dependent increase in MCF-
7 cell inhibition. Both colonies of T. apicalis 
BPE inhibited MCF-7 cells at EC50 of 1.60 
+ 0.10 mg/mL (Figure 1a). Meanwhile, the 

IC50 of T. apicalis in MCF-10A cells was 
1.46 + 0.51 mg/mL (Figure 1b). 

When the EC50 and IC50 values were 
evaluated using Student’s t-test, no 
significant difference was seen with p-values 
of 0.161 and 0.567 for both colonies of T. 
apicalis (i) and (ii), respectively. In addition, 
the result showed no difference in EC50 value 
in MCF-7 cells compared with the IC50 value 
in MCF-10A cells. 

Antiproliferative Activity of H. itama 
BPE in MCF-7 and MCF-10A Cells

Extrapolation from Figure 2a showed that 
the EC50 for MCF-7 cells was 1.72 + 0.28 
mg/mL for H. itama. In MCF-10A cells, 
the IC50 was 1.91 + 0.72 mg/mL for H. 
itama as depicted in Figure 2b. Comparing 
IC50 of MCF-10A and EC50 of MCF-7 in 
two colonies of H. itama did not show any 
statistically significant difference [p = 0.212 
in H. itama (i) and p = 0.172 in H. itama 
(ii)].  

Antiproliferative Activity of G. 
thoracica BPE in MCF-7 and MCF-10A 
Cells

Geniotrigona thoracica BPE showed the 
MCF-7 EC50 mean value of 1.61 + 0.30 mg/
mL (Figure 3a). While in MCF-10A, the IC50 
was 4.93 + 0.81 mg/mL for colony i and the 
IC40 was 4.93 + 0.51 mg/mL for colony ii 
(Figure 3b).

The IC40 value was used in the second 
colony of G. thoracica because the IC50 
value was outside the data range (Figure 
3b). All variables were standardized in 
each experiment, where the maximum 
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Figure 3. Antiproliferation of G. thoracica BPE against MCF-7 and MCF-10A cells
Note. (a) Antiproliferation of G. thoracica BPE in MCF-7 cells, mean = 1.61 + 0.30 mg/mL; (b) 
Antiproliferation of G. thoracica BPE in MCF-10A cells at 24 h treatment, mean = 4.93 + 0.51 mg/mL. 
The results presented are means of three separate experiments + SD

(a)

(b)

concentration was 5.0 mg/mL. Both IC50 and 
IC40 values were applicable and consistent 
with treatment doses of less than 50% 
inhibition used in the clinical setting (Stordal 
et al., 2006). 

A significant difference was found in 
EC50 values in MCF-7 cells compared with 
the IC50/IC40 values in MCF-10A cells for 
both colonies of G. thoracica species. In 

colony i, the p-value was 0.018, while in 
colony ii, the p-value was 0.001. Only G. 
thoracica species indicated a significant 
result compared to the other two species.

Therapeutic Index (TI)

The therapeutic index is a ratio of 
concentration that inhibits 50% proliferation 
of normal cells (IC50) to the concentration 
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that inhibits 50% proliferation of tumor cells 
(EC50). The TI values of each colony of BPE 
species differed from each other. The order 
of TI values is as follows: G. thoracica > H. 
itama > T. apicalis.

The average of two colonies of each 
species was calculated, where G. thoracica 
showed the highest TI value of 3.12, 
followed by H. itama (1.16), and T. apicalis 
(0.90) (Figure 4).

DISCUSSION

Antiproliferative Assay

In this study, a trypan blue exclusion assay 
has been used to assess the antiproliferative 
activity of T. apicalis, H. itama, and G. 
thoracica BPE in MCF-7 and MCF-10A cell 
lines. The minimum effective concentrations 
(EC50) in MCF-7 cells and the minimum 
inhibitory concentrations (IC50) in MCF-10A 
cells were determined from the graph based 
on extrapolation from the antiproliferative 
curve after 24 h treatment. 

MCF-7, the breast adenocarcinoma 
human cell line, was developed in 1970, and 
since then, more than 25,000 publications 
have been reported (Lee et al., 2015). In 
addition, MCF-7 is a frequently studied cell 
line that serves as a valuable model system 
in hormone-receptor-positive breast cancer 
research (Lee et al., 2015).

Among the commonly used normal 
breast cells as an in vitro model is MCF-10A, 
the mammary epithelial human cell line 
that was isolated in 1984 (American Type 
Culture Collection [ATCC], n.d.). These 
cells originated from benign immortalized 
breast tissue proliferation, no estrogen 
receptors expression, and exhibited some 
features of normal breast epithelium (Qu 
et al., 2015).

Antiproliferative Activity of BPE 

In the present study, the antiproliferative 
activity revealed that three BPE species 
demonstrated the capacity to decrease 

Figure 4. Comparison of therapeutic index (TI) in different BPE species with respect to MCF-10A cells
Note. Bars illustrate the TI values of three BPE species
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the MCF-7 and MCF-10A cell viability 
in a dose-dependent manner. However, T. 
apicalis (EC50 = 1.60 mg/mL, IC50 = 1.46 
mg/mL, TI = 0.90) and H. itama (EC50 = 
1.72 mg/mL, IC50 = 1.91 mg/mL, TI = 1.16) 
showed a lower antiproliferative effect 
compared to G. thoracica (EC50 = 1.61 mg/
mL, IC50 = 4.93 mg/mL, TI = 3.12). 

The antiproliferative effect of G. 
thoracica (colonies i and ii) strongly 
increased by reaching a maximum of 92-
95% inhibition in MCF-7 and only 39-49% 
inhibition in MCF-10A cell lines. Among 
the three species, G. thoracica showed a 
significant result (p < 0.05) with the highest 
antiproliferative effect on MCF-7 and the 
least antiproliferative activity seen in MCF-
10A [p = 0.018 in G. thoracica (i), p = 0.001 
in G. thoracica (ii)]. According to FDA, the 
TI value of more than a 2-fold difference in 
the IC50 and EC50 gives the distinction that 
G. thoracica is better than T. apicalis and 
H. itama; thus, G. thoracica could act as a 
potent antiproliferative agent (Tamargo et 
al., 2015). 

Kustiawan et al. (2014) showed that 
the proliferation of five cancer cell lines 
was inhibited by four different species 
of stingless bee products, i.e., honey, 
bee pollen, and propolis (Kustiawan et 
al., 2014). The result showed BPE from 
n-hexane and ethyl acetate (EtOAc) extract 
from two species gave <50% relative viable 
cell number after 48 h treatment on two 
cancer cell lines. In their study, T. apicalis 
was the least cytotoxic species with a lower 

antiproliferative effect on cancer cells than 
other species. Our data showed a similar 
finding (EC50 of T. apicalis = 1.60 mg/mL, 
TI = 0.90).

BPE’s ability to inhibit the growth of 
cancer cells depends on the bee species 
and cell line in in vitro study, representing 
different bioactive compounds due to 
different pollen foraging activities displayed 
by each species. In addition, it was 
previously shown that BPE contained 
different antioxidant activity and phenolic/
flavonoid content (Harif Fadzilah et 
al., 2017), which could contribute to its 
bioactivity and antiproliferative effects on 
cell lines tested in this study.

CONCLUSION

Geniotrigona thoracica BPE showed a 
strong antiproliferative effect on MCF-7 
cells, and less antiproliferative activity was 
seen on MCF-10A cells. The calculated 
therapeutic index in this study showed 
that the specificity of G. thoracica BPE 
was more effective in killing MCF-7 
cells with less toxicity to MCF-10A cells 
compared with T. apicalis and H. itama. 
The therapeutic index of G. thoracica BPE 
was the highest, potentially developing as a 
chemotherapeutic agent. 
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ABSTRACT

The wastewater after washing rice grains is known as washed rice water (WRW). WRW 
is often recommended for reuse as plant fertilizer, but little is known about the difference 
in the nutrient and microbial contents of WRW between white and brown rice. The study 
aims to answer this question and determine how much the nutrient contents in the WRW 
would change with fermentation and how fermentation would affect the phosphorus 
(P)- and potassium (K)-solubilization bacteria in the WRW. Medium-grained rice was 
washed at a volumetric rice-to-water ratio of 1:3 for 90 seconds at 0.357 × g. WRW was 
then fermented for 0 (fresh), 3, 6, and 9 days. The rice grains and WRW were analyzed 
for pH, electrical conductivity (EC), carbon (C), nitrogen (N), sulfur (S), ammonium 
(NH4

+), nitrate (NO3
–), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), 

copper (Cu), zinc (Zn), and boron (B), as well as for total microbial population and P- and 
K-solubilizing bacteria. Brown rice grains had 26 to 324% higher P, K, Mg, and Zn than 
white rice. Nutrient contents in the WRW increased with increasing fermentation, except 
for C, which decreased with fermentation. At 9 days of fermentation, P, Ca, Mg, Cu, and 

B in the white rice water increased by 4 to 
207%, which were also higher than in the 
brown rice water. The microbial population 
increased with fermentation for 3 days, 
then decreased after that, following the 
same C trend in the WRW from both rice 
types. P-and K-solubilization by bacteria 
in the WRW from both rice types increased 
with fermentation. The P solubilization was 
25% higher in brown rice water, while the 
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K solubilization was 67% higher in white 
rice water. Fermented rice water from white 
and brown rice was revealed to potentially 
improve plant growth and increase overall 
soil health due to their plant nutrient and 
microbial contents.

Keywords: Elements, fermentation, ratio, rice, rice 
water, wastewater

INTRODUCTION

Washed rice water (WRW) is obtained when 
milled rice grains are washed to remove the 
bran, dust, and dirt from the rice before the 
rice is cooked (Juliano, 1993). However, 
significant proportions of water-soluble 
nutrients are removed because of rice 
washing. Several studies have indicated 
that rice washing leads to the leaching of 
different proportions of nutrients from the 
rice grains into the WRW (Juliano, 1985; 
Nabayi, Sung, Zuan, Paing, & Akhir, 2021). 
For example, Nabayi, Sung, Zuan, Paing, 
and Akhir (2021) reviewed that WRW 
contains between 40 to 150 mg L−1 N, 43 
to 16306 mg L−1 P, 51 to 200 mg L−1 K, 
8 to 3574 mg L−1 Ca, 36 to 1425 mg L−1 
Mg, and 27 to 212 mg L−1 S. It indicates 
that these leached nutrients have enriched 
the WRW, which potentially could be 
utilized as a liquid plant fertilizer, rather 
than WRW being discarded (Nabayi, Sung, 
Paing, & Zuan, 2021b). Other studies have 
reported that WRW can be used as a plant 
nutrient source (Bahar, 2016; Suryana et 
al., 2017; Wardiah & Rahmatan, 2014) due 
to the presence of carbohydrates, proteins, 
vitamins, and other minerals at various 

concentrations (Juliano, 1985; Purnami et 
al., 2014). 

Recently, WRW was reused as part of 
communal programs, whereby WRW from 
different households is collected, pooled 
centrally, then used for fertilizing crops. 
For instance, in Lambangkuning Village, 
Indonesia, a WRW reuse program was 
established. This program comprised about 
30 households, each producing about 5 L 
of WRW daily, totaling 150 L per day. The 
collected WRW was then pooled for reuse 
later to irrigate the crops in the village 
homes (Supraptiningsih et al., 2019). 
Similarly, Polo Geulis, a village in Central 
Bogor, Indonesia, practiced a centralized 
water-saving system, where WRW was 
collected from the residents and used to 
irrigate and fertilize the village herbs and 
vegetables (The Jakarta Post, 2017). Kalsum 
et al. (2011) reported that fermented WRW 
contains numerous nutrients essential to 
plant growth and development. Hapsoh et 
al. (2019) found higher vegetative growth 
of pepper due to the bacterial content 
of fermented WRW. Similarly, several 
studies have reported using WRW to 
increase the growth of other crops (Bahar, 
2016; Hariyadi, 2020; Karlina et al., 2013; 
Yulianingsih, 2017). 

Sa i r i  e t  a l .  ( 2018)  found  and 
biochemically identified the presence 
of beneficial microbes in WRW and 
suggested its use as a biofertilizer. 
Biofertilizer is recommended as part of 
sustainable agriculture, which aims to use 
fewer chemical fertilizers. The addition 
of beneficial microbes into the soil could 
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increase plant nutrient availability, thereby 
reducing the demand for chemical fertilizers 
(Çakmakçi et al., 2007). N2-fixing and P 
and K solubilizing bacteria are of great 
importance for plant nutrition because they 
can increase plants’ N, P, and K uptake 
(Çakmakçi et al., 2006; Ekin, 2010). In 
addition, the direct application of plant 
growth-promoting (PGP) microbes can 
improve plant growth (Kumar et al., 2014). 
PGP bacteria and rhizobia are vital in 
supplying nutrients to plants, particularly 
in less fertile soils (Tan et al., 2014). 
However, these WRW studies, mostly done 
on white rice, lacked scientific details, 
such as whether the WRW use was fresh or 
fermented, and if fermented, for how long 
and how rigorously the rice grains were 
washed, and what were the nutrient contents 
in the WRW.

Rice is a vital source of carbohydrates, 
protein, and other essential nutrients for 
billions of people worldwide, particularly 
in developing nations (Huang et al., 2016). 
It is usual to wash rice to remove dirt and 
dust before cooking. Considering the rate 
at which rice is consumed, the practice 
of reusing WRW has the potential to save 
significant amounts of water and fertilizers. 
In addition, it will lead to less reliance 
on energy, particularly during the current 
environment of detrimental climate change.

Rice parboiling ensures the retention 
of some nutrients contained in the rice bran 
(Roy et al., 2011). However, removing the 
outer bran layers while milling the white 
rice renders it low in nutrients and bioactive 

chemicals (Saleh, Wang, Wang, S. Yang, 
et al., 2019). Compared with white rice, 
whole brown rice grain has higher mineral 
contents because of the remaining presence 
of the outer bran layer (Babu et al., 2009; de 
Simone Carlos Iglesias Pascual et al., 2013; 
Saleh, Wang, Wang, L. Yang, et al., 2019). 
Nabayi, Sung, Paing, and Zuan (2021b), 
as well as Srinuttrakul and Busamongkol 
(2014), have reported that the elemental 
concentrations in white rice and brown rice 
grains ranged from (in mg kg−1) 1298 to 
3830 P, 1109 to 1928 K, 72 to 437 Ca, 240 
to 1284 Mg, 0.31 to 0.37 B, 4.96 to 5.31 
Cu, 5.10 to 9.75 Fe, 22 to 44 Mn, and 23 
to 33 Zn. However, there is no comparative 
study of rice water from white and brown 
rice grains in terms of their nutrient and 
microbial contents and how the nutrient and 
microbial contents change when the rice 
water is fermented. Nabayi, Sung, Zuan, 
and Paing (2021a) reported the presence of 
beneficial bacteria in white rice water, but 
there has been no similar study on brown 
rice water. In addition, there are limited 
studies on assessing P- and K-solubilizing 
bacteria in rice water, which could play a 
significant role in the higher plant growth of 
many crops, as reported by Nabayi, Sung, 
Zuan, Paing, and Akhir (2021). Therefore, 
the objectives of this paper were to (1) 
analyze the nutrient contents in white and 
brown rice grains and their respective rice 
water at different fermentation periods and 
(2) assess the P and K solubilization in the 
white and brown rice water at different 
fermentation periods. 
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MATERIALS AND METHODS

Materials 

“Rambutan” (Padiberas Nasional Berhad, 
Malaysia) and “Eco-brown” (Serba Wangi 
Sdn. Bhd., Malaysia) brands of white 
rice and brown rice grains, respectively, 
were used in this study. A mixing machine 
(Bossman Kaden matte BK-100S, Japan) 
was used for washing the rice grains at a 
volumetric rice-to-water ratio of 1:3 for 90 
seconds at a speed of 0.357 × g to ensure 
consistency, repeatability, and uniformity 
in rice washing. WRW from the white rice 
and brown rice grains were then subjected 
to a series of fermentation periods of 0 
(fresh), 3, 6, and 9 days. The choice of 
fermentation periods followed Akib et al. 
(2015), who fermented rice water for 0, 2, 
4, and 6 days, and they reported an increase 
in microbial count over time. Therefore, this 
study selected 0, 3, 6, and 9 days to observe 
the nutrient and microbial population before 
the fourth and after the sixth days. The 
fermentation was carried out without adding 
additives by covering the WRW container 
for 0, 3, 6, and 9 days. The containers 
were opened daily for about 20 minutes for 
aeration.

Elemental Analyses

Dry ashing of rice samples was carried out 
following Enders and Lehmann (2012). 
About 1 g of the oven-dried (at 105 °C) 
ground rice grain samples were placed in 
a muffle furnace and heated sequentially 
from 200 to 550 °C for 6 hours to obtain 
complete ash for additional tests. The 

rice samples’ total C, N, and S content 
were determined using the CNS analyzer 
(LECO Corp., MI, USA). In contrast, P, K, 
Ca, Mg, Cu, Zn, and B were determined 
using Inductively Coupled Plasma Optical 
Emission Spectrophotometry (ICP-OES) 
(Thermo Fisher Scientific, iCAP 6000, 
Germany). The rice water samples at 
different fermentation periods were filtered 
using Whatman 1 filter paper (11 µm size). 
The total C, N, and S of the rice water were 
determined by a CNS analyzer (LECO Corp., 
MI, USA). At the same time, the P, K, Ca, 
Mg, Cu, Zn, and B were analyzed using an 
atomic absorption spectrophotometer (AAS) 
(PerkinElmer, PinAAcle, 900T, USA). The 
Kjeldahl procedure (Nelson & Sommers, 
1983) was employed for ammonium and 
nitrate determination. The 827 pH and 
EC lab meters were used to determine the 
pH and EC, respectively (Metrohm AG, 
Switzerland) (McLean, 1983). 

Culture Media Preparation and 
Microbial Population Determination 

Tryptic soy agar (TSA) and potato dextrose 
agar (PDA) were used to assess the bacteria 
and fungi population, respectively, in the 
different samples of the fermented rice 
water of the two rice grains, following Tan 
et al. (2014). The media were prepared by 
dissolving about 40 g each of TSA and 
PDA media and autoclaved at 121 psi for 
20 minutes. The media were removed 
and poured into Petri dishes, then allowed 
to solidify under laminar flow. A serial 
dilution of up to 108 was performed on the 
different rice waters (from white and brown 
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rice) at different fermentation periods (0-, 
3-, 6-, and 9-day). After that, the serially 
diluted rice water was introduced onto 
the plates containing the TSA and PDA-
prepared media for bacteria and fungi 
determination, respectively. The inoculated 
plates were incubated for 24 hours at 33 °C, 
and subsequently, the bacterial and fungi 
populations were counted for each plate 
(in triplicates). Plates having between 30 to 
300 colony-forming units were selected to 
calculate the microbial population per mL 
of sample (Thomas et al., 2015). 

Phosphorus and Potassium 
Solubilization Ability of the WRW 
Culture

The National Botanical Research Institute’s 
Phosphate (NBRIP) broth was used to 
measure the amount of soluble phosphate in 
the culture supernatants using the vanado-
molybdo-phosphoric acid method (Ribeiro 
& Cardoso, 2012). A combination of a 
stock solution containing phosphoric acid 
(KH2PO4) and 5 mL of concentrated sulfuric 
acid (H2SO4) was made up to 1 L using 
distilled water to form a standard curve. 
Each NBRIP broth was inoculated with 
10 µL of each WRW culture suspension. A 
flask containing 100 mL of NBRIP culture 
medium with no inoculum was used as 
the control. Tan et al. (2014) described 
that the flasks were incubated at room 
temperature between 25 to 29 oC for 12 days, 
with a steady agitation at 100 rpm. The P 
solubilization of the cultures was assessed 
at various fermentation periods at 12 days 
of incubation. At each assessment, 25 mL 

of each culture media was transferred to 50 
mL tubes and centrifuged at 8,000 × g for 20 
minutes. Next, the 2.5 mL of the supernatant 
was transferred to a 50 mL beaker, then 20 
mL of distilled water was added. A 2.5 mL of 
Barton’s reagent was promptly added for the 
mixing reaction (Barton, 1948), and color 
development was permitted for 10 minutes. 
A spectrophotometer (Agilent Technologies 
8453 7 Cuvette UV Vis Spectrophotometer, 
USA) set to 430 nm was used to determine 
the absorbance. 

The bacterial ability to release potassium 
from the Aleksandrov broth was used to 
calculate the potassium solubilization 
rate quantitatively. One mL of the WRW 
culture was inoculated into 100 mL of the 
broth overnight. The amount of K released 
in the broth was quantified from three 
flask replicates after 12 days of incubation 
(Nabayi, Sung, Zuan, Paing, & Akhir, 
2021). The inoculated broth cultures were 
centrifuged at 6,700 × g for 10 minutes to 
separate the supernatant from the broth and 
bacterial cells. One mL of the supernatant 
was transferred to a 50 mL volumetric flask, 
which was then marked up with distilled 
water and carefully mixed. AAS was used 
to determine the amount of available K in 
the supernatant (PerkinElmer, PinAAcle, 
900T, USA).

Statistical Analysis

All data were subjected to analysis of 
variance (ANOVA) using Minitab software 
package version 20 (Pennsylvania State 
University, USA). The data were analyzed 
based on a randomized design in factorial 
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arrangement with fermentation periods (0, 
3, 6, and 9 days) and rice water types (white 
and brown rice water) as factors, and the 
Tukey’s test procedure (p < 0.05) was used 
for the mean separations.

RESULTS AND DISCUSSION

Elemental Amount of Rice Grains

The highest element in white and brown rice 
grains was C which comprised about 40% of 
the total elements in the grains (Table 1). The 
inner endosperm of rice kernels is densely 
packed with starch, mainly carbohydrates 
(Saleh, Wang, Wang, L. Yang, et al., 2019; 
Zhou et al., 2002). The results showed that 
the nutrient contents are in the order: C > 
N > P > K > S > Mg > Ca > Zn > Cu > B 
for both rice types (Table 1). The elemental 
content of both rice grains was similar to 
the results obtained by Srinuttrakul and 

Busamongkol (2014), who also found that 
the nutrient contents of brown rice grains to 
be in the same order and ranged between (in 
mg kg−1) 3024 to 3830 P, 140 to 1927 K, 980 
to 1284 Mg, 72 to 128 Ca, and 23 to 33 Zn.

Nitrogen was the second highest element 
in both the rice grains, which agreed with 
Saleh, Wang, Wang, L. Yang, et al. (2019), 
who reported that protein, a source of N, is 
the second highest element in rice grains 
after C. Furthermore, Saleh, Wang, Wang, 
S. Yang, et al. (2019) reported that brown 
rice grains have greater N content than white 
rice grains because of their outer bran layer, 
which is the main source of N in the rice, 
which corroborated the results obtained in 
this study as brown rice grains had 2.4% 
higher N content than in white rice grains. 
The nutrient contents of the white and brown 
rice grains were generally similar to each 

Table 1 
Mean (± SE) nutrient content of the white and brown rice grains 

Parameters White rice grains Brown rice grains
Ash content (%) 0.95 ± 0.04 1.76 ± 0.05

Moisture content (%) 14.39 ± 0.21 17.42 ± 0.18
Organic carbon (%) 30.30 ± 0.02 30.68 ± 0.06

C (%) 40.30 ± 0.01 40.80 ± 0.01
N (%) 1.25 ± 0.01 1.28 ± 0.01

C: N ratio 32.24 ± 0.01 31.87 ± 0.01
S (%) 0.10 ± 0.004 0.12 ± 0.03

NH4
+ (mg kg-1) 215.45 ± 4.41 174.08 ± 4.13

NO3
– (mg kg-1) 100.82 ± 8.53 131.76 ± 9.10

P (mg kg-1) 1320.83 ± 34.04 3284.62 ± 43.67
K (mg kg-1) 1130.83 ± 22.64 2081.17 ± 25.40
Ca (mg kg-1) 427.08 ± 5.72 163.32 ± 3.92
Mg (mg kg-1) 244.93 ± 10.26 759.50 ± 21.52
B (mg kg-1) 0.33 ± 0.09 1.40 ± 0.02
Cu (mg kg-1) 5.25 ± 0.12 5.15 ± 0.10
Zn (mg kg-1) 5.01 ± 0.09 6.30 ± 0.06
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other for C, N, S, and Cu, but not for P, K, 
Ca, Mg, Zn, and B. Brown rice grains had 
26 to 324% higher in P, K, Mg, and Zn, but 
lower in Ca by 162% than the white rice 
grains. The greater amount of Ca in the 
white rice grains could be due to rice varietal 
differences. Nutrient content in rice can 
vary between genotypes and environmental 
conditions (Huang et al., 2016). However, 
the higher P, K, Mg, Zn, and B in the brown 
rice grains were because of the intact bran 
layer in the brown rice, as compared with its 
absence in white rice grains. When the outer 
bran layers are removed during polishing 
or milling, the polished grain has fewer 
nutrients and bioactive chemicals because 
these elements are concentrated in the rice 
grain’s outer bran layers (Saleh, Wang, 
Wang, S. Yang, et al., 2019; Sharif et al., 
2014). The study also revealed a higher ash 
percentage (85%) in brown rice than in the 
white rice grains, indicating higher amounts 
of inorganic elements in brown rice (Table 
1). Overall, the chemical analyses of the rice 
grains agreed with several studies that also 
reported greater nutrient content in brown 
rice as compared to white rice (Babu et al., 
2009; de Simone Carlos Iglesias Pascual et 
al., 2013; Saleh, Wang, Wang, L. Yang, et 
al., 2019).

Effect of Fermentation on the Nutrient 
Content of WRW from White Rice and 
Brown Rice Grains 

Nutrient analyses of white and brown rice 
water showed increasing levels of EC, 
(NH4

+), N, S, P, K, Ca, Mg, Cu, and B with 
increasing fermentation periods. In contrast, 

increasing fermentation decreased pH, C, 
NO3

–, and Zn levels (Table 2). Brown rice 
water was found to have significantly (p < 
0.01) higher NH4

+, N, S, and K contents 
on day 9 of the fermentation period at 
4, 5, 7, and 122%, respectively, than the 
white rice water at the same fermentation 
period. However, white rice water recorded 
significantly (p < 0.01) higher contents 
in P, Ca, Mg, Cu, and B by 47, 4, 49, 77, 
and 207%, respectively, on day 9 of the 
fermentation period than on the brown 
rice water. The higher Ca, and Cu content 
in the white rice water could be due to the 
higher content of Ca and Cu in the white 
rice grains (Table 1), as reported too by 
other studies (Nabayi, Sung, Paing, & Zuan, 
2021b; Saleh, Wang, Wang, L. Yang, et al., 
2019). However, the higher P, Mg, and B 
in white rice water could be because of the 
mineralization of WRW by the microbes, 
which would lead to an increase in these 
elements due to the utilization of the highly 
available C as an energy source by the 
microbes. These results agreed with several 
studies that reported that fermentation of 
cereals had increased the concentrations of 
P, Ca, Mg, and Zn, mainly due to the loss 
of dry matter, as microbes mineralized the 
carbohydrate and protein contents in the 
cereals, leading to the availability of these 
elements (Blandino et al., 2003; Pranoto et 
al., 2013). Similarly, Nabayi, Sung, Paing, 
and Zuan (2021b) reported an increase in the 
nutrient content of white rice water with an 
increase in the fermentation period due to 
the mineralization by the microbes present 
in the fermented WRW. The greater P in the 
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white rice water, despite its lower content 
in the rice grains, could be attributed to the 
P solubilization by the beneficial microbes 
in the white rice water. Earlier studies 
had isolated and identified the presence 
of Bacillus velezensis and Enterobacter 
mori species in fermented white rice water 
(Nabayi, Sung, Zuan, & Paing, 2021a; 
Sairi et al., 2018), which were reported as 
plant growth-promoting bacteria that could 
solubilize P and K (Bhattacharyya & Jha, 
2012; Deepa et al., 2008). The presence 
of nutrients and microbes in the rice water 
and their increase with fermentation could 
be the reasons for the higher growth of 
various plants, as found by several studies 
(Bahar, 2016; Hariyadi, 2020; Karlina et 
al., 2013; Yulianingsih, 2017). Iskarlia 
(2018) opined that rice water could be used 
as an organic fertilizer for plant use, while 
Supraptiningsih et al. (2019) stated that rice 
water could enhance soil fertility.

Higher levels of N, S, and K were found 
in the brown rice water because of their 
relatively higher concentrations in the brown 
rice grains (Table 2). Most of these elements 
are higher in the outer layer of the brown rice 
grains and washing the rice would lead to 
the leaching of these elements into the water. 
Protein, for instance, is concentrated in the 
outer bran layer of rice grains; hence, brown 
rice has a higher protein concentration than 
milled rice (Saleh, Wang, Wang, L. Yang, 
et al., 2019). The NO3

– content in WRW 
increased with fermentation for the white 
and brown rice for 3 days, then declined 
after that. However, significantly higher 
(p < 0.01) NO3

– was recorded in brown 

rice water at 3 days of fermentation, which 
was 20% more than in white rice water 
during the same fermentation period. The 
decline in NO3

– after 3 days of fermentation 
could be due to denitrification during 
fermentation. The higher concentration of 
NO3

– at 3 days was attributed to the higher 
bacterial population, which could indicate 
the presence of beneficial bacteria, such 
as N-fixing bacteria. Nabayi, Sung, Zuan, 
and Paing (2021a) found higher N-fixation 
bacteria in white rice water fermented for 
3 days compared to other fermentation 
periods. Similarly, the increase in N and 
NH4

+ with the fermentation period indicating 
the presence of N-fixation bacteria.

C content decreased with increasing 
fermentation by 71% and 62% in white and 
brown rice water, respectively, throughout 
the fermentation period. The higher C in the 
white rice water at day 0 of the fermentation 
period was because of the lack of the outer 
layer, which exposed the endosperm of 
the white rice grains and led to the higher 
leaching of C during the rice washing 
(unlike in the brown rice grains that still had 
their outer layer). The inner endosperm of 
rice kernels is densely packed with starch 
(Zhou et al., 2002). The decrease in C with 
fermentation was because C is an energy 
source for microbes. Significantly higher 
(p < 0.05) C at the lower fermentation 
period could indicate the limited activity of 
microbes, which agreed with the microbial 
population results (Figure 1).

Genera l ly,  the  inc rease  in  the 
concentrations of the elements with 
increasing fermentation could be explained 
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in two ways. First, the solubility of these 
elements in water could have played a role 
in their higher availability, as some elements 
have a higher solubility in water than others 
(Petrucci et al., 2011). Second, the presence 
of these elements in the water led to the 
colonization of the WRW by microbes. In 
the process, they break down the C content 
and fix and solubilize additional elements, 
such as N, P, and K. Therefore, the increase 
in the elements with fermentation was 
because of the beneficial microbes in the 
fermented rice water, which corroborated 
with other studies that reported the presence 
of beneficial microorganisms in fermented 
white rice water (Nabayi, Sung, Zuan, & 
Paing, 2021a, Nabayi, Sung, Paing, & Zuan, 
2021b; Sairi et al., 2018).

Effect of Fermentation Period on the 
Microbial Population in WRW from 
White Rice and Brown Rice

Higher bacteria and fungi populations were 
found on day 3 of the fermentation in the 
white and brown rice water, while the least 
was recorded on day 0 (Figure 1). However, 
brown rice water had a greater bacterial 
population at all levels of fermentation 
than white rice water. For instance, on day 
3 of the fermentation period, the brown 
rice water had an 89% increase in bacterial 
population than the white rice water. The 
higher bacterial population in brown rice 
water could be attributed to the brown rice 
grains’ higher P, K, Mg, B, and Zn elements 
(Table 1). In addition, Brown rice grains 
have higher mineral elements because of the 

outer bran layer, which contains significant 
proportions of elements compared to white 
rice grains (Saleh, Wang, Wang, L. Yang, 
et al., 2019).

In contrast, the white rice water had a 
71% higher fungi population than the brown 
rice water on day 3 of the fermentation 
period, which decreased with increasing 
fermentation regardless of the rice type. The 
decrease in microbial population (bacteria 
and fungi) with increasing fermentation 
was because of microbial competition, as 
the C was the only energy source for the 
microbes. Therefore, this indicated that the 
rice water could not sustain the proliferation 
of the microbes beyond 3 days. These results 
agreed with studies that reported a decrease 
in the microbial population in white rice 
water with increasing fermentation due to 
the decrease in the C content of the white 
rice water (Akib et al., 2015; Nabayi, Sung, 
Zuan, & Paing, 2021a, Nabayi, Sung, 
Paing, & Zuan, 2021b). For the different 
fermentation periods (except for day 0) and 
rice water types, the bacterial populations 
were within the range expected for microbial 
colonization (106 colony-forming units per 
mL), as stated by Thomas et al. (2015). The 
pH of the WRW decreased with increasing 
fermentation, irrespective of the rice type. 
The decrease in pH of the rice water agreed 
with Nabayi, Sung, Zuan, and Paing (2021a) 
as well as Rousk et al. (2009), who reported 
a lower pH (acidic) with fermentation due to 
the microbial activity that produced organic 
acids and thereby lowering the pH of the 
culture.
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Effect of Fermentation Period 
on Phosphorus and Potassium 
Solubilization of WRW from White Rice 
and Brown Rice Grains
After each fermentation period, i.e., 0-, 3-, 
6-, and 9-day, the WRW was incubated for 
12 days and tested for P and K solubilization 
(Figure 2). The highest P solubilization was 
found at 6-and 9-day fermentation periods 
for brown rice and white rice water. On 
average, brown rice water had 22% higher 
P solubilization across all fermentation 
periods than white rice water. However, 
K solubilization was highest on 3-day 
fermentation and decreased with increasing 
fermentation for rice water. The white rice 
water had 67% higher K solubilization 
than the brown rice water, despite having 
a lower K grain content. This increase 
could be explained by P and K solubilizing 
microbes, as indicated by the microbial 
population results (Figure 1). The general 
decrease in the microbial population after 
3 days of fermentation could indicate the 
decrease in the K solubilization bacteria in 
the rice water. This result agreed with other 
studies that reported a decrease in microbial 
population because of the decrease in the 
C content of white rice water (Akib et al., 
2015; Nabayi, Sung, Zuan, & Paing, 2021a, 
Nabayi, Sung, Paing, & Zuan, 2021b). 
The P and K solubilization of rice water 
by microorganisms is sustained by the C 
content of the rice water, which the microbes 
use as energy. He et al. (2016) stated that 
WRW could be used as a source of C for 
microorganisms. In addition, Adugna 
(2016) stated that the effectiveness and 
availability of microorganisms depend on 
the availability of C. 

Figure 1. Mean (±SE) of (a) total bacteria population, 
(b) fungi population, and (c) pH in white rice 
water (WR) and brown rice water (BR) at different 
fermentation periods. For the same chart, means with 
different letters are significantly (p < 0.05) different 
from each other using Tukey’s test
Note. BR = Brown rice water; WR = White rice 
water; CFU = Colony forming unit
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Therefore, the increase in P and K in the 
rice water was because of the presence of P 
and K solubilizing bacteria that colonized 
the rice water due to fermentation. Nabayi, 
Sung, Zuan, and Paing (2021a) reported the 
presence of Bacillus spp. and Enterobacter 
spp. in white rice water, and studies have 
identified the Bacillus and Enterobacter 
species as plant growth-promoting bacteria 
that could solubilize P and K (Bhattacharyya 
& Jha, 2012; Deepa et al., 2008). The P 
solubilization rates of both rice water found 
in this study were higher than the bacterial 
strains used by Sugumaran and Janarthanum 
(2007) as well as Tan et al. (2014), which 
solubilized a maximum of 14.15 mg L−1 
and 4.29 mg L−1, respectively, after 5 and 
4 days of incubation. The use of microbes 
as biofertilizer components to improve soil 
health and plant productivity is considered 
an alternative to chemical fertilizers 

(Suhaimee et al., 2021). Park and DuPonte 
(2008) reported that beneficial microbes 
provide their benefits to crops through 
root colonization to stimulate growth and 
development. Bacteria that can solubilize 
nutrients like P and K are essential because 
they can convert insoluble P and K in soils 
into soluble forms. P and K solubilization 
could significantly benefit the plants because 
phosphorus is relatively immobile, making 
soils and plants deficient in P since this 
nutrient is unavailable for plant uptake. 
The enhanced P and K release by bacteria 
is linked to the bacteria synthesizing acids, 
alkalis, or chelates (Tan et al., 2014). The 
use of fermented rice water could reduce 
the need for inorganic fertilizers through 
the beneficial roles of the microbes present, 
such as P and K solubilizing microbes found 
in this study and through catalase and indole 
acetic acid production and N-fixation ability 

Figure 2. Mean (±SE) of quantitative solubilization of (a) phosphorus and (b) potassium of white rice water 
(WR) and brown rice water (BR) fermented at different periods. For the same chart, means with different 
letters are significantly (p < 0.05) different from each other using Tukey’s test
Note. WR = White rice water; BR = Brown rice water; CFU = Colony forming unit
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of the microbes as reported by other studies 
(Akib et al., 2015; Nabayi, Sung, Zuan, & 
Paing, 2021a; Sairi et al., 2018). 

CONCLUSION

White rice water had 5 to 208% higher 
nutrients than brown rice water, despite 
the higher nutrient content of the brown 
rice grains. The elements in both rice water 
increased with increasing fermentation. The 
microbial population in rice water was the 
highest on day 3 and, after that, decreased. 
Both rice waters showed microbial P- 
and K-solubilizing activities throughout 
the fermentation period. Other essential 
microbial analyses of the rice water, such 
as N-fixation, catalase, and phytohormone 
production potentials due to the presence 
of the microbes in the WRW, need to be 
further carried out to prove the worth of 
using WRW as a source of plant nutrients. 
Therefore, the results of this study suggest 
that continuous application of WRW into 
the soil as a nutrient source would positively 
impact plant growth and soil fertility. The 
presence of beneficial microorganisms in 
the fermented WRW, common wastewater in 
households, makes it suitable for sustainable 
agriculture as these microbes would impact 
plant growth and soil fertility without 
endangering the environment, as is the case 
with chemical fertilizers.
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ABSTRACT

Nitrate transporter (NRT) is responsible for the molecular mechanism of the root nitrate 
(NO3

-) uptake system for plant development. Although several NRT genes are identified and 
characterised in plants, knowledge of the NRT2 gene family and its nitrogen use efficiency 
(NUE) function in drought stress has remained elusive in rice. This study conducted an 
in silico analysis on 20 NRT2 family genes of rice, wheat, soybean, barley, maize, and 
papaya. Phylogenetic and motifs analysis clustered genes encoding NRT2 proteins into 
four monophyletic groups, and the motifs of NRT2 genes were significantly conserved 
for the specific domain of NO3

- transmembrane transporter. Interestingly, co-expression 
analysis revealed that potential drought-related genes were expressed similarly to the 
functional NUE gene, OsNRT2.3. Furthermore, half of the co-expressed genes were 
enriched in nitrogen use efficiency (NUE)-related processes, such as transport, stress, 

macromolecule metabolic pathways, and 
transcription regulation. Expression pattern 
analysis of OsNRT2.3 and its co-expressed 
genes in tissue-specific and nitrogen (N) 
response led to the discovery of OsAMT1.3, 
OsZIFL9, OsbZIP27, and OsIRT1 as four 
strong candidates to participate in drought 
stress during NO3

- uptake system. The 
co-expression of iron (Fe) uptake genes, 
OsZIFL9 and OsIRT1, with OsNRT2.3 also 
suggested a possible interaction of Fe and 
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nitrogen (N) during an increasing amount 
of Fe, which led to the acidification of rice 
apoplasts during water deficiency. Together, 
this study will provide a valuable resource 
for potential candidate genes that can further 
investigate their molecular response to 
drought during NUE.

Keywords: Drought stress, in silico, nitrogen use 
efficiency, NRT2.3, Oryza sativa L.

INTRODUCTION

Rice (Oryza sativa L.) is a major staple 
food consumed by the world’s population, 
particularly in Asian countries. According 
to the Food and Agriculture Organization of 
the United Nations (FAO) (2017), the global 
population is expected to reach 9 billion 
by 2050, with food supplies increasing by 
70% to 100%. Therefore, rice production 
must be significantly increased to meet the 
outburst of the world population. As one 
of the world’s largest consumers, Malaysia 
has been importing 30% to 40% of its rice 
consumption annually for the last 30 years 
and will continue to be a net rice importer 
in the future (Khazanah Research Institute, 
2019). To ensure the country’s demand 
in the future, Malaysia must alleviate 
the production of high-quality rice by 
adhering to good agricultural practices. 
However, farmers face frequent diseases 
and pests, resulting in significant economic 
loss. Therefore, nutrient management 
has emerged as a critical, cost-effective 
strategy for increasing crop productivity in 
intensive agricultural practices worldwide, 
considering the abovementioned points.

Nitrogen (N) is an essential macro 
element for plant growth and development. 
N availability is a major limiting factor 
in rice crop growth and yield among the 
macroelements. Nitrogen is required in 
large quantities compared to other nutrients 
(Djaman et al., 2018). Thus, proper N 
fertiliser applications are crucial to enhance 
grain yield and grain quality in rice farming. 
Unfortunately, excessive use of N fertiliser 
in rice farming causes irreparable damage to 
soil structure, mineral cycles, soil microbial 
flora, and plants (K. Wu et al., 2021). 

NUE, in general, consists of two key 
components: N uptake efficiency (NUpE), 
which is the efficiency of absorption of 
supplied N, and N utilisation efficiency 
(NUtE),  which is the efficiency of 
assimilation and remobilisation of plant 
N in producing grain. NUE is inherently 
complex, owing to the interaction of 
multiple genes with environmental factors. 
N was primarily obtained by the plant in the 
form of nitrate (NO3

-) or ammonium (NH4
+) 

(Ranade-Malvi, 2011; Xu et al., 2012). The 
anionic form of NO3

- is easily soluble in 
water and easily mobilised in soil (Jin et 
al., 2015). NO3

- is absorbed through roots 
and transported to all parts of the plant via 
NO3

- transporters or by producing amino 
acids through an assimilation process before 
being redistributed (Xu et al., 2012). Plants 
developed two nitrate transport systems 
to regulate nitrate: a high-affinity NO3

- 

transport system (HATS) and a low-affinity 
NO3

- transport system (LATS) (Huang et 
al., 2018).
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Nitrate transporters are divided into 
four prominent protein families, including 
nitrate transporter 1 (NRT1) or peptide 
transporter (PTR), also known as NPF, 
nitrate transporter 2 (NRT2), chloride 
channel (CLC), and slow anion channel 
(SLAC1/SLAH) (Y. Y. Wang et al., 2012). 
Many studies on the molecular mechanism of 
the root nitrate uptake system have revealed 
that nitrate transporter gene families, NRT1 
and NRT2, were involved in the LATS and 
HATS systems, respectively (Fenchel et 
al., 2012; Forde, 2000; Orsel et al., 2002). 
In Arabidopsis, AtNRT2.1 was reported as 
crucial in root architecture response due 
to low nitrate accumulation during lateral 
root initiation (Little et al., 2005; Remans 
et al., 2006). However, most of the NRT2 
family members cannot transport NO3

- 
independently as a pair protein called nitrate 
transporter-activating protein 2 (NAR2) is 
required to play a role in nitrate assimilation. 
In rice, three OsNRT2 members, including 
OsNRT2.1, OsNRT2.2, and OsNRT2.3a, 
need the paired protein, OsNAR2.1, to 
absorb nitrate, whereas OsNRT2.3b and 
OsNRT2.4 can function independently 
(Wei et al., 2018). Interestingly, few studies 
were conducted on OsNRT2.3, despite its 
importance in regulating NO3

- transport 
in the root system as the root architecture 
changes in response to N-deficiency, thereby 
improving the NUE.

Drought and N deficiency induce 
adaptative responses such as root elongation, 
cell-damaging ROS production, and 
photosynthesis reduction. For example, 
reactive oxygen species (ROS) levels 
were reported to elevate in certain root 

areas during N deficiency due to reduced 
photosynthesis caused by drought stress 
(Safavi-Rizi et al., 2021). Previous studies 
have reported that drought stress affects the 
expression of key genes or QTLs associated 
with nitrogen management in rice. For 
instance, ARE1 is associated with high yield 
under N-deficiency (Q. Wang et al., 2018), 
qGYLN7 and qGYPP-4b increase grain 
yield under low N conditions (H. H. Tong 
et al., 2011; Rao et al., 2018), and qRL6.1 
enhances root elongation under deficient 
NH4

+ condition (Obara et al., 2010).
In this study, in silico analyses were 

conducted to gain insights into an exhaustive 
knowledge of the function of the high-
affinity nitrate transporter gene 2.3 (NRT2.3) 
in O. sativa. The members of the NRT 
family in rice and selected plants, such 
as soybean, maize, papaya, Arabidopsis, 
wheat, and barley, were analysed by 
executing bioinformatics approaches on 
the publicly available genome and protein 
sequences. In particular, a common and 
distinct organisation of functional motifs 
was identified among the phylogenetic tree 
of the NRT family, depicting evolutionary 
relationships among them. Subsequently, 
a cis-element regulatory analysis was also 
examined to determine the involvement of 
OsNRT2.3 as a stress-responsive protein 
during NUE. Finally, co-expression analysis 
was performed to decipher the potential 
function of OsNRT2.3 with correlated 
genes in NUE processes and later observed 
their expression profiles using publicly 
available microarray data. Protein-protein 
interaction analysis suggests that most 
correlated OsNRT2.3 genes may interact 



70 Pertanika J. Trop. Agric. Sci. 46 (1): 67 - 90 (2023)

Muhammad-Redha Abdullah-Zawawi, Karwatik Busiri, Syafiqah Johan, Mohammad Asad Ullah and Zamri Zainal

under the NUE functionally. The findings 
may contribute to a better understanding of 
its role in NUE for the genetic improvement 
of agronomic crops.

MATERIALS AND METHODS

Retrieval of NRT2 Family Gene 
Sequences from Databases

The complete coding sequence and protein 
sequence of the high-affinity nitrate 
transporter 2, NRT2 family genes from rice 
(Oryza sativa) and selected species, such as 
soybean (Glycine max), maize (Zea mays), 
papaya (Carica papaya), and Arabidopsis 
(Arabidopsis thaliana), were obtained 
from Plaza v3.0 (https://bioinformatics.
psb.ugent.be/plaza/) (Proost et al., 2015). 
Meanwhile, NRT2 sequences of wheat 
(Triticum aestivum) were obtained from 
the National Center for Biotechnology 
Information (NCBI) (https://www.ncbi.
nlm.nih.gov) (Sayers et al., 2021) and 
barley (Hordeum vulgare) from GrainGenes 
(https://wheat.pw.usda.gov) (Matthews et 
al., 2003). The pI/Mw tool (https://web.
expasy.org/compute_pi/) was employed to 
calculate the molecular weight (Mw) and 
isoelectric point (pI) of the NRT2 encoding 
protein by setting the resolution set to 
average (Gasteiger et al., 2005).

Phylogenetic Analysis

The multiple sequence alignment and 
phylogenetic analyses were conducted to 
evaluate the evolutionary relationships 
of the NRT2 family in their respective 
monophyletic groups or clades. First, the 
NRT2 protein sequences of rice, wheat, 

soybean, barley, maize, and papaya were 
aligned at default settings to determine 
their consensus and conserved regions 
using the MUltiple Sequence Comparison 
by Log-Expectation (MUSCLE) algorithm 
(https://www.ebi.ac.uk/Tools/msa/muscle/) 
(Edgar, 2004). Subsequently, the MUSCLE 
alignment file was used to conduct the 
phylogenetic analysis using Molecular 
Evolutionary Genetics Analysis (MEGA7) 
software (https://www.megasoftware.net/) 
(Kumar et al., 2016). Next, the Maximum 
Likelihood (ML) phylogenetic tree was 
generated using the bootstrap method of 
1,000 replications and the substitution 
method of the Jones-Taylor-Thornton (JTT) 
model at uniform rates. The phylogenetic 
tree was then annotated using Interactive 
Tree Of Life (iTOL) (https://itol.embl.de) 
(Letunic & Bork, 2007).

Conserved Motif Analysis and Motif 
Function Prediction

The conserved motif searching for the protein 
sequence of NRT2 was conducted using the 
Multiple Expectation Maximisation for 
Motif Elicitation (MEME 5.3.3) online 
tool (https://meme-suite.org/meme/tools/
meme) (Bailey et al., 2009). The search 
parameters used to discover the motifs were 
as follows: number of motifs = 20; minimum 
width = 6; maximum width = 50; minimum 
sites = 2; and maximum sites = 600. The 
HyperText Markup Language (HTML) 
output file exported from MEME was used 
to manually illustrate the organisation of 
the motifs on the protein sequences using 
the Illustrator for Biological Sequences 
(IBS) online tool (http://ibs.biocuckoo.org) 
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(Liu et al., 2015). The 20 consensus motifs 
sequences in NRT2 were then annotated for 
their putative function using the Conserved 
Domains Database (CDD) (https://www.
ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) 
(Marchler-Bauer et al., 2015), Pfam (http://
pfam.xfam.org) (Mistry et al., 2021), and 
PROSITE (https://prosite.expasy.org) (Hulo 
et al., 2006).

Promoter Analysis

In this study, the 2.0 kb upstream genomic 
region from the transcription site of 
OsNRT2.3 was extracted from PLAZA 
3.0 Monocots (https://bioinformatics.
psb.ugent.be/plaza/) to perform promoter 
analysis (Proost et al., 2015). The 2.0 kb 
upstream region of the promoter sequence 
was searched against PlantCARE (http://
bioinformatics.psb.ugent.be/webtools/
plantcare/html/) to investigate the putative 
role of the cis-element (Lescot et al., 
2002).

Analysis of Gene Co-Expression 
Network, GO Annotation, and 
Expression Patterns

The Gene Co-expression Network Analysis 
(GCNA) was conducted by retrieving 
publicly available co-expression data 
from the Rice Expression Database (RED) 
(http://expression.ic4r.org/) (Xia et al., 
2017). The OsNRT2.3 identity (LOC_
Os01g50820/ Os01g0704100) was used as 
a query to identify and obtain the NRT2.3 
co-expression network, with Pearson’s 
r-value set at 0.85. The network was 
later downloaded and visualised in the 

Cytoscape software (version 3.7.1) for 
further observation (Shannon et al., 2003). 
The Gene Ontology (GO) annotation of the 
co-expressed genes was then conducted to 
discover their function using the AgriGO 
database (http://bioinfo.cau.edu.cn/agriGO/
index.php) (Tian et al., 2017). The Fisher 
statistical test method < 0.05 was selected 
for complete GO analysis. For expression 
profile analysis of genes of interest, the 
ePlant database (http://bar.utoronto.ca/
eplant/) (Waese et al., 2017) was employed 
to examine co-expressed genes manifesting 
similar expression profiles to OsNRT2.3 
at a tissue-specific level. Rice whole-
genome Affymetrix GeneChip array data 
for transcript analysis of N response was 
obtained from NCBI Gene Expression 
Omnibus (https://www.ncbi.nlm.nih.gov/
geo/) (Cao et al., 2012) under accession 
number GSE61370 (Coneva et al., 2014).

Protein-Protein Interaction Network 
Analysis

After identifying co-expressed genes to 
OsNRT2.3, the protein-protein interactions 
(PPIs) data from STRING (https://string-db.
org) (Mering et al., 2003) were retrieved 
using Cytoscape StringApp plugin to 
construct the PPI network of NRT2.3 
protein. The PPIs with a confidence score 
of  > 0.400 were retained and visualised 
in the Cytoscape software (Shannon et al., 
2003). However, in this study, only evidence 
of known interactions was selected, such as 
from a curated database, and experimentally 
determined to supply strong evidence of PPI 
via validated physical interactions between 
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the proteins. The PPI between OsNRT2.3 
and co-expressed gene encoding protein will 
strongly support their critical role in NUE 
at the functional level.

RESULTS

Identification of NRT2 Family Genes 
from Selected Organisms

The present study identified 20 selected 
NRT2 proteins and gene sequences, 
including four NRT2  in rice named 
OsNRT2.1 to OsNRT2.4, followed by 
seven Arabidopsis NRT2 (AtNRT2.1 to 
AtNRT2.7), four maize NRT2 (ZmNRT2.1 to 
ZmNRT2.3, and ZmNRT2.5), and two barley 

NRT2 (HvNRT2.5 and HvNRT2.6). Single 
NRT2 was identified in soybean (GmNRT2), 
papaya (CpNRT2), and wheat (TaNRT2.1). 
The size of the proteins encoded by NRT2 
genes varies substantially. The length of 
NRT2 family proteins ranged from 485 
to 542 amino acid residues. The shortest 
NRT2 protein is OsNRT2.4, 485 amino 
acids, and the most extended NRT2 protein 
is AtNRT2.6, 542 amino acids. The Expasy 
analysis demonstrated a large variation in 
isoelectric point (pI) values ranging from 
5.40 to 9.21 and molecular weights ranging 
from 50.199 to 58.637 kDa. The information 
on the NRT2 proteins is reported in Table 1.

Table 1
The list of high-affinity nitrate transporter 2 (NRT 2) protein families

Protein ID Gene name Species ORF 
length (bp)

Protein
Length (aa) MW (kDa) pI

OS02G02170 OsNRT2.1 Oryza sativa 1,602 533 57.230 8.43
OS02G02190 OsNRT2.2 Oryza sativa 1,602 533 57.230 8.43
OS01G50820 OsNRT2.3 Oryza sativa 1,551 516 55.407 8.99
OS01G36720 OsNRT2.4 Oryza sativa 1,452 485 50.199 8.37
ABG20828 HvNRT2.5 Hordeum vulgare 1,545 514 55.376 8.98
ABG20829 HvNRT2.6 Hordeum vulgare 1,524 507 54.673 8.39
AAG01172 TaNRT2.1 Triticum aestivum 1,796 507 54.708 8.39

ZM04G41480 ZmNRT2.1 Zea mays 1,755 524 56.675 8.20
ZM04G41500 ZmNRT2.2 Zea mays 1,855 524 56.644 8.20
ZM05G17230 ZmNRT2.3 Zea mays 2,001 522 56.099 8.35
ZM08G26310 ZmNRT2.5 Zea mays 2,094 520 55.775 8.94
AT1G08090 AtNRT2.1 Arabidopsis thaliana 2,111 530 57.709 8.85
AT1G08100 AtNRT2.2 Arabidopsis thaliana 1,709 522 56.615 8.72
AT5G60780 AtNRT2.3 Arabidopsis thaliana 1,922 539 58.230 8.96
AT5G60770 AtNRT2.4 Arabidopsis thaliana 1,716 527 57.768 9.04
AT1G12940 AtNRT2.5 Arabidopsis thaliana 1,852 502 54.261 8.97
AT3G45060 AtNRT2.6 Arabidopsis thaliana 1,912 542 58.637 8.84
AT5G14570 AtNRT2.7 Arabidopsis thaliana 1,917 493 52.677 5.40

GM08G39140 GmNRT2 Glycine max 2,099 508 55.259 9.21
CP00056G00130 CpNRT2 Carica papaya 1,638 534 57.986 9.12

Note. ORF = Open reading frame ; MW = Molecular weight ; pI = Isoelectric point  
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Phylogenetic Classification of NRT2 
Family Genes

A phylogenetic tree using full-length protein 
sequences was constructed to decipher the 
evolutionary relationships of NRT2 family 
genes among monocot (rice, barley, wheat, 
and maize) and eudicot (Arabidopsis, 
soybean, and papaya). The phylogenetic tree 
demonstrated that NRT2 family genes were 
divided into four clades (I to IV), including 
one outgroup gene named ZmNRT2.3 with 
> 38.4% bootstrap values (Figure 1). Clade 
II has the fewest NRT2 gene members (2), 
while clade IV consists of the most members 
(7), followed by clade III (6) and clade II (4). 
The NRT2 family members indicated a high 
degree of similarities. They were clustered 
into their respective monophyletic groups, 
reflecting the highly conserved nature of 
NRT2 genes within the plant, particularly 
for monocot species in clades I and II 
and eudicot species in clade III. Based on 

phylogenetic analysis, eight sister pairs 
were discovered among them: (i) paralogous 
pairs of OsNRT2.1/OsNRT2.2, ZmNRT2.1/
ZmNRT2.2, AtNRT2.3/AtNRT2.6, and 
AtNRT2.1/AtNRT2.2; and (ii) orthologous 
pairs of TaNRT2.1/HvNRT2.6, AtNRT2.7/
OsNRT2.4 ,  GmNRT2/AtNRT2.5 ,  and 
OsNRT2.3/HvNRT2.5. Most paralogous 
pairs had high bootstrap support with > 
99.9% bootstrap values, while bootstrap 
values of orthologous pairs were between 
45.1% and 100%.

Functional Motifs of NRT2 Family 
Genes

Aside from conserved 60 amino acid 
residues, the rest of the protein sequence 
contains other motifs potentially involved 
in unknown functions or structural roles. 
Hence, twenty distinctive motifs were 
determined by analysing conserved amino 
acids ranging from 6 to 50 amino acid 

Figure 1. Illustrative diagram of motifs organisation for NRT2 family protein in the phylogenetic tree. The 
coloured box represents the presence and absence of distinctive motifs in NRT2 proteins. The arrangement 
of 6–50 amino acid motifs is shown in an orderly sequence of NRT2 proteins. The information on the motif 
is shown in Table 2
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residues within the NRT2 protein sequences. 
The information is demonstrated in Figure 
1 and Table 2. Generally, two or more 
motifs that have remained close to each 
other are considered domain regions. The 
function annotation of putative motifs 
was obtained from Pfam, PROSITE, and 

CDD searches. The conserved motif 1 to 
11 comprises the nitrate transmembrane 
transporter domain, which is highly present 
in most NRT2 family proteins (Table 2). The 
orthologous pair of AtNRT2.7/OsNRT2.4 
had the least conserved motifs, with several 
motifs (motifs 7, 11, 12, 14 to 18, and 20) 

Table 2 
Twenty motifs of NRT family genes were identified using MEME Suite 5.3.3. Each motif consensus was annotated 
against CDD, Pfam, and PROSITE

Motif Motif consensus Motif length (aa) Motif name

1 PHMRTFHLSWISFFTCFVSTFAAAPLVPIIRDNLNLTKADI
GNAGVASVS

50 1, 2, 4, 5

2 YRTWIFVLLYGYSMGVELTTDNVIAEYFYDRFDLDLRTA
GIIAASFGMAN

50 1, 6

3 RFLIGFSLATFVSCQYWMSTMFNSKIIGLVNGLAAGWG
NMGGGATQLJMP

50 1

4 MVLFSFFAQAACGATFGVVPFVSRRSLGIISGMTGAGGN
VGAGLTQLLFF

50 1, 3, 6, 8

5 TAWRIAFFVPGLLHVVMGILVLTLGQDLPDGNLRSLQK 38 1, 6, 7

6 TSSRYSTETGJEYMGIMIMACTLPVTLVHFPQWGSMFLP
PSADA

44 1

7 TEEHYYASEWSEEEKSKGLHEASLKFAENSRSERGRRNVI 40 1, 5, 6, 8, 9

8 GSIFSRLAMGAVCDLLGPRYGCAFLIMLSAPTVFCMSFIDS 41 1, 5, 6

9 ARRFGMRGRLWNJWILQTAGGAFCIWLGR 29 1

10 EAADAKSKFDLPVDSEHKAKVFRLFSFAN 29 1, 5

11 AKDSFSKVLWYAVTN 15 1

12 EPGSSLHGVTGREQAFAFSVE 21 5, 8

13 VARPGGGLLSD 11 6

14 VYEAIRKCGAT 11 10

15 ATPPNNTPEHV 11 10

16 ASTLPTSV 8 10

17 MAHNHSNE 8 4

18 AGYIAV 6 10

19 EEEEKLVEEED 11 10

20 EFKPVAMZVE 10 10

Note.
1Nitrate transmembrane transporter; Provisional 
(cl30556)
2Leucine rich repeat (PF13516)
3Ubiquitinol-cytochrome C reductase Fe-S subunit 
TAT signal (PF10399)
4N-glycosylation site (PS00001)

5Casein kinase II phosphorylation site (PS00006)
6N-myristoylation site (PS00008)
7Major facilitator superfamily (MFS) (PS50850)
8Protein kinase C phosphorylation site (PS00005)
9Amidation site (PS00009)
10Unknown
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found to be absent in both genes. Motifs 
1 and 4 were putatively annotated as 
leucine-rich repeat, ubiquinol-cytochrome 
C reductase, Fe-S subunit, and twin-arginine 
translocation (TAT) signal, respectively. 
Meanwhile, motif five was identified as a 
short sequence region for a major facilitator 
superfamily that transports substrates 
across cell membranes. Several sites were 
annotated among the motifs, including the 
N-glycosylation site (motifs 1 and 17), 
casein kinase II phosphorylation site (motifs 
1, 7, 8, 10, and 12), N-myristoylation site 
(motifs 2, 4, 5, 7, 8, and 13), protein kinase 
C phosphorylation site (motifs 4, 7, and 12) 
and amidation site (motif 7), which could 
play an essential role of protein structure. 
With motifs 1 to 11, it became clear that 
the most closely related clade members 
had similar motif distribution, suggesting 
functional similarities among NRT2 proteins 
within constructed phylogenetic trees.

Promoter Analysis of Putative Stress 
Responsive OsNRT2.3

The presence of cis-regulatory elements 
(CREs) in the promoter is critical for 
controlling gene transcription under 
particular conditions. As the functional 
motifs of OsNRT2.3 are highly conserved 
among the orthologous and paralogous 
genes, responsive elements of OsNRT2.3 
was found to be implicated in vital biological 
processes. Therefore, the 2.0 kb promoter 
region of OsNRT2.3 was analysed using 
PlantCare, resulting in four functional 
elements: hormone-, tissue-, stress-, and 
light-responsive elements. The promoter 

analysis revealed that stress-responsive 
elements were predominantly present in 
OsNRT2.3, with a total number of 19, 
followed by light-responsive elements 
(13), hormone-responsive elements (11), 
and tissue-specific elements (3). The 
information on these CREs and their 
locations are reported in Table 3 and Figure 
2, respectively.

The identified CREs were discovered to 
be involved in numerous stress responses, 
for instance, Myb-binding site (MBS) 
(CAACTG), v-Myb myeloblastosis viral 
oncogene homolog (MYB) (CAACCA), 
and myelocytomatosis oncogenes (MYC) 
(GTTTAC) induced by drought;  AU rich 
element (ARE) (AAACCA) responsive to 
anaerobic induction; GC-motif (GCCCCC) 
involved in oxygen deficiency; long terminal 
repeats (LTR) (CCGAAA) induced by low 
temperature; and wnt-responsive element 
3 (WRE3) (CCACCTAC) responsive to 
wound. Interestingly, several hormone-
responsive elements that are involved in 
various stresses were also discovered, 
including ABA-responsive element (ABRE) 
(CGGTGCG), ABA-responsive element 
3a (ABRE3a) (TACGTG), and ABA-
responsive element 4 (ABRE4) (ATGCAC) 
induced by abscisic acid and drought stress; 
CGTCA-motif (ACTGC) and TGACG-motif 
(TGACG) involved in methyl jasmonate 
responsiveness and biotic stress; ethylene-
responsive element (ERE) (ATTTTAAA) 
responsive to ethylene; and gibberellic acid 
responsive element (GARE) (TCTGTTG) 
responsive to gibberellin. In addition, most 
of the light-responsible elements like Box-4 
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Table 3 
Description of putative cis-acting regulatory elements in OsNRT2.3 promoter region from the PlantCARE 
database

Type Element Sequence (5’-3’) Function Abundance 
of element

Hormone-
responsive 
element

ABRE CGGTGCG Cis-acting regulatory element involved 
in the ABA responsiveness 5

ABRE3a TACGTG Cis-acting regulatory element involved 
in the ABA responsiveness 1

ABRE4 ATGCAC Cis-acting regulatory element involved 
in the ABA responsiveness 1

ERE ATTTTAAA ethylene-responsive element 1
CGTCA-
motif ACTGC Cis-acting regulatory element involved 

in the MeJA-responsiveness 1

TGACG-
motif TGACG Cis-acting regulatory element involved 

in the MeJA-responsiveness 1

GARE TCTGTTG Gibberellin responsive element 1

Light-
responsive 
element

Box-4 ATTAAT Part of a conserved DNA module 
involved in light responsiveness 1

G-box TAAACGTG Cis-acting regulatory element involved 
in light responsiveness 5

GATA-motif GGAAGAGGAA Part of a light-responsive element 2
GTI-motif GGTTAA Light responsive element 1
I-box TCGGAGTAGAA Part of a light-responsive element 1
L-box ATCCCACCT Part of a light-responsive element 1
TCCC-motif TCTCCCT Part of a light-responsive element 1
TCT-motif CATTCT Part of a light-responsive element 1

Figure 2. The information of plant stress-, hormone-, light- and tissue-specific-responsive elements (CREs) 
in the promoter regions of OsNRT2.3. (A) Predicted CREs in the promoter regions of OsNRT2.3 gene; (B) 
Pie distribution of identified motifs in O. sativa NRT2.3 gene from PlantCARE, based on their biological 
functions
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Type Element Sequence (5’-3’) Function Abundance 
of element

Stress-
responsive 
element

MBS CAACTG MYB binding site involved in drought-
inducibility 2

MYB CAACCA MYB recognition site involved in 
drought responsiveness 9

MYC GTTTAC MYB recognition site involved in 
drought responsiveness 2

STRE AGGGG Stress-responsive element 1

ARE AAACCA Cis-acting regulatory element essential 
for the anaerobic induction 2

GC-motif GCCCCC Enhancer-like element involved in 
anoxic specific inducibility 1

LTR CCGAAA Cis-acting element involved in low-
temperature responsiveness 1

WRE3 CCACCTAC Wound responsive element 1

Tissue-specific 
element

O2-site GATGATGTGG Cis-acting regulatory element involved 
in zein metabolism regulation 2

As-1 TGACG Cis-acting regulatory element involved 
in the root-specific expression 1

(ATTAAT), G-box (TAAACGTG), GATA-
motif (GGAAGAGGAA), GT1-motif 
(GGTTAA), I-box (TCGGAGTAGAA), 
L-box (ATCCCACCT), TCCC-motif 
(TCTCCCT), and TCT-motif (CATTCT) 
are responsible for responding to a broad 
spectrum and specific wavelength of light. 
In the case of tissue-specific elements, 
opaque 2 (O2-site) (GATGATGTGG) 
and as-1 (TGACG) are essential in zein 
metabolism regulation and root-specific 
expression, respectively.

Identification of OsNRT2.3 Co-
Expressed Genes and GO Annotation 
Analysis

Co-expression analysis is widely used to 
perceive transcription regulators in rice. 
It was used as a query gene to retrieve the 
information of the co-expressed genes from 

Rice Expression Database (RED), with 
the selected Pearson’s r value greater than 
0.85 to exploit the transcription regulation 
of the OsNRT2.3 gene. As a result, 18 
genes were identified to be significantly 
co-expressed with OsNRT2.3 (Table 4). 
Nine co-expressed genes were assigned 
to numerous GO annotations focusing on 
lipid transport and localisation, cellular 
macromolecule metabolic processes, stress 
response, and transcription regulation. Most 
of the genes encode proteins in the nucleus 
and membrane. The molecular functions 
discovered are transcriptional regulation, 
binding, protein kinase activity, transporter, 
protein dimerisation, oxidoreductase, 
and hydrolysis. These findings imply that 
annotated co-expressed genes may be 
associated with transport and localisation.

Table 3 (continue)
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Table 4 
Co-expressed genes of OsNRT2.3 (LOC_Os01g50820/Os01g0704100) obtained from Rice Expression Database 
(http://expression.ic4r.org)

MSU ID Gene ID Gene name Protein name Pearson’s r 
value 

LOC_Os01g22920 Os01g0332200 GA2ox2 Gibberellin 2-beta-dioxygenase 2 0.921323
LOC_Os01g42370 Os01g0609200 PDR11 Pleiotropic drug resistance 11 0.977791
LOC_Os02g26950 N/A Os02g0468900 Hypothetical protein 0.873701
LOC_Os02g40710 Os02g0620500 AMT1.3 Ammonium transporter 1.3 0.899457
LOC_Os03g19375 Os03g0306700 bZIP27 bZIP transcription factor 27 0.918212

LOC_Os03g22390 N/A Os03g0344166 Universal stress protein family 
protein 0.854134

LOC_Os03g46470 Os03g0667500 IRT1 Iron-regulated transporter 1 0.92206

LOC_Os03g58670 N/A Os03g0801200
Plant lipid transfer/seed storage/
trypsin-alpha amylase inhibitor 

domain-containing protein
0.982927

LOC_Os05g28770 Os05g0355700
Os05g0355800 GCRP9 Glycine and cysteine-rich family 

protein 0.936195

LOC_Os05g29000 Os05g0358101 Os05g0358101 Expressed protein 0.861334

LOC_Os06g24460 N/A PDR2 Pleiotropic drug resistance 
protein 2, putative 0.871721

LOC_Os06g30860 Os06g0504900 WRKY31 WRKY transcription factor 31 0.934795

LOC_Os07g24930 N/A N/A Retrotransposon protein, 
putative, Ty3-gypsy subclass 0.960406

LOC_Os07g24940 Os07g0431160 Os07g0431160 Transposon protein, putative, 
CACTA, En/Spm sub-class 0.870374

LOC_Os07g25300 N/A N/A Retrotransposon, putative, 
centromere-specific 0.972477

LOC_Os08g31890 Os08g0413200 Os08g0413200 Hypothetical protein 0.927934
LOC_Os08g44800 N/A N/A Hypothetical protein 0.874997
LOC_Os12g03830 Os12g0132500 ZIFL9 Zinc-induced facilitator-like 9 0.983711

From the co-expression network in 
Figure 3A, OsNRT2.3 is co-expressed 
with several important genes in NUE; 
particularly genes that encode proteins 
involved in transport, such as zinc-induced 
facilitator-like 9 (OsZIFL) and ammonium 
transporter 1.3 (OsAMT1.3), plant lipid 
transfer/seed storage/trypsin-alpha amylase 
inhibitor domain-containing protein 
(Os03g0801200), in lipid transport and 
localisation, and universal stress protein 

(Os03g0344166) in stress response. 
OsNRT2.3 is also co-expressed with fungus-
inducible OsbZIP27 and pathogen-inducible 
OsWRKY31, exhibiting these defense-
related transcription factors (TFs) have a 
causal role in putatively controlling the 
transcriptional regulation of OsNRT2.3 and 
its co-expressed genes under stresses. Based 
on bibliomic searching, the unannotated 
co-expressed genes, gibberellin 2-beta-
dioxygenase 2 (OsGA2ox2), enhanced 
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lodging resistance in rice. In contrast, 
iron-regulated transporter 1 (OsIRT1) was 
critical in cadmium uptake and translocation 
during iron deficiency. Although knowledge 
of the reported co-expressed genes is still 
limited, these genes may play a possible 
role in directly or indirectly being involved 
in NUE in rice.

In silico Inference of Functional 
OsNRT2.3 Co-Expressed Genes by PPI

To strongly support the co-expression 
analysis at the functional level, the PPI of 
OsNRT2.3 and 18 co-expressed genes was 
conducted using StringApp, a Cytoscape 
plugin. Therefore, the OsNRT2.3 PPI was 
discovered to consist of 13 genes with 50 
interactions. This data was used to infer the 
function of OsNRT2.3 co-expressed genes 
based on the interaction gene lists of a priori 
knowledge. From the STRING data, the 
OsNRT2.3 interacts with OsAMT1.3 and 

OsIRT1, which regulated the response of 
NH4

+ and Fe uptake, exhibiting the interplay 
of the transporter proteins in rice under 
nutrient-deficient soil (Figure 3B). Despite 
the absence of the other co-expressed genes 
in PPI data, their association with several 
biological processes, including transport, 
response to stress, protein phosphorylation, 
and cellular macromolecule metabolic 
process, may suggest them as new candidate 
genes occurred in coordinating regulation 
of macromolecule metabolism and other 
critical physiological functions. 

Nine  prote ins  were  a lso  found 
functionally related to OsNRT2.3 based on 
their gene ontology annotation information, 
whereas the other nine proteins’ functions 
were classified as unknown (Figure 3A). The 
interacting annotated partners of OsNRT2.3 
comprised four nitrate transporters 
(OsNRT2.1, OsNRT2.2, OsNRT2.3, and 
OsNRT1.1B), three nitrate reductase (OsNR2, 

Figure 3. Interaction of (A) co-expressed genes with OsNRT2.3 obtained from Rice Expression Database 
(http://expression.ic4r.org) and (B) gene network inference of OsNRT2.3 and its co-expressed genes using 
PPI data from STRING database (https://string-db.org)
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OsNIA1, and OsNIA2), promoter of shoot 
regeneration (OsPSR1), and isovaleryl-CoA 
dehydrogenase (OsIVD). These proteins 
are associated with several NUE-related 
processes, including N utilisation, nitrate 
assimilation, and response to nitrate, 
ammonium, and chlorate, having similar 
biological processes to the OsNRT2.3 
protein. 

Expression Patterns Analysis of 
OsNRT2.3 Co-expressed Genes

To discover the transcript level of the 
OsNRT2.3 gene and its co-expressed genes 

in the specific tissue, the similar expression 
profiles of selected genes were visualised 
in various tissues of rice using the ePlant, a 
data visualisation tool in the Bio-Analytic 
Resource for Plant Biology (BAR) database. 
Interestingly, the expression level of co-
expressed genes, OsAMT1.3, OsbZIP27, 
OsIRT1, and OsZIFL9, were discovered 
to be relatively similar to OsNRT2.3 in all 
15 tissues. The transcript of all five genes 
demonstrated a higher expression level in 
the seedling root, with an average expression 
level from 850.99 to 12,511.73 (Figure 4). 
OsIRT1 had the highest expression level in 

Figure 4. Expression levels of four co-expressed genes: OsAMT1.3, OsbZIP27, OsIRT1, and OsZIFL9 with 
OsNRT2.3 in 15 tissue-specific obtained from ePlant (http://bar.utoronto.ca/eplant/)
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the seedling root, followed by OsNRT2.3 
(5522.08), OsZIFL9 (3,051.05), OsbZIP27 
(1,825.63), and the lowest is OsAMT1.3. 
The particular genes may reflect their crucial 
role in the absorption and transportation of 
micronutrients available via root in rice.
The expression patterns of genes were 
observed to reveal more information on the 
potential involvement of co-expressed genes 
in N response using a rice whole-genome 
Affymetrix GeneChip array. Under different 
treatments of N response in leaf and root, 
OsNRT2.3, OsAMT1.3, and OsIRT1 had 
similar expression patterns in the root and 
were highly expressed under low N and 
root-induced N (Figure 5). The decreased 
gene expression level under normal N 
conditions and root-reduced N may also 
suggest their importance in balancing the N 
uptake and utilisation due to nitrification in 
aerobic soils. Therefore, the involvement of 
the OsAMT1.3 and OsIRT1 were inferred to 

play a significant role in NUE and provided 
two putative candidates, OsbZIP27 and 
OsZIFL9, to interact with OsNRT2.3 during 
the control of N transportation in rice.

DISCUSSION

The nitrate transporter (NRT) is a vital 
gene family required for nitrate (NO3

-) 
absorption and transport for plant growth. 
In addition, NRT is essential in motioning 
water and solutes across the cell membrane. 
A recent study about the importance of 
the NRT family was reported, such as 
the NRT2 gene responsive to stresses in 
rapeseed (Brassica napus L.) (J. Tong et 
al., 2020) and the genetic effects of NRT 
genes in Chinese white poplar (Populus 
tomentosa) (Zhao et al., 2021). However, 
the roles of OsNRT2.3 and its co-expressed 
genes in the association of drought and 
NUE in rice remain elusive, particularly in 
reporting the potential drought-related genes 

Figure 5. Expression patterns of OsNRT2.3, OsAMT1.3, and OsIRT1 in the root and leaf under the different 
N conditions
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during NUE. Thus, our study presents the 
in silico analysis of four OsNRT2, seven 
AtNRT2, four ZmNRT2, two HvNRT2, one 
GmNRT2, one CpNRT2, and one TaNRT2 to 
comprehend the evolutionary relationship 
of OsNRT2.3 with other NRT2 genes of 
monocot and eudicot. Twenty NRT2 genes 
are divided into four monophyletic groups 
in the phylogeny by introducing eight sister 
pairs of ortholog and paralog members. 
By analysing the distribution of the motif 
of NRT2 genes, most of these genes were 
highly conserved by considering the motifs 
remaining close to each other in nitrate 
transmembrane transporter domain regions. 

Nevertheless, some NRT2 genes have 
distinct motif distributions, exhibiting that 
the protein domain likely evolved at different 
substitution rates to adapt to the environment 
(Schaeffer et al., 2016). The different lengths 
of the NRT2 protein sequences for the sister 
pairs may also suggest the possible insertion 
and/or deletion events throughout evolution 
that could further understand the functional 
diversity of genes encoding NRT2 proteins 
(Abdullah-Zawawi et al., 2021). Therefore, 
we found that OsNRT2.3 is in a similar 
sub-clade phylogeny to ZmNRT2.5 and 
HvNRT2.5 and consists of similar motifs, 
which indicates that these genes may serve 
similar functions. From a previous study, 
H. Wang et al. (2017) discovered that 
ZmNRT2.5 enhances the rapid accumulation 
of amino acids and increases N uptake in 
roots during a drought. The survival rate 
of transgenic lines of OsNRT2.3 is not 
significantly different from OsNRT2.1 
transgenic lines under drought conditions 

and is considered relatively regulated in 
increasing drought tolerance in rice (Chen 
et al., 2019).

The CREs play a significant role in 
gene regulation by controlling a substantial 
gene network in biological function. The 
presence of prominent CREs in the promoter 
region of the OsNRT2.3 gene highlights 
the potential involvement of the responsive 
gene in stress and hormone based on the 
predominant number of CREs that appeared 
in OsNRT2.3, such as MYB and ABRE. A 
study by M. Wang et al. (2020) reported that 
NRT2.3 is induced by ABA signals in wheat 
roots through the transcript abundance of 
TaNRT2.3 after being treated with nitrate. 
An abundant MYB element in the promoter 
region of drought-responsive genes also 
revealed its higher root expression in 
rice and other crops (Khan et al., 2017). 
Therefore, the co-expression interaction 
of the OsNRT2.3 gene is observed to fully 
comprehend the regulation of the respective 
gene that controls other genes in NUE. 

A combinatorial analysis of gene co-
expression and gene expression pattern 
revealed that four co-expressed genes, 
including OsAMT1.3, OsbZIP27, OsIRT1, 
and OsZIFL9, are strongly co-regulated 
with OsNRT2.3 in response to N availability 
based on Pearson correlation coefficient, 
PCC > 0.85 and expression pattern similarity. 
Furthermore, the expression levels of 
these five genes were found to be highly 
expressed in seedling roots. OsAMT1.3 
and OsIRT1 showed similar expression 
patterns with OsNRT2.3 under low and 
normal N conditions and root-induced and 
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root-reduced N conditions. OsbZIP27 and 
OsZIFL9, on the other hand, only expressed 
similarly with OsNRT2.3 under low and 
normal N conditions, suggesting that all 
these four genes may play an important 
role in the correlation between drought and 
NUE. 

Plants develop various adaptation 
strategies, including tolerance mechanisms 
and N-use optimisation due to the drought 
response. Under drought stress, plant roots 
will absorb more water from the soil to seize 
an optimal amount of N for metabolism 
(Waraich et al., 2011), affecting the N 
assimilation process and resulting in the 
declination of NUE (Hoang et al., 2019). 
OsAMT1.3 is a root-specific gene regulated 
by nitrogen supply and is also involved in 
enhancing rice growth and carbon-nitrogen 
metabolic status (Bao et al., 2015; Sonoda 
et al., 2003). There is no clear evidence of 
OsIRT1 being involved in NUE; however, 
it was reported that OsIRT1 is a preferential 
Fe (II) transporter whose function in NUE 
can be characterised using the reverse 
genetics approach (Z. Zhang et al., 2020). 
OsZIFL9, a Zn transporter, is known to have 
a crucial role in improving nutrient status in 
rice, although its status in N management 
is still understudied (Awasthi et al., 2021). 
Therefore, deciphering the correlations of 
potential drought-related genes’ function 
with NUE is challenging but important. It 
is suggested that optimising N use could 
support drought tolerance in rice and require 
further validation of the genes in future 
studies.

Generally, in the flooded soil, N is 
usually distributed as NH4

+, while in the 
upland, it is converted into NO3

- due to 
nitrification by aerobic soils (Kabange 
et al., 2021; Qian et al., 2004). An NH4

+ 

transporter, OsAMT1.3, acts as a signal 
sensor for regulating NUE under low NH4

+ 
conditions (Ferreira et al., 2015). A recent 
study also suggested that OsAMT1.3 co-
expressed with the NRT gene after applying 
potassium chlorate (KClO3) to simulate a 
drought (Kabange et al., 2021). OsZIFL9 
and OsIRT1, on the other hand, are reported 
to play a potential role in alleviating Fe 
deficiency by NH4

+ in calcareous soils. In 
the case of OsIRT1, this transporter gene is 
induced by low Fe conditions, and ethylene 
(ET) will enhance the expression of the 
respective gene in the roots uptake system 
of Fe3+ and Fe2+ phytosiderophore (Ishimaru 
et al., 2006; J. Wu et al., 2011). Recently, 
García et al. (2021) discovered that ethylene 
(ET) plays a significant role in regulating 
crosstalk between the nutrient deficiency 
through activation of the ET transduction 
pathway for facilitating the plant response, 
particularly by enhancing the transporter 
activity. The assimilation of NH4

+ and NO3
- 

are different in apoplastic pH, influencing 
the uptake and utilisation of Fe in rice. 
First, NO3

- reduces the xylem alkalinity by 
delivering Fe into the cell wall. Secondly, 
NH4

+ enables the reduction of aerenchyma 
division, which ultimately adjusts the water 
uptake capacity of Fe from roots to different 
parts of the rice (X. Zhang et al., 2019). The 
above findings proposed that the presence of 



84 Pertanika J. Trop. Agric. Sci. 46 (1): 67 - 90 (2023)

Muhammad-Redha Abdullah-Zawawi, Karwatik Busiri, Syafiqah Johan, Mohammad Asad Ullah and Zamri Zainal

OsNRT2.3, coupled with the OsIRT1 activity 
in roots, would designate the prevalence of 
Fe uptake during NO3

- and NH4
+ transport.

A previous study showed that OsbZIP27, 
a bZIP-type transcription factor, was induced 
by dehydration stress under a mild water 
deficit of rice (Hossain et al., 2010). The bZIP 
proteins have a DNA-binding specificity for 
ACGT-containing DNA sequence motifs 
(Izawa et al., 1993). Despite the lack of a 
specific study of the OsbZIP27 function 
in regulating OsNRT2.3, ACGT-binding 
specificity of G-box and ABRE3a elements 
were discovered in the OsNRT2.3 promoter 
region. It reflects that OsbZIP27 proteins 
may activate transcription of ABA-induced 
OsNRT2.3 by binding to the ABREa element 
for drought tolerance of rice. In addition, 
previous studies have also demonstrated 
that roots overexpressing ZIFL genes have 
significantly increased by Zn and Fe (Sharma 
et al., 2019). Under Fe-deficient conditions, 
FER-LIKE FE DEFICIENCY-INDUCED 
TRANSCRIPTION FACTOR (OsFIT) and 
its interacting partner, iron‐related bHLH 
transcription factor 2 (OsIRO2), play a 
critical role in regulating Fe-acquisition 
genes for Fe homeostasis in the roots and 
leaves, including OsZIFL9 that increased in 
expression level (Liang et al., 2020). 

Interactions between essential nutrients, 
such as iron (Fe), nitrogen (N), sulfur 
(S), and phosphorus (P), were reported 
to influence transport, homeostasis, and 
assimilation processes for proper growth 
and development in plants (Kumar et 
al., 2021). For example, according to 
Singh et al. (2018), the concentration 

of Fe, Zn, and protein in wheat grains 
increased due to the interaction of Fe and 
Zn with N. Likewise, the concentration 
of micronutrients like Cu, Zn, Mn, and 
Na increased in the belowground tissue of 
Bothriochloa ischaemum when exposed to a 
high amount of N (Ai et al., 2017). Thus, our 
study demonstrates that the NUE system’s 
potential drought-related genes, OsAMT1.3, 
OsbZIP27, OsIRT1, and OsZIFL9, are 
highly associated with OsNRT2.3, and 
OsZIFL9 and OsIRT1 might be key players 
in the interaction of macronutrient N and 
micronutrient Fe in rice.

CONCLUSION

Transporters involved in the uptake, 
transport, and re-translocation of nitrogen 
(N) are important targets in breeding 
programmes to combat environmental 
stress, particularly drought. Computational 
dissection of potential drought-related 
genes from NRT2 will greatly advance our 
knowledge of the relationship between NUE 
and drought. This study has investigated 
20 selected NRT2 genes of various plants, 
and their motif compositions are mostly 
similar and conserved within the nitrate 
t ransmembrane transporter  domain 
across the monophyletic group. In rice, 
NRT2.3 genes interacted specifically with 
stress and phytohormone responsiveness 
elements. The correlation between genes 
has emerged as a growing research focus in 
crop improvement. The interaction of four 
potential genes, OsAMT1.3, OsbZIP27, 
OsIRT1, and OsZIFL9, with OsNRT2.3, 
provides an alternative explanation of the 
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relationship between NUE and drought 
response in rice. This knowledge will assist 
the future investigation, such as genome 
editing via the CRISPR-Cas9 system and 
reverse genetics, to understand better the 
function of potential genes in the N uptake 
system and drought stress. The present 
findings not only identified the genes that 
potentially govern drought and NUE but can 
also expedite the discovery and molecular 
validation of the biologically important gene 
in breeding strategies.
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ABSTRACT

Fish farmers’ dependence on costly formulated fish feed has affected their income. The cost 
of formulated feed is also constantly rising. Efforts to mass-produce the locally available 
natural resource, namely water flea (Moina sp.), were initiated as an alternative to the 

commercially formulated fish feed. This 
study evaluates the most suitable growth 
medium for commercially culturing Moina 
sp. and Chlorella sp. and studies the effect 
of their growth activity on water quality. 
In this study, the growth behaviour of 
Moina sp. and Chlorella sp. was monitored 
individually before Moina sp. was cultured 
together with Chlorella sp. in a growth 
medium. Chlorella sp. was cultured in 
different mediums (BG-11, Bristol, and 
organic fertiliser). The first generation of 
Moina sp. took 96 h to mature and begin to 
reproduce, while the next generation took a 
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shorter time (from 24 h to 48 h). The brood 
size was between five and 15 neonates, 
while the maximum brood count recorded 
was eight. The Chlorella sp. culture had 
grown well on Day 5 (555.33 ug/L); thus, 
it was introduced with Moina sp. on Day 
6. Although an organic fertiliser medium 
provided the optimum conditions for 
Chlorella sp. growth, it slightly inhibited the 
Moina sp. growth due to higher ammonia 
(NH3) concentration. However, the organic 
fertiliser medium could sustain Chlorella sp. 
growth while being ingested by Moina sp. 
The growth activity of both species slightly 
affected the water quality. Meanwhile, the 
increase in ammonia (NH3), carbon dioxide 
(CO2), and calcium carbonate (CaCO3) was 
recorded. In conclusion, organic fertiliser is 
the best medium for Chlorella sp. growth, 
which is the main food source for Moina 
sp. culture.

Keywords: Chlorella sp., live feed, Moina sp., organic 

fertiliser, sustainable aquaculture

INTRODUCTION 

Live foods are living organisms that can 
move in water and are always available 
for fish or larvae, thus stimulating the 
larval feeding response (Das et al., 2012). 
Since commercial marine fish culture was 
developed in the late 1970s, the demand 
for Artemia sp. or brine shrimp cysts has 
gradually increased from a few tonnes to 
approximately 800 tonnes per annum (Rasdi 
& Qin, 2018). It represents approximately 
40% of aquaculture feed demand during the 
early stages. Although applying Artemia 
sp. cysts as feed is simple, several factors 

are critical for hatching the large quantities 
needed in larval fish production. These 
include cyst disinfection or decapsulation 
before incubation and hatching under the 
following optimal conditions: constant 
temperature of 25–28°C, 15–35 parts 
per thousand (ppt) salinity, minimum pH 
value of 8.0, near-saturated oxygen levels, 
maximum cyst densities of 2 g/L, and strong 
illumination of 2,000 lux (Sorgeloos et al., 
2001). The production cost of Artemia sp. 
cysts is relatively high, directly affecting 
fish production costs. Cheaper diets with the 
same nutritional values are needed to keep 
the price of fish competitive in the global 
market. The lack of suitable live feeds for 
feeding the fish at various production stages 
has hampered the industrial development 
of aquaculture (Das et al., 2012). Most 
formulated fish pellets are not suitable for 
feeding aquatic organism larvae. In addition, 
the high price and rapid consumption of 
fish pellets place a burden on small-scale 
fish farmers.

Moina sp., also known as the water 
flea, is a freshwater crustacean organism 
smaller than Daphnia sp., its closest relative. 
Moina sp. is capable of asexual and sexual 
reproduction. Moina sp. can produce up to 
30 neonates asexually for each brood under 
optimal conditions. Usually, the population 
is made up entirely of females. The 
Moina sp. diet comprises bacterial, yeast, 
phytoplankton and decomposing organic 
matter (Rottmann et al., 2018). Moina sp. 
has a protein content equal to 50% of its dry 
weight (Rasdi & Qin, 2018). The fat content 
of adult Moina sp. is typically higher than its 
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juvenile (Conklin & Provasoli, 1977; Rasdi 
et al., 2020; Rottmann et al., 2018). Moina 
sp. can primarily be found in temporary 
ponds or ditches. It is smaller in size than its 
closest relative, Daphnia sp. Moina sp. has 
high protein content and is relatively easy 
to culture. Aside, it is a superior live food 
compared to Artemia sp., which is one of the 
commonly used live feeds. It is because of its 
high protein and nutrient content (Loh et al., 
2012), thus making it a suitable substitute 
for Artemia in aquaculture hatcheries. The 
Moina sp. was widely utilised as live food 
in many hatcheries and the maintenance 
and cultivation of commercially significant 
ornamental fishes, finfish, crustaceans, 
teleost, and marine fish culture worldwide 
(Aguado et al., 2009; Das et al., 2012; 
He et al., 2001; Fermin, 1991; Fermin & 
Bolivar, 1994; Ingram, 2009; Poynton et 
al., 2013). In this study, Moina sp. was 
selected and utilised as a live food to 
produce sustainable fish feed, particularly 
for aquaculture production in Tasik Chini. 
Moina sp. cultivation is not as complex 
as Artemia sp. because these freshwater 
Cladoceras have higher reproduction rates, 
wide temperature tolerance, and the ability 
to thrive on phytoplankton and organic 
wastes; they can thrive in a relatively high 
content of un-ionised ammonia (Khoo et 
al., 2013). 

Humans regularly use microalgae as 
a food source and in hatchery production 
for commercial fish and shellfish (Kay & 
Barton, 1991). These microscopic organisms 
are still consumed as food supplements, and 
their products are also used for different 
purposes like dyes, pharmaceuticals, animal 

feed, aquaculture, and cosmetics (Safi et 
al., 2014). Microalgae, such as Chlorella 
sp., Dunaliella sp., Scenedesmus sp., and 
Spirulina sp., are frequently utilised algae. 
Chlorella sp. is a collection of aquatic 
organisms that lack complex cell structures 
and are often found in plants (Slade & 
Bauen, 2013). Chlorella sp. can also be 
defined as prokaryotic or photosynthetic 
eukaryotic microorganisms with unicellular 
or compact multicellular structures capable 
of rapid reproduction and survival in harsh 
environments (Mata et al., 2010). In terms 
of nutrient content, Chlorella sp. has a 
protein content of appropriately 70% and 
a higher beta-carotene concentration than 
broccoli (Kay & Barton, 1991). Chlorella 
sp. has valuable components with potential 
in the food industry due to its high content 
of macro and micro components and low-
calorie count. Chlorella sp. contains various 
vitamins and minerals, including calcium 
and magnesium, in addition to the basic 
nutrients.

As fish feed prices rise rapidly, 
identifying a reliable food source for 
livestock and a sustainable system that can 
produce affordable and sustainable food 
sources is critical. Given the correlation 
between Chlorella sp. and Moina sp., as well 
as their ability to reproduce in the laboratory, 
it is crucial to investigate the growing 
linkages between these two organisms and 
assess their potential. Therefore, this study 
aims to evaluate Moina sp. and Chlorella 
sp. growth. The suitable growth medium 
for both organisms was determined, and 
the effect of their growth activity on water 
quality was also evaluated. At the end of this 
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study, a suitable medium for Moina sp. and 
Chlorella sp. growth could be formulated.

MATERIALS AND METHODS  

Organism and Culture Medium

The cultured Chlorella sp. was a gift from 
the Fisheries Research Institute Glami-

Lemi. Moina sp. was obtained directly 
from a pet shop which sells wild Moina 
sp. Meanwhile, Chlorella sp. was cultured 
using two types of culture medium: BG-11, 
Bristol, and an organic fertiliser mix (Table 
1). All chemicals were purchased from 
Chemiz (Malaysia).

Table 1 	
Composition for BG-11, Bristol, and organic fertiliser

Media
Ingredient BG-11

(g/L)
Bristol
(g/L)

Organic fertiliser 
(g/10 L) 

Sodium nitrate (NaNO3) 1 0.250 -
Magnesium sulphate (MgSO4) 0.513 0.075 -
Dipotassium phosphate (K2HPO4) 0.250 0.075 -
Calcium chloride (CaCl2) 0.058 0.250 -
Ammonium chloride (NH4Cl) 0.050 - -
Iron (III) chloride (FeCl3) 0.003 - -
Rice bran - - 0.60
Corn - - 1.20
Urea - - 0.10
Triple super phosphate - - 0.10
Agricultural lime - - 0.05

Culturing Moina sp. Biomass

Adult Moina sp. with neonate was placed 
in a separate container that contained water. 
New neonates were produced, and those 
less than 24 hours old were isolated and 
used as new adults. The new neonates were 
placed in test tubes that contained 20 ml of 
dechlorinated tap water to assess the first 
reproduction day, number of reproductions, 
and lifespan of Moina sp. The neonates 
were fed daily with 1 ml of Chlorella sp. 

cultivated in BG-11. When the neonates 
matured (adult Moina sp.) and started to 
reproduce, the average number of neonates 
produced (brood size) was determined, and 
they were isolated from the mother. This 
procedure was repeated to determine the 
brood number and female life expectancy 
(Martínez-Jerónimo & Gutierrez-Valdivia, 
1991). This experiment was carried out in 
10 replicates.
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Culturing Chlorella sp. Under 
Laboratory Culture Condition

Chlorella sp. was cultured using a batch 
culture system (Laing, 1991). First, it was 
cultured in an initial culture volume of 10 
mL and gradually transferred or subcultured 
in a larger culture volume (10 L). At Stage 
1 of cultivation (small volume), Chlorella 
sp. was grown using BG-11 (1 ml). Then, it 
was to prepare as feed for Moina sp. and a 
subculture for a larger culture volume to be 
cultivated with Moina sp.

For Stage 2 of cultivation in the larger 
volume (10 L), Chlorella sp. was cultivated in 
three different mediums: BG-11, Bristol, and 
organic fertiliser. The cultures were exposed 
to continuous fluorescents illumination at 
22°C to achieve the maximum growth rate 
and aerated by using an air pump (0.03 
MPa, 50l/min, 220-240 V, 35W). It was 
to prevent sedimentation of the algae and 
ensure that all cells of the population were 
equally exposed to light and nutrients. Gas 
exchange between the culture medium 
and the air was simultaneously improved. 
Chlorella sp. culture was not bacteria-free; 
however, all culture mediums and liquids 
were autoclaved at a temperature of 120°C 
for 15 min. Algal biomass that was tested 
for its nutrient content was centrifuged and 
refrigerated. 

Chlorophyll A Concentration

Chlorophyll A concentration of Chlorella 
sp. biomass cultured in the 10 L culture 
volume was recorded daily until it was ready 
to be fed to Moina sp. and continued until 
all Chlorella sp. was consumed by Moina 

sp. The following equation calculated the 
specific growth rate of the Chlorella sp.:

Specific growth rate, µ = Ln (Ν2 / Ν1)/(t2 - t1)

where μ is the specific growth rate, and 
N1 and N2 are biomass at Time 1 (t1) and 
Time 2 (t2), respectively (Krishnan et al., 
2015).

Chlorophyll A of Chlorella sp. biomass 
of more than 10 L was measured using YSI 
600 OMS V2 Sonde (Xylem Analytics, 
USA) along with temperature and salinity. 
Chlorella sp. biomass (10 L) was moved 
to room temperature before Moina sp. was 
inoculated. Experiments were carried out in 
three replicates.

Moina sp. Weight
The initial wet weight of Moina sp. before 
being inoculated into 10 L of algae culture 
was determined. Moina sp. biomass was 
collected using a fine mesh sieve/strainer 
(<400 µm), which was also used to drain 
excess water simultaneously and weighted 
using a laboratory analytical scale. All 
measurements were carried out in triplicates. 

Water Quality Tests on Chlorella sp. 
Culture
Several water parameter tests were carried 
out on the Chlorella sp. cultures to see if 
there were changes in water quality during 
Chlorella sp. growth and after Moina sp. 
inoculation. Water parameter test kits from 
(HACH, Malaysia) were used to check 
the water quality. The parameter test kits 
included acidity and alkalinity, carbon 
dioxide (CO2), unionised ammonia, and 
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nitrite test kits. In addition, YSI-600-OMS 
V2 Sonde (Xylem Analytics, USA) was 
used to check the salinity, temperature, and 
dissolved oxygen (DO). 

Statistical Analysis
All analysis was done in triplicate. Data 
were presented as mean ± standard deviation 
(SD).

RESULTS AND DISCUSSION

Growth and Reproduction of Moina sp. 

The Cladocera species, especially Moina 
sp., were extensively studied worldwide 

concerning the effects of food abundance, 
growth, and reproduction parameters 
(Burak, 1997; He et al., 2001; Rasdi, 
Ikhwanuddin et al., 2021). In addition, other 
literature has addressed Chlorella sp. to be 
used as a primary food source for Moina 
sp. (Das et al., 2012; Shidik et al., 2021). 
Therefore, in this study, Chlorella sp. was 
used as feed for the Moina sp. growth. 
Figure 1 shows the Moina sp. count after a 
single neonate was fed daily with 1 ml of 
Chlorella sp. for six days.
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Figure 1. Moina sp. count. A neonate is fed 1 ml of Chlorella sp. and counted every day for six days to know 
the sex maturity and first reproduction time. Neonate-turned-adult and new neonates are counted together 
for the first and subsequent reproduction. The error bar represents the standard deviation of the results 

Moina sp. feds Chlorella sp. took as early 
as four days to mature and began to produce 
brood. Subsequent broods are produced 

every 24 h after the first reproduction (First 
brood number). Figure 2 shows the brood 
size of each reproduction from a single 
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neonate after the first reproduction. The 
second reproduction shows the average 
highest brood size produced (15 neonates) 
and continues up to eight reproductions, 
with the brood size ranging from four to ten 
neonates on each reproduction. As reported 
previously, the Moina sp. reproduction 
activity ranges from 6 to 12 reproductions 
(Kamrunnahar et al., 2019; Martínez-
Jerónimo & Gutierrez-Valdivia, 1991). 

Effect of Medium on the Chlorella sp. 
Growth

Quality and quantity of food are the most 
important factors in determining biomass 
production by Moina sp. (Rasdi et al., 2020, 
Rasdi, Yuslan et al., 2021; Sipaúba-Tavares 
et al., 2014). To mass produce Moina sp., 

an adequate supplement of microalgal must 
be provided. For usage in aquaculture, a 
microalgal strain must meet various criteria, 
such as ease of culture, lack of toxicity, high 
nutritional value with correct cell size and 
shape, and a digestible cell wall to make 
nutrients available (Hemaiswarya et al., 
2011; Rasdi, Yuslan, et al., 2021). Different 
kinds of literature have addressed Chlorella 
sp. as a primary food source for Moina 
sp. (Das et al., 2012; Shidik et al., 2021). 
Therefore, the growth of Chlorella sp. in 
different growth mediums was observed to 
identify the most suitable growth medium 
to be used and if there was any effect on 
Chlorella sp. growth. Figure 3 shows the 
chlorophyll A concentration in Chlorella sp. 
growth in different mediums.
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Figure 2. Average brood size and brood number (lifespan) of Moina sp. Each generation of juvenile Moina 
sp. produced from single adult Moina sp. is calculated and separated from the mother. Brooding Moina sp. is 
fed by 1 ml of Chlorella sp. The error bar represents the standard deviation of the results

B
ro

od
 si

ze

Brood number



Afrina Batrisyia Aswazi, Ahmad Azfaralarriff, Douglas Law, Herryawan Ryadi Eziwar Dyari, Babul Airianah Othman,
Muhammad Shahid, Mushrifah Idris, Nur Amelia Abas, Muhamad Syahmin Aiman Sahrir, Hanan Mohd Yusof and Shazrul Fazry

98 Pertanika J. Trop. Agri. Sci. 46 (1): 91 - 106 (2023)

After inoculation, Chlorella sp. grew 
well in the BG-11 medium, followed by 
Bristol medium and organic fertiliser. 
Chlorophyll A reached its maximum 
concentration of 552.5 ± 1.7 ug/L after 48 
h in biomass cultured using BG-11 medium 
and 72 h in biomass cultured by Bristol 
medium and organic fertiliser. Although 
Chlorella sp. cultured in fertiliser showed 
a lag phase on Day 1, it has a significantly 
higher growth rate than the others. It 
indicated that the organic fertiliser not 
only had the basic nutrients required to 
culture Chlorella sp. but also had more 

macronutrients and micronutrients, such as 
potassium, zinc, iron, and copper, to help 
facilitate Chlorella sp. growth (Bhosale & 
Vijayalakshmi, 2015; Prasanthi et al., 2017). 
From Day 4 onwards, all cultures reached 
the maximum growth number. This phase 
occurred due to the depletion of nutrients 
in the medium (Krishnan et al., 2015). In 
this stationary phase, there was an equal rate 
of cell division and dying cells. Therefore, 
culture at this stage was suitable as a starter 
culture to produce a continuous supply of 
Chlorella sp. (Sánchez-Bayo et al., 2020).

700

600

500

400

300

200

100

0
1 2 3 4 5 6

Ch
l a

 (µ
g/

L)

Figure 3. The concentration of chlorophyll A in Chlorella sp. culture cultured in different growth mediums at 
22°C, 24 h of illuminated light and aeration for five days
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The Growth of Moina sp. in Different 
Media

A single mature neonate (72 h old) was 
introduced into the six-day-old medium, 
which contained well growth chlorophyll 
A. Figure 4 shows the growth of Chlorella 
sp. from Day 1 until Day 6 and changes that 
occurred when Moina sp. was introduced on 
Day 6.

Results showed that the growth of 
Chlorella sp. in BG-11 and Bristol started to 
decrease, respectively, after 24 h and 48 h of 
Moina sp. introduction and depleted on Day 

10. Meanwhile, the concentration of Chlorella 
sp. in the organic fertiliser medium was 
maintained until Day 15 and depleted on Day 
17. The ability of Chlorella sp. to remain at 
the same concentration until Day 15 indicated 
that organic fertiliser could supply adequate 
nutrients (Ratomski & Hawrot-Paw, 2021) 
throughout the growth of Chlorella sp. for 
15 days. Further tests from previous research 
findings on nutrient concentration effects 
(nitrogen and phosphorous) showed that low 
nitrogen concentrations could also stimulate 
algal growth (Blinova et al., 2015). 
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Figure 4. Changes in the concentration of chlorophyll A and wet weight (g) of Moina sp. straight line indicated 
the Chlorella sp. concentration changes while the dashed line represents the Moina sp. wet weight changes when 
inoculated on the sixth days of Chlorella sp. growth and final weight once Chlorella sp. biomass fully consumed

Of all Moina sp. growth in different 
mediums, Moina sp. growth in organic 
fertiliser showed the highest final weight 

(5.24 g), followed by Moina sp. growth in 
Bristol (4.73 g) and the lowest in BG-11 
(3.69 g). Although Moina sp. in BG-11 
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started to feed on Chlorella sp. faster, it 
had the lowest final weight than the other 
two Moina sp. in different mediums. These 
differences probably happened due to 
differences in medium composition and 
thus influenced the growth, reproduction, 
and metabolism of Moina sp. and Chlorella 
sp. The presence of organic ingredients 
supported Chlorella sp. growth and Moina 
sp. as a nutrition source (Shidik et al., 2021). 
It was reported that the feed’s protein and 
amino acid concentrations directly affected 
the fecundity and population growth of M. 
macrocopa (Mubarak et al., 2017). It was 
also reported that the high fertility and 
reproductive rate of Cladocera could be 
obtained when its food source had a high 
carbon/nitrogen ratio (Khoo et al., 2013). In 
addition, the higher growth rate of Chlorella 
sp. in an organic fertiliser medium (Figure 
3) indicated that it could be a source of food 
supply for Moina sp. for a longer period. The 
highest final weight of Moina sp. was due 
to the adequacy of Chlorella sp. to ensure 
the growth and development of the brood 
generation produced.

Changes in Water Quality During 
Moina sp. Growth

Moina sp. is known to survive in poor 
water quality, especially in an oxygen-
poor environment (Rottmann et al., 2018). 
However, there is not much to know about 
the chemical or physical requirements for 
Moina sp. Therefore, in this study, changes 
in water quality during Moina sp. growth 
were evaluated: Un-ionised ammonia (NH3) 
level, salinity, dissolved oxygen (DO), 

average carbon dioxide (CO2) content, 
and average calcium carbonate (CaCO3) 
total alkalinity. The results are presented in 
Figure 5.

Organic  fer t i l iser  had a  higher 
concentration of NH3 (0.01098 mg/L) 
than the other two mediums used (Figure 
5a), which were at 0 mg/L, respectively. 
Compared to the nutrient composition in 
BG-11 and Bristol medium that was in 
liquid form, organic fertiliser was composed 
of a solid substrate that would break down 
in the Chlorella sp. inoculated water, 
providing nutrients for Chlorella growth. 
Therefore, decomposition occurred in 
the Chlorella sp. biomass and inevitably 
released a much higher concentration of 
NH3 (Shidik et al., 2021). The increase in 
NH3 concentration in all mediums indicated 
that the growth activity of Chlorella sp. and 
Moina sp. unionised ammonia (NH3) values 
in the Chlorella sp. cultured using organic 
fertiliser increased to 0.0015 mg/L on Day 
3 and remained on the lag phase until Day 
12. The high concentration of NH3 might 
explain the higher growth rate of Chlorella 
sp. in organic fertiliser compared to the other 
mediums in the first four days (Figure 4). 

Chlorella sp. could adapt to the high 
NH3 concentration (Tam & Wong, 1996) on 
Day 4 after inoculation because there was 
no decrease in chlorophyll A concentration, 
albeit with a low reproduction on Day 1. 
The increased NH3 level (Figure 5a) after 
the introduction of Moina sp. indicated that 
nitrogenous waste was produced during 
Moina sp. growth. The prolonged growth 
of Moina sp. in organic fertiliser for up 
to 12 days as compared to other mediums 
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(five days, respectively) was due to the 
prolonged growth and reproduction rate 
of Chlorella sp. It was also reported that 
when the NH3 concentration was above 
0.013 mg/L, the growth and reproduction 
activity of Moina sp. seemed to be affected 
as Moina sp. population could be seen 
in high yield on Day 4 of inoculation in 
Chlorella sp. biomass cultured by BG-11 
and Bristol mediums. However, when the 
NH3 concentration reached 0.236 mg/L, it 
would kill the Moina sp. completely instead 
of affecting its reproduction and growth rate 
(He et al., 2001). Chlorella sp. and Moina 
sp. kept growing and number simultaneously 
up to Day 10 until the consumption rate of 
Chorella sp. by Moina sp. was higher than 
the Chlorella sp. reproduction (Figure 4). 
The last reproduction of Moina sp. was 
recorded on Day 12, probably due to the 
shortage of food supply as the Moina sp. 
could adapt to environmental stress. 

In this study, Chlorella sp. was cultured 
in three different mediums with salinity 
values of 0.05 ppt to 0.015 ppt on the day of 
Moina sp. inoculation (Figure 5b). Chlorella 
sp. cultivated using organic fertiliser had 
a higher salinity value than BG-11 and 
Bristol mediums. This high salinity value 
corresponded to the high concentration of 
unionised ammonia NH3, which slowed 
down the Chlorella sp. (Fakhri et al., 2017; 
Goto et al., 2018). However, all mediums 
had a salinity value below the limit of 0.5 
ppt for proper Cladocera growth, although 
the optimal growth was suggested at 0 
salinity (Yuslan et al., 2021) and limit at 2 
ppt (Rasdi & Qin, 2018). Therefore, it was 
concluded that 0.015 ppt salinity value has 
no significant effect on Moina sp. growth.

Dissolved oxygen during Moina sp. 
inoculation in organic fertiliser medium 
was lower (7.09 mg/L) than BG-11 (11.71 
mg/L) and Bristol (11.95 mg/L) mediums. 
Dissolved oxygen is an indicator of 
photosynthetic activity by microalgae. Low 
dissolved oxygen indicates problems with 
microalgal growth and possibly dissolved 
oxygen consumption by heterotrophic 
microorganisms (Morales et al., 2018). The 
decreased level of dissolved oxygen when 
Moina sp. was inoculated indicated the 
respiration activity of Moina sp. (Murakami 
et al., 2020). Meanwhile, dissolved oxygen 
levels in BG-11 and Bristol mediums 
decreased until all Moina sp. stopped 
reproducing (Day 5). Dissolved oxygen 
in the organic fertiliser medium started 
to increase on Day 5. Increased dissolved 
oxygen levels indicated that the Chlorella 
sp. growth rate was higher than Moina sp. 
consumption and respiration rate (Kazbar 
et al., 2019). These changes were caused 
by high NH3 concentration, which inhibited 
Moina sp. growth and reproduction. 
However, on the Day 8 of Moina sp. 
growth, the dissolved oxygen concentration 
started to decrease. It indicated that Moina 
sp. could adapt to the environmental stress 
and started to reproduce, thus causing the 
increased consumption rate and respiration 
rate of Moina sp.

The increase in carbon dioxide rate 
was higher in the organic fertiliser medium 
than in other mediums after inoculation 
of Moina sp. This result was consistent 
with the changes in the dissolved oxygen 
concentration (Figure 5c). Although 
algae growth requires a source of carbon 
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dioxide (Slade & Bauen, 2013), the low 
photosynthesis rate of Chlorella sp. during 
the first four days caused a higher carbon 
dioxide concentration due to the Moina sp. 
respiration (Santoso et al., 2020). Therefore, 
it is viewed that high carbon dioxide does 
not necessarily increase the growth rate 

(Rashid et al., 2014). In addition, carbon 
dioxide was also reported to be produced 
partly from the decomposition of organic 
fertiliser and partly from the carbonate-
bicarbonate system (Ventura & Enderez, 
1980). 

Figure 5. Water quality changes on three different mediums used to culture Chlorella sp. and Moina sp.: Day 
1 indicated the first day of Moina sp. inoculation and the sixth day of Chlorella sp. cultivation. (a) Un-ionised 
ammonia level (NH3); (b) Salinity of Chlorella sp. Culture (Sal); (c) Dissolved oxygen (DO); (d) Average 
carbon dioxide content (CO2); and (e) Average CaCO3 total alkalinity.

a) b)

c) d)

e)
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Organic fertiliser medium had higher 
CaCO3 total alkalinity (19.6 ± 7.5 mg/L) 
than other mediums used, which only had 
a trace amount. It was due to agricultural 
l ime (CaCO3),  an organic ferti l iser 
ingredient, stabilising the pH value (Kar, 
2016). However, when carbon dioxide was 
produced as a photosynthesis product, the 
dissolved carbon dioxide produced carbonic 
acid, which dissolved CaCO3 (Qian et al., 
2021). As a result, the concentration of 
carbon dioxide increased (Figure 5d), and 
the alkalinity also increased (Figure 5e). 
In addition, the high alkalinity (80 mg/L 
CaCO3) might be the other factor which 
affected the Chlorella sp. growth on Day 
1, as the limit for optimum Chlorella sp. 
growth was 63 mg/L CaCO3 based on 
hardness (Kim & Kim, 2014).

CONCLUSION

This research showed that Moina sp. started 
to mature and reproduce after 72 h. The 
usage of different mediums affected the 
Chlorella sp. growth, whereby organic 
fertiliser medium showed the highest 
growth rate. Moina sp. reproduction in a 
Chlorella sp. biomass cultured using organic 
fertiliser showed a longer reproduction time, 
possibly due to growth inhibition by high 
NH3 concentration and the rate of solid 
decomposition of the nutrient substrate in 
the culture. Moina sp. growth activity in all 
mediums used could slightly affect water 
quality but within the acceptable range. It 
was found that the most important factor 
determining the survival, longevity, and 
growth of Moina sp. was the medium used. 

Moina sp. could adapt to environmental 
stresses when the food supply was adequate. 
This study concludes that organic fertiliser 
with higher NH3 content is more suitable for 
Chlorella sp. optimal growth and supports 
the growth of Moina sp.
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ABSTRACT

Hevea rubber farm is viable for agroforestry systems since its canopy lessens extreme 
weather conditions and contributes to the adaptation of shade-tolerant plants. However, 
some limitations in the availability of soil water and shades vary with the age of rubber 
trees and affect the understorey plants’ acclimatization. Tropical palms are potentially 
associated plants for the rubber-based agroforestry systems because they are rainforest 
species adaptable to understorey environments. Two rubber farms, ages 12 and 25 years, 
intercropped with tropical palms were selected to investigate the acclimatization of the 
palms to the seasonal abiotic variations in the mature rubber farms. The studied palm 
species were Chrysalidocarpus lutescens and Rhapis excelsa in the 12-year-old rubber farm 
and Livistona speciosa and Licuala spinosa in the 25-year-old rubber farm, respectively. 
Leaf area, stomatal conductance, photosynthesis pigments, and leaf nitrogen content 
were identified as the palms’ morpho-physiological traits. The 12-year-old rubber farm 
had a marked soil water deficit in all soil depths at the beginning of the rainy season, 

reaching around 200 kPa at the 80 cm soil 
depth, while the 25-year-old rubber farm 
received greater light transmissions, ranging 
between 37 and 46% in the late dry season. 
All palms adjusted leaf area to balance the 
photosynthetic capacity. The Rhapis palm 
had greater acclimatization with significant 
responses of stomatal conductance. Other 
than the Licuala palm, all palms exhibited 
the allocation of chlorophyll pigments and 
nitrogen content significantly in their leaves 
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in response to the different intensities of 
abiotic stresses in the understorey of the 
rubber farms. 

Keywords: Agroforestry, Arecaceae, ecophysiological 
adaptation, Hevea brasiliensis, tropical palm species

INTRODUCTION

Natural rubber (Hevea brasiliensis) is a 
forest tree that naturally grows and thrives 
together with other forest species in its 
origin, the Amazon rainforest. However, it 
has been planted traditionally as a monocrop 
for many years in Southeast Asian countries 
where commercial plantings developed. 
Most commercial expansions have invaded 
tropical forests in the regions, resulting in 
environmental costs accumulated, such as 
loss of biodiversity, soil fertility, carbon 
stock, and forest ecosystem services 
(Ahrends et al., 2015; Fox & Castella, 
2013; Sun et al., 2017). To recover these 
costs, agroforestry, a created forest 
ecosystem in which biodiversity could be 
restored with the interactions of tree and 
agricultural components ensuring ecological 
and economic sustainability (Leakey, 
2017), is the most recommended option 
(Langenberger et al., 2017; Somboonsuke 
et al., 2011; Wu et al., 2016). 

The understorey environment of rubber 
farms is viable for an agroforestry system 
since the overstorey lessens extreme weather 
conditions, such as high temperature 
and light intensity, and contributes to 
biodiversity enhancement complementing 
forestry ecosystem services in agricultural 
farms (Rappaport & Montagnini, 2014). 

Furthermore, with low irradiance and better 
light interception, greater light distribution 
under multi-layered canopy structures like 
the understorey environment of rubber-
based agroforestry enhances the efficient 
light energy capture of the understorey 
plants, thus improving the photosynthetic 
rate in the system (Powles, 1984). 

Typically, in smallholder rubber 
production, mature rubber farms aged 
between 10 and 20 deliver the highest 
yield, while the overaged rubber farms 
aged over 20 years start yield decreasing 
due to the high-frequency tapping system 
conventionally practiced by the farmers 
(Munasinghe & Rodrigo, 2017; Zaw et al., 
2017). These different production potentials 
also implicate the above- and below-ground 
ecosystem components, such as seasonal 
variations of overstorey canopy and soil 
water conditions that tend to affect the 
ecophysiological adaptation of understorey 
plants. Unlike other crops, Hevea rubber is 
regularly exploited secondary metabolite, 
rubber latex, throughout the year (d’Auzac 
et al., 1997), which could lead to higher 
soil water consumption, particularly during 
high productive years (Tan et al., 2011). In 
addition, during the dry season, the rubber 
tree typically does not provide canopy 
shades to the understorey environment due 
to its deciduous nature (Premakumari & 
Saraswathyamma, 2000). Such changes in 
light intensity are interrelated to the above- 
and below-ground water availabilities of 
the understorey environment (Galhidy 
et al., 2005). These factors could be key 
considerations that affect the adaptability 
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performance of understorey plants in a 
rubber-based agroforestry system and vary 
with the age of the overstorey rubber trees 
(Pathiratna, 2006). 

Therefore, acclimatization of the 
understorey plants to these factors is vital 
to facilitate interdependence among the 
component of the agroforestry system. 
Furthermore, since leaves play an important 
role in photosynthesis, closely influenced by 
environmental variations and stresses, tree 
acclimatization could be based on changes 
in leaves’ morphological and physiological 
traits (Givnish et al., 1988; Valladares et 
al., 2016). 

Although most plant species typically 
improve photosynthesis with higher 
vegetative growth under an optimal light 
intensity (Feng et al., 2019), shade-tolerant 
plants exhibit greater acclimatization to a 
light deficit condition with a higher resource 
allocation to leaves, thus increasing in total 
leaf area to achieve maximum exposure 
to irradiance for a greater light-harvesting 
capacity (Givnish, 1988; Poorter, 1999). 
However, typical adaptable plants reduce leaf 
surface area under a water deficit condition 
or extreme light intensity to improve water 
conservation in the plant (Chaves et al., 
2003). As a vital mechanism to balance 
gas exchange between the plant and the 
adjacent atmosphere, stomatal traits such as 
its apertures and density are leaf anatomical 
responses closely associated with plant-
water relationships (Aasamaa et al., 2001) 
and photosynthetic capacity (Farquhar & 
Sharkey, 1982). Photosynthetic pigments— 
chlorophyll a (Chl a), chlorophyll b (Chl 

b), and carotenoids (Car), and their ratios, 
notably Chl a/b and Chl/Car, reflect the 
physiological status of photosynthetic 
mechanism (Houborg et al., 2015) and 
adaptability to environmental stresses 
(Hendry & Price, 1993). The chlorophyll 
contents are positively associated with leaf 
nitrogen content that varies with the light 
availability (Evans, 1989). A plant with 
greater acclimatization allocates higher 
nitrogen concentration to leaves, thus higher 
chlorophyll pigments with larger leaf areas 
ensuring improved light harvesting under 
stress (Field & Mooney, 1986; Givnish, 
1988). 

Many studies confirmed that shade-
tolerant plants like coffee, tea, cocoa, 
bamboo, and ginger could thrive with 
higher adaptability in the understorey 
environment of mature rubber farms 
and deliver sustainable benefits to the 
agroforestry ecosystem (Langenberger 
et al., 2017; Wu et al., 2016). Like these 
shade-tolerant plants, tropical palms belong 
to the Arecaceae (Palmae) family and are 
potentially associated plants for the rubber-
based agroforestry system because most 
palms in rubber-growing regions are tropical 
rainforest species and are highly adaptable 
to understorey environments (Dransfield et 
al., 2004; Johnson, 2011). The distribution of 
tropical palm species is greatly concentrated 
in the equatorial regions of Southeast 
Asia, notably southern Thailand, the 
Malay Peninsula, and Indonesian islands 
(Dransfield et al., 2004; Saw et al., 2003), 
where the Hevea rubber has been planted 
extensively, and around 60% of the world’s 
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total rubber growing area exists, producing 
over 50% of the world’s total supply 
(Association of Natural Rubber Producing 
Countries [ANRPC], 2021). In addition, 
some palm species naturally grow and 
are cultivated traditionally as understorey 
plants in some smallholder rubber farms, 
supplying household subsistence for small 
rubber farmers (Jongrungrot et al., 2014; 
Supapvanich et al., 2014). For example, 
Jongrungrot et al. (2014) reported that 
tropical palm species like Livistona spp., 
Licuala spp., and Chrysalidocarpus spp. 
were commonly found in smallholder rubber 
farms in southern Thailand, providing 
not only household uses of non-timber 
forest products, such as food, decoration, 
and building materials but also greater 
on-farm economic performances. Thus, 
conserving these tropical palm species under 
smallholder rubber farming would deliver 
ecological and economic benefits and 
improve farmers’ resilience. To ensure these 
benefits, the ecophysiological adaptation 
of tropical palm species to the rubber 
farm understorey environment is crucially 
important. 

Scientific research studies on the 
combination of palms in rubber-based 
agroforestry systems are limited. Hence, an 
on-farm study was carried out to investigate 
the acclimatization of the common tropical 
palm species to the seasonal abiotic 
variations of the understorey environment 
in mature rubber farms. The study also 
identified the palm species ecologically 
compatible with the different ages of mature 
rubber farms.

MATERIALS AND METHODS

Experimental Location and Planting 
Materials

The study was conducted in the Namon 
district of Songkhla province, located at 
6°59’30” N, 100°8’7” E in the east part of 
southern Thailand. The area is generally 
under the influence of Southwest Monsoon 
with a monthly rainfall of around 200 mm 
from June to September, and Northeast 
Monsoon with about 400 mm rainfall per 
month from October to December, resulting 
in a heavy rainy season, followed by a dry 
period with a mean temperature of around 
28 °C from mid-January to mid-May (Thai 
Meteorological Department [TMD], 2019). 

Two rubber farms, ages 12 and 25 
years, intercropped with tropical palms, 
adjacently situated, were selected for the 
study. The studied palms were yellow 
butterfly palm (Chrysalidocarpus lutescens 
H. Wendl.) and lady palm (Rhapis excelsa 
(Thunb.) Henry) in the 12-year-old rubber 
farms and Livistona palm (Livistona 
speciosa Kurz.) and mangrove fan palm 
(Licuala spinosa Roxb.) in the 25-year-old 
rubber farm, respectively. All rubber trees 
were RRIM 600 and planted in a spacing 
of 3 m × 7 m, and the intercropped palms 
were spaced in 3 m × 7 m in the inter-rows 
of the rubber trees. 

Abiotic Parameters

Rainfall, atmospheric temperature, and 
evapotranspiration data during the study 
period were obtained from a local agricultural 
meteorological station in the area. In 
addition, light intensities in the understorey 
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were measured from five different points in 
the farms compared with under full sun at 
the same time between 10:00 and 11:00 a.m. 
once a week using the Sun System – 748205 
– photosynthesis active radiation meter (Sun 
System, Canada).  

Soil moisture tensions at 20, 40, 60, and 
80 cm depths were monitored monthly on 
the farms, using the WATERMARK sensor 
(IRROMETER Company, USA) installed 
horizontally from the ground between the 
rubber tree and the palms at 1.5 m far from 
them. 

Changes in the farms’ canopy areas 
were monitored by measuring the farms’ leaf 
area index (LAI) using the hemispherical 
photography method (Chen et al., 1997). 
The canopy areas were captured using 
a Nikon Coolpix 8400 (Nikon, Japan) 
camera attached with a fish-eye lens upward 
positioned at 1.2 m from the ground. The 
photos were taken monthly from three points 
between the rubber trees and the palms at 
each farm. The photos were processed using 
the Gap Light Analyzer software version 
2.0 (Simon Fraser University, Canada) to 
quantify the LAI of the farms.

Morphological Traits

Six palm leaves were sampled randomly 
from fully expanded fronds to quantify 
the understorey palm’s leaf traits of leaf 
area (LA), leaf dry mass, and specific leaf 
area (SLA). An image analyzing software, 
the ImageJ program (National Institute 
of Health, USA) (Schneider et al., 2012), 
was used to process the leaf photos for the 
LA. The sample leaves were put in paper 

bags and oven-dried at 70 °C for 72 hours 
to calculate the leaf dry mass and the SLA 
(Awal et al., 2004). 

Quantifying the palm leaves’ stomatal 
and guard cells were carried out monthly by 
the impression method (Weyers & Meidner, 
1990). First, 1 cm2 of leaf specimens was 
prepared by sampling the middle portion 
of the leaves collected from each palm 
species between 09:00 and 10:00 a.m. 
Next, an impression solution, formalin 
acetic acid alcohol, was applied to the leaf 
specimens for replication. Once the solution 
hardened, the replica was detached from the 
specimen, located on a microscope slide, and 
investigated under a compound microscope 
(Zeiss CP-Achromat 40× Objective) (Carl 
Zeiss Microscopy, USA).

Physiological Traits

F o r  t h e  p h o t o s y n t h e s i s  p i g m e n t 
determination, leaf samples in 1 cm2 
dimension were excised from five different 
points of each palm species. The pigments 
(chlorophylls and carotenoids) were extracted 
with 3 ml of N, N-dimethylformamide 
solvent by the direct immersion method 
and kept for 24 hours at 4 °C under a dark 
condition (Moran & Porath, 1980). The 
absorbances were measured at wavelengths 
of 647 nm, 664 nm, and 480 nm with a UV 
spectrophotometer— Ultrospec 3000 UV/
VIS (Pharmacia Biotech, USA) for Chl 
a, Chl b, total Chl and Car, respectively 
(Wellburn, 1994). Calculations of the 
pigment contents followed the simultaneous 
equations devised by Inskeep and Bloom 
(1985). 
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The oven-dried sample leaves were 
ground and sieved through a 1 mm aperture 
mesh for the sample preparation of the 
total nitrogen content determination using 
the micro-Kjeldahl method (Sáez-Plaza et 
al., 2013). Leaf nitrogen contents in mass-
based (Nm) and area-based (Na) were then 
calculated based on the dry weight of the 
leaf and SLA. 

Data Collection and Statistical Analysis

The data collection was carried out from 
July 2016 to June 2017 and split into 
four seasonal periods according to the 
typical weather patterns in the area, the 
southern peninsular of Thailand: Wet I 
(July–September 2016), Wet II (October–
December 2016), Dry I (January–March 
2017), and Dry II (April–June 2017), 
respectively. 

The collected data were analyzed using 
the F-test in one-way analysis of variance 
(ANOVA) for the overall significance 
and then followed by Duncan’s multiple 
range test at P ≤ 0.05 to compare the 
significant data among the seasonal periods 
for each understorey palm species. R stat 
3.6.2 software was performed for the data 
analysis. 

RESULTS 

Agroclimatic Situation of the Study 
Area

According to the weather data from the local 
meteorological station, the area received 
2,560 mm of total rainfall, and it accumulated 
286, 1177, 646, and 489 mm in the Wet I, Wet 
II, Dry I, and Dry II seasons, respectively 
(Figure 1). Monthly rainfall in the Wet I 
period was under 150 mm. It then increased 

Figure 1. Monthly weather conditions: rainfall, evapotranspiration, and mean temperature of the study area 
(from July 2016 to June 2017)
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in October from 235 to 666 mm in December 
during the Wet II season, a heavy rainy 
period. In January of the Dry I season, the 
rainfall decreased and reached its minimum 
of 44 mm in February. Then few light spots 
of rain started, with monthly rainfall ranging 
between 130 and 210 mm in the Dry II 
season. 

I t  was  obse rved  tha t  mon th ly 
evapotranspiration rates were at the highest 
between 130 and 155 mm during the Wet 
I season, followed by the Dry I and Dry II 
seasons. The minimum evapotranspiration 
rate of 72 mm per month was found in 
December in the Wet II season. 

Soil Moisture Tensions at the Rubber 
Farms

Figure 2 shows the soil moisture tensions 
of the rubber farms during the study period. 
At the 12-year-old rubber farm (Figure 2A), 
during the Wet I season, higher soil moisture 
tensions were observed in all soil depths, 
reaching around 200 kPa at the 80 cm soil 
depth in September and October, and the 
tension reduced with the higher rainfall in 
the Wet II season. In the Dry II season, its 
soil moisture tension rose about 130 kPa at 
the 60 cm soil depth, while the other soil 
depths had relatively lower tension, less 
than 40 kPa. 

On the other hand, the soil moisture 
tensions in the 25-year-old rubber farm 
(Figure 2B) were not as intense as those in 
the 12-year-old rubber farm. However, in 
September of the Wet I season, particularly 
at the 40 cm soil depth, significant tensions 
were observed at around 120 kPa.

LAI and Light Intensity in the Farms

Figures 3A and 3B exhibit the light 
transmission and the LAI of the 12-year-old 
and 25-year-old rubber farms, respectively, 
during the study period. Both farms showed 
the light transmissions in the farms were 
lower in the wet seasons and increased in 
the dry seasons, while conversely, higher 
LAI values in the wet seasons and lower 
values in the dry seasons. In comparing the 
two farms, the 25-year-old rubber farms 
showed lower LAI values than the 12-year-
old rubber farms, particularly during the Dry 
II season. The LAIs of the farms reached 
their minimum values of less than one in 
February and April. Throughout the study 
period, the 25-year-old rubber farm received 
greater light transmissions than the 12-year-
old rubber farm. It was observed that the 
light transmission in both farms increased 
during the Dry II season, but a marked 
increase in the 25-year-old rubber farm 
ranged between 46 and 37%.

Morpho-Physiological Traits of the 
Palms

Chrysalidocarpus lutescens. Significant 
differences were investigated in seasonal 
comparisons of the LA and the guard 
cell length (Table 1). However, other 
morphological traits, notably SLA, stomatal 
density, and guard cell width, did not vary 
significantly. The LAs of the palm were 
exposed as the smallest at 15.71 m2 in the 
Wet I season compared to other seasons.

The guard cell lengths in the Wet II 
and the Dry I exhibited significantly the 
longest at 24.27 and 23.89 μm, respectively. 
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Likewise, the guard cell widths were 
broader in the Wet II and the Dry II than 
in the other seasons, but there were no 
statistical differences among their seasonal 
changes.

The major photosynthesis pigments, 
namely Chl a, Chl b, total Chl, and 
Car contents, were greater with a high 
significance in the wet seasons and less in 
the dry seasons. The higher ratios of Chl a/b 
resulted during the dry seasons, but their 
values in all seasons did not exceed 2.5. The 
highest content of total leaf nitrogen was 
investigated in the Wet I season. 

Rhapis excelsa. During the Wet II season, 
the LA of the Rhapis palm was the biggest 

at 7.26 m2, while its SLAs were high values 
of over 79 cm2 g-1 in the Wet II and the 
Dry II seasons, respectively (Table 2). The 
stomatal density found in the Wet II season 
was also the highest at 58.25 m m–2 among 
the seasons. The Wet II and the Dry I seasons 
resulted in the largest guard cell size, with 
over 21 and 25 μm in width and length, 
respectively.

Its seasonal changes in the Chl and 
Car contents were similar to those of 
the understorey Chrysalidocarpus palm 
growing together under the same farm. The 
Chl a, Chl b, total Chl, and Car contents 
were at the highest values in the Wet I 
season at 15.26, 5.67, 20.67, and 3.58 mg 
cm2, respectively. Moreover, those contents 

Table 1
Seasonal changes in morpho-physiological traits of the Chrysalidocarpus lutescens H. Wendl. leaves under 
the 12-year-old rubber farm

Parameters Wet I Wet II Dry I Dry II F-test
Morphological traits

LA (m2) 15.71 b 23.73 a 20.21 ab 23.53 a **
SLA (cm2 g-1) 117.76 94.71 96.82 94.71 ns
Stomatal density (stomata mm-2) 44.32 45.81 44.04 44.36 ns
Guard cells width (µm) 16.43 19.26 18.87 17.59 ns
Guard cells length (µm) 22.03 ab 24.27 a 23.89 a 21.36 b **

Physiological traits
Chl a (mg cm-2) 14.19 a 14.15 a 11.24 b 10.72 b **
Chl b (mg cm-2) 6.22 a 6.21 a 4.75 b 4.47 b **
Total Chl (mg cm-2) 20.47 a 20.41 a 16.03 b 15.22 b **
Car (mg cm-2) 2.70 a 2.70 a 2.12 b 1.98 b **
Chl a/b 2.28 b 2.28 b 2.39 a 2.41 a **
Chl/Car 7.58 7.76 7.58 7.69 ns
Total N (%) 1.81 a 1.71 ab 1.63 b 1.69 ab *
Nm 0.24 0.33 0.40 0.35 ns
Na 0.09 0.07 0.10 0.07 ns

Note. Wet I = from July to September 2016; Wet II = from October to December 2016; Dry I = from January 
to March 2017; Dry II = from April to June 2017. *, ** = Different letters in the same row indicate statistically 
significant differences by Duncan’s multiple range test (DMRT) (P ≤ 0.05, and P ≤ 0.01), and ns = no 
significant difference
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gradually decreased to their smallest values 
in the Dry II season at 10.56, 2.94, 13.23, 
and 2.82 mg cm2, respectively. The ratios 
of Chl a and Chl b were lower in the Wet 
seasons, with values less than three, whereas 
they were over three in the dry seasons. 
However, in contrast, the total Chl and Car 
ratio (Chl/Car) showed the highest value in 
the Wet I season at 5.77 and the lowest in 
the Dry II season at 4.68. 

It was observed that the total nitrogen 
content was higher in the wet seasons than 
in the dry seasons. Nitrogen content per dry 
leaf mass (Nm) in the Wet II season was at 
0.19, the highest among the seasons. On the 
other hand, leaf-area-based nitrogen (Na) 
content was the highest in the Wet I season at 

0.24, while that in the Wet II season resulted 
in the lowest value of 0.07. 

Livistona speciosa. During the Wet I season, 
the palm leaf area was the smallest, but later 
it expanded significantly in the Wet II and 
the dry seasons (Table 3). However, with 
respect to the SLA, the higher value was 
observed in the Wet I season, followed by a 
gradual decrease to the lowest value in the 
Dry II season.

The variations in the width and length 
of the guard cells were significant, and their 
respective lowest values were observed in 
the Dry II season.

All content of the major photosynthetic 
pigments was higher than those of other 

Table 2
Seasonal changes in morpho-physiological traits of the Rhapis excelsa Thunb. leaves under the 12-year-old 
rubber farm

Parameters Wet I Wet II Dry I Dry II F-test
Morphological traits

LA (m2) 5.53 b 7.26 a 4.79 b 5.60 b **
SLA (cm2 g-1) 70.89 ab 79.00 a 64.41 b 79.50 a *
Stomatal density (stomata mm-2) 44.93 b 58.25 a 48.64 b 50.12 ab **
Guard cells width (µm) 14.56 b 21.21 a 22.27 a 16.55 b **
Guard cells length (µm) 21.65 b 25.07 a 25.39 a 21.24 b **

Physiological traits
Chl a (mg cm-2) 15.26 a 14.53 ab 13.38 b 10.56 c **
Chl b (mg cm-2) 5.67 a 5.25 ab 4.51 b 2.94 c **
Total Chl (mg cm-2) 20.67 a 19.52 ab 17.62 b 13.23 c **
Car (mg cm-2) 3.58 a 3.46 ab 3.28 b 2.82 c **
Chl a/b 2.70 c 2.84 bc 3.00 b 3.60 a **
Chl/Car 5.77 a 5.61 ab 5.36 b 4.68 c **
Total N (%) 2.05 a 2.01 a 1.70 b 1.79 b **
Nm 0.16 ab 0.19 a 0.10 b 0.12 ab *
Na 0.14 a 0.07 c 0.10 b 0.11 b **

Note. Wet I = from July to September 2016; Wet II = from October to December 2016; Dry I = from January 
to March 2017; Dry II = from April to June 2017. *, ** = Different letters in the same row indicate statistically 
significant differences by Duncan’s multiple range test (DMRT) (P ≤ 0.05, and P ≤ 0.01), and ns = no 
significant difference
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palms in the study. These pigments increased 
in the dry seasons and reduced in the wet 
seasons. The chlorophyll ratio (Chl a/b) 
was at the maximum of 2.04 during the 
Wet I season. The total Chl and Car ratio 
were lower in the Wet seasons and higher 
in the dry seasons. The total nitrogen 
content, Nm, and Na were also highest, with 
a statistical significance at 1.95, 5.47, and 
0.17, respectively, during the Dry I season. 

Licuala spinosa. The LA of the palm was 
the smallest in the Wet II season, followed 
by the largest in the Dry I season (Table 4). 
However, the SLA showed the highest in 
the Wet II season. The guard cells’ width 
and length were minimal during the Dry 

II season. No significant changes were 
observed in the photosynthesis pigments 
and the total nitrogen content on the palm 
leaves among the seasons. Nevertheless, the 
Nm and Na were at the minimum during the 
Wet I season and peaked at 0.62 and 0.64 in 
the Dry II season. 

DISCUSSION

Seasonal Variations in the 
Agroecosystem of the Mature Rubber 
Farms

Agroclimatic Ecology. Based on the 
meteorological data, the study area received 
a relatively higher annual rainfall during 
the study period. However, some months 
of the Wet I season did not receive the 

Table 3
Seasonal changes in morpho-physiological traits of the Livistona speciosa Kurz. leaves under the 25-year-
old rubber farm

Parameters Wet I Wet II Dry I Dry II F-test
Morphological traits 

LA (m2) 86.15 b 165.02 a 159.33 a 172.82 a **
SLA (cm2 g-1) 55.59 a 49.67 ab 45.75 bc 40.48 c **
Stomatal density (stomata mm-2) 260.15 288.97 257.74 259.01 ns
Guard cells width (µm) 17.17 ab 18.83 a 16.62 ab 15.89 b *
Guard cells length (µm) 21.28 a 21.53 a 21.65 a 18.42 b **

Physiological traits
Chl a (mg cm-2) 22.30 c 22.59 bc 24.85 a 23.73 ab **
Chl b (mg cm-2) 10.95 c 11.15 bc 12.75 a 11.95 ab **
Total Chl (mg cm-2) 30.67 c 31.14 bc 34.85 a 33.00 ab **
Car (mg cm-2) 4.40 c 4.46 bc 4.93 a 4.70 ab **
Chl a/b 2.04 a 2.03 ab 1.95 c 1.99 ab **
Chl/Car 6.97 b 6.97 b 7.07 a 7.02 ab **
Total N (%) 1.67 b 1.91 ab 1.95 a 1.70 ab **
Nm 1.77 b 2.18 b 5.47 a 1.76 b **
Na 0.11 b 0.07 c 0.17 a 0.05 1c **

Note. Wet I = from July to September 2016; Wet II = from October to December 2016; Dry I = from January 
to March 2017; Dry II = from April to June 2017. *, ** = Different letters in the same row indicate statistically 
significant differences by Duncan’s multiple range test (DMRT) (P ≤ 0.05, and P ≤ 0.01), and ns = no 
significant difference



118 Pertanika J. Trop. Agric. Sci. 46 (1): 107 - 128 (2023)

Zar Ni Zaw, Piyanut Musigapong, Rawee Chiarawipa, Surachart Pechkeo and Amonrat Chantanaorrapint

normal rainfall of those months. In contrast, 
the peak rainfall in December was higher 
than the average monthly rainfall normally 
experienced during the Wet II season. 
These observations indicated that although 
the rainfall was above average in the 
study period, the rain distribution was 
intermittent, especially at the beginning of 
the rainy season. However, the high monthly 
evapotranspiration rate experienced during 
the Wet I season showed that the studied 
area could have a good water cycle of the 
agroecosystem during those months.

Seasonal Abiotic Stresses. It was noticed 
that overcanopy developments of both 
rubber farms reached their highest LAIs 

when the rainfall was less in the Wet I 
season, resulting in some extent of soil water 
tensions in both farms. Marked increased 
soil water tensions were observed in the 
12-year-old rubber farm, particularly in the 
Wet I season, the beginning of the rainy 
season. However, the 25-year-old rubber 
farm had only slightly increased soil water 
tension in the Wet I season and considerably 
less in the dry season. Tan et al. (2011) found 
higher water consumption by mature rubber 
trees in the rainy season than in the dry 
season in tropical regions of China. Since 
the age of 25 years is normally considered 
the end of the economic lifespan of rubber 
farms (Saraswathyamma et al., 2000) 
because of the fewer number of productive 

Table 4
Seasonal changes in morpho-physiological traits of the Licuala spinosa Roxb. leaves under the 25-year-old 
rubber farm

Parameters Wet I Wet II Dry I Dry II F-test
Morphological traits 

LA (m2) 18.70 ab 11.72 c 24.39 a 20.74 ab **
SLA (cm2 g-1) 73.76 ab 81.64 a 74.85 ab 65.67 b *
Stomatal density (stomata mm-2) 195.56 197.00 189.71 180.62 ns
Guard cells width (µm) 19.41 ab 20.78 a 19.54 ab 16.92 b *
Guard cells length (µm) 25.01 a 24.14 a 23.52 a 18.54 b **

Physiological traits
Chl a (mg cm-2) 14.48 14.42 16.03 14.13 ns
Chl b (mg cm-2) 5.91 5.81 6.76 5.72 ns
Total Chl (mg cm-2) 20.00 19.79 22.47 19.45 ns
Car (mg cm-2) 2.98 2.92 3.30 2.91 ns
Chl a/b 2.45 4.50 2.41 2.55 ns
Chl/Car 6.11 6.76 6.80 6.61 ns
Total N (%) 1.66 1.67 1.86 1.61 ns
Nm 0.18 b 0.27 b 0.44 ab 0.62 a **
Na 0.23 b 0.47 ab 0.44 ab 0.64 a **

Note. Wet I = from July to September 2016; Wet II = from October to December 2016; Dry I = from January 
to March 2017; Dry II = from April to June 2017. *, ** = Different letters indicate statistically significant 
differences by DMRT (P ≤ 0.05, and P ≤ 0.01), and ns = no significant difference
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rubber trees that remain (Pathiratna, 
2006), the soil water consumption in latex 
production considerably decreases with low 
productivity, thus less soil water deficit. 
Lin et al. (2011) reported that the soil water 
deficit decreased with the age of rubber 
farms because the water usage activity of 
overaged rubber trees gradually reduced 
with lesser transpiration and vegetative 
growth. Since the 25-year-old rubber farm 
had less vegetative development, the farm 
received a higher light transmission than 
the 12-year-old rubber farm throughout the 
year. Pathiratna (2006) reported that older 
rubber farms over 20 years tended to have a 
lesser canopy density and received a higher 
light transmission because of fewer trees 
remaining, the longer height of the trees, 
and the self-pruning of lower branches with 
age increased. Its prolonged low LAI value 
in the dry seasons was primarily due to the 
longer its deciduous period. In general, 
an overage rubber tree is less efficient in 
nutrient translocation leading to a greater 
duration to complete the deciduous process, 
which is internal nutrient storage activity for 
the next nutrient cycle of the deciduous tree 
(Jacob et al., 2018; Y. Li et al., 2016). 

On the other hand, in the 12-year-
old rubber farm, the soil water tension 
elevated slightly with the refoliation after 
the defoliation in the deciduous process 
during the Dry I season. These observations 
confirmed that the soil water tension 
markedly increased with the development 
of the leaf area, particularly when the water 
availability was limited. 

Seasonal Variations of the Palm Leaf 
Morpho-physiological Traits under the 
Rubber Farms 

LA and SLA. In the 12-year-old rubber 
farm, when the soil water tension reached 
the highest during the Wet I season, both 
understorey palms: the Chrysalidocarpus and 
the Rhapis, reduced their leaf areas. Plants 
minimize leaf area to inhibit transpiration, 
improving water use efficiency under certain 
water deficit conditions (Chaves et al., 2003; 
Xu & Zhou, 2005).

However, in the 25-year-old rubber 
farm, both understorey palms: the Livistona 
and the Licuala, increased the LA during 
the Dry I season when a greater light 
transmission was received because 
of the overstorey defoliation. In most 
species, optimal light intensity improves 
the photosynthesis process associated 
with biomass production with vegetative 
development unless considerable abiotic 
stress exists (Feng et al., 2019).

It was noticed that the SLA of the 
Rhapis palm was observed as the smallest in 
the Dry I season when the soil water tension 
was relatively lower than the other seasons, 
whereas that of the same understorey 
palm, the Chrysalidocarpus, did not vary 
significantly between the seasons. However, 
the SLAs of the understorey palms, the 
Livistona and the Licuala, in the 25-year-old 
rubber farm reduced to the smallest values 
in the Dry II season when there was no soil 
water tension but higher light transmission 
with dryer conditions leading to a slight 
water deficit in the air.
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These different responses are consistent 
with the findings of previous studies that 
although a moderate drought increased 
the stomatal density, a severe water deficit 
decreased the stomatal density, which 
negatively correlated with the SLA (Liu et 
al., 2006; Meng et al., 1999; Xu & Zhou, 
2005). 

Stomatal Structure. The results of the 
stomatal density in the Rhapis palm 
also replicated the above finding of the 
association between the stomatal density 
and water stress intensity since the lowest 
stomatal density was found in the Wet 
I season when the soil water stress was 
significantly high. However, other palms did 
not significantly differ in stomatal density 
among the seasons. 

Variation in stomatal density results 
from anatomical modification to balance 
the stomatal conductance with adaptation to 
prevailing environmental stresses (Casson 
& Hetherington, 2010) during new leaf 
development in which the stomatal pattern 
is adjusted (Hamanishi et al., 2012; Vaten 
& Bergmann, 2012). Stomatal pores 
respond instantly to weather fluctuations 
by regulating the aperture size by adjusting 
turgor pressure in adjacent guard cells 
(Farquhar & Sharkey, 1982; Franks & 
Beerling, 2009). When a plant experiences 
a moisture deficit, a reduction in turgor 
pressure decreases the guard cell size in 
width and length, resulting in a smaller 
stomatal aperture to minimize water loss 
(Schroeder et al., 2001). This adaptative 
stomatal dynamic was found significantly 

in the Rhapis palm under the 12-year-old 
rubber tree as the guard cell size in both 
width and length enlarged, thereby the 
stomatal aperture, in the Wet II and the Dry 
I seasons when the rainfall was the highest 
with less soil water tension. In contrast, the 
guard cells become smaller in the Wet I and 
Dry II seasons once the moisture deficit is 
markedly intense. 

However,  the Chrysalidocarpus 
palm under the same rubber farm did not 
significantly alter its stomatal density and 
guard cell width except for the guard cell 
length. Thus, it indicates that the palm 
could not actively perform the anatomical 
adjustment of its stomatal traits amidst the 
water stresses on the farm.   

On the other hand, both palms under 
the 25-year-old rubber farm could adjust 
the stomatal aperture by significantly 
altering the guard cell in width and length 
by the seasons but the stomatal densities. 
The significant decreases in the width and 
length of the guard cells of both palms 
in the Dry II season contributed to the 
reduction in the stomatal pore size to lessen 
the leaf transpiration under the higher 
light transmission. Bertolino et al. (2019) 
reported that dynamic responses of the 
stomatal aperture were significant with light 
intensity variation rather than soil water 
deficit in most rainforest species. 

Photosynthetic Pigments’ Contents. Under 
the 12-year-old rubber farm, both understorey 
palms exhibited higher concentrations of 
the majority photosynthetic pigments (Chl 
a, Chl b, total Chl, and Car) per unit leaf 
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area in both wet seasons when the light 
transmission was poor with higher leaf 
area index. Typically, the photosynthesis 
process becomes less efficient with some 
decreases in the pigments under low light 
conditions (Feng et al., 2019). Shade-
tolerant plants, however, adapt to the 
low-light environment with increases 
in the concentration of the pigments to 
maintain the photosynthetic capacity (Lei & 
Lechowicz, 1997; Niinemets & Tenhunen, 
1997; T. Li et al., 2014). Furthermore, 
since these plants enhance light harvesting 
chlorophyll-protein complexes, present in 
Chl b, to improve the light-harvest function 
in response to low light conditions, the value 
of Chl a/b becomes lesser with a reduction in 
irradiance intensity of a shady environment 
(Mathur et al., 2018; Terashima & Hikosaka, 
1995). Thus, with the lesser values of the 
Chl a/b during the Wet seasons, both palms 
could approve their adaptive acclimatization 
to the low light condition under the rubber 
farm. 

It was previously reported that a 
marked increase in the value of Chl a/b 
indicated a greater intensity of stress 
mainly associated with light-harvesting 
function in the photosynthesis process but 
varied with different species, development 
stages, nutrient levels, and environmental 
conditions (Kitajima & Hogan, 2003; Feng 
et al., 2019). Furthermore, some studies have 
suggested that a value of Chl a/b more than 
three was considered stress that affects the 
photosynthetic capacity over the threshold 
level (Hartmut et al., 2007; Lichtenthaler 
et al., 1981). Thus, the values of the Chl 

a/b of the Rhapis palm higher than three 
during the dry seasons indicated that the 
palm experienced a stressful environment 
during that period. 

In addition, the widest stomatal 
opening that continued in the Dry I season 
aggravated the stress more intensely in the 
Dry I and II seasons because of the higher 
transpiration rate. At the same time, the 
surrounding water availability was limited. 
However, its lesser values of the Chl/Car of 
5.36 and 4.68 in the Dry I and II seasons, 
respectively, corresponded to the range 
observed in other acclimated plants under 
a stress condition (Hartmut et al., 2007; 
Sarijeva et al., 2007). The higher values of 
its Chl/Car ratio in the low light condition 
approved that the photosystem enhanced 
its light-harvesting complex through 
the significant increment of carotenoid 
content to balance with the light irradiance 
availability for the system (Hendry & Price, 
1993).

On the other hand, the results of 
markedly higher contents of chlorophylls 
and carotenoid pigment in the Livistona 
palm compared to the other palms in the 
study agreed with the reports of Windsor-
Collins et al. (2006) that palmate leaves 
of palms like Livistona speciosa were 
likely to change a darker color with higher 
concentrations of photosynthetic pigments 
under a low-light condition. In addition, the 
pigments of the palm were greater in the Dry 
seasons than in the Wet seasons. However, 
there were no significant variations of the 
pigments in the Licuala palm among the 
seasons.
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Fan et al. (2018) and Feng et al. (2019) 
suggested that higher chlorophyll pigment 
content under a greater irradiance was 
related to leaf thickness associated with an 
increase of leaf nitrogen content per unit dry 
mass, which is a major source of chlorophyll 
pigments, contributed by optimal light 
intensity. 

Higher values of the Chl a/b coupled 
with lower values of the Chl/Car in the Wet 
seasons and conversely, decreasing in the 
Chl a/b with increasing in the Chl/Car in the 
dry seasons reflected that the Livistona palm 
could have great adaptability to the seasonal 
irradiance variation in the understorey 
environment of the 25-year-old rubber farm. 
In addition, according to the findings by 
Hartmut et al. (2007), Lichtenthaler et al. 
(1981), and Sarijeva et al. (2007), the Chl 
a/b of less than three and the Chl/Car ratios 
of greater than six approved that there were 
no environmental stresses affected to the 
palm throughout the study period. 

Leaf Nitrogen Concentration. Regarding 
the nitrogen contents of the leaves under the 
12-year-old rubber farm, it was observed that 
they increased in both understorey palms, 
while the chlorophyll and carotenoid contents 
were at higher levels in the Wet seasons. 
Nitrogen-deficient leaves are normally 
found under stress conditions along with a 
marked reduction in chlorophyll pigments 
and leaf area together with photosynthetic 
capacity (Bojović & Marković, 2009). 
However, in contrast, a plant, which has 
greater acclimatization, allocates higher 

nitrogen concentration to leaves, thus higher 
chlorophyll pigments with larger leaf area to 
optimize the photosynthetic capacity under 
abiotic stress such as low irradiance and 
high-water deficit (Evans, 1989; Field & 
Mooney, 1986; Givnish, 1988). 

However, a positive relationship 
between the leaf nitrogen content and the 
SLA was observed only in the palm leaf of 
the Rhapis. This correlated variation was 
also reported as the acclimation response 
of a shade-tolerant plant to a low-light 
environment (Bojović & Marković, 2009; 
Wang et al., 2012). The Rhapis palm also 
exhibited a closed positive correlation 
between the leaf nitrogen content per unit 
dry mass and the SLA. A higher allocation 
of nitrogen to the photosynthetic mechanism 
of a shade-resilient plant enlarges light-
harvesting areas, which is a main limiting 
factor in the photosynthetic capacity 
(Evans, 1989; Niinemets & Tenhunen, 
1997; Terashima & Hikosaka, 1995; Wang 
et al., 2012). Although a greater correlation 
between the SLA and the leaf nitrogen 
content per unit area was reported in 
some previous studies (Cornelissen et al., 
1997; Dijkstra, 1990; Meziane & Shipley, 
2001), the current study did not observe a 
consistent relationship between them. 

Under the 25-year-old rubber farm, the 
leaf nitrogen concentration with both mass-
based and area-based varied significantly 
with the seasons in the Livistona palm and 
expressed their highest levels in the Dry I 
season when the higher light intensity with 
the low LAI due to the natural leaf deciduous 



123Pertanika J. Trop. Agric. Sci. 46 (1): 107 - 128 (2023)

Acclimatization of Palm Species to Rubber Farms’ Understorey

process. Hollinger (1989) reported that 
greater mass-based leaf nitrogen content 
was investigated in the upper layer of 
an evergreen forest, reflecting a positive 
correlation between the leaf nitrogen content 
per unit of dry mass and light intensity. 
Vincent (2001) observed that leaf nitrogen 
content associated with photosynthetic 
capacity increased with canopy openness 
until a threshold level that varied in different 
species. 

It was also noted that the mass-based leaf 
nitrogen contents of the Livistona palm were 
markedly higher than that of other palms. 
Conversely, its area-based leaf nitrogen 
contents were smaller than the others. 
They were associated with the distinctive 
morphological traits of the Livistona palm. 
Its average LA was significantly larger, and 
the SLA was smaller than the other palms. 
Thus, the leaf could be thinner and lighter 
than other leaves. With the normal nitrogen 
content of the leaf, the thin leaf led to the 
higher mass-based leaf nitrogen content, 
while the lighter leaf caused the area-based 
leaf nitrogen content to be smaller. Thus, the 
leaves were less likely to thicken during the 
Dry I season. The findings on these traits are 
consistent with a report by Loomis (1997) 
that a thin leaf had a higher mass-based 
leaf nitrogen content resulting in greater 
photosynthetic capacity. 

CONCLUSION

The study highlighted those significant 
abiotic variations with the different ages 
of the rubber farms primarily influenced 

the morpho-physiological traits of the 
understorey palms. For example, the 
12-year-old rubber farm had a marked soil 
water deficit at the beginning of the rainy 
season, while the 25-year-old rubber farm 
had a greater light transmission in the dry 
season. 

Under these abiotic variations, all 
palms could adjust the leaf area in terms 
of the morphological traits to balance the 
photosynthetic capacity. However, the 
Rhapis palm had higher acclimatization 
with significant stomatal conductance 
responses than the other palms. Regarding 
the physiological traits, except the Licuala 
palm, all palms exhibited significant 
allocation of the chlorophyll pigments and 
nitrogen content in their leaves in response 
to the different intensities of the abiotic 
stresses in the understorey of the rubber 
farms. 

Despite the study results showing the 
greater acclimatization with the adaptive 
morpho-physiological response of the 
palm leaves, it is suggested that the below-
ground interactions of the system, linked 
with the current findings, should be further 
studied for a holistic understanding of their 
coexistence. 
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ABSTRACT

Despite massive economic contributions to Malaysia, the oil palm industry faces devastating 
threats from basal stem rot (BSR) disease. An array of treatments was designed to 
evaluate the potential of biological control agents (BCAs) as a single and combination of 
applications in a greenhouse study of six months. Oil palm enzymes, phenolic content, 
and metabolite induction in BSR-diseased seedlings were also assessed in response to the 
designed treatments. In the study, seedlings treated with Trichoderma asperellum (UPM16) 
demonstrated the highest disease reduction (DR) (57.2%). Peroxidase (PO), lignin, and 
total phenolic content (TPC) were evaluated. Treatments on Ganoderma-infected seedlings 
treated with Bacillus cereus (UPM15) exhibited the highest reading in all assays. Gas 
chromatography-mass spectrometry (GC-MS) analysis profiled phenol, 4-2-aminoethyl- 
as the most abundant metabolite detected in combination treatments with B. cereus 
and T. asperellum (BT). Both BCAs complimented and demonstrated huge potential in 
mitigating BSR diseases in oil palm. However, excessive chemical application to control 

BSRs negatively impacts biodiversity and 
the human population. In view of this, 
studies on biological control are crucial in 
selecting potential BCAs to counter BSR 
sustainably. Biological control would be an 
ideal alternative as a sustainable method for 
controlling oil palm BSR disease.

Keywords:  Basal stem rot, biological control agents, 
lignin, metabolites, peroxidase, total phenolic content
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INTRODUCTION

A disease of oil palm, such as one caused 
by a genus of polypore fungi, Ganoderma 
spp., continues to cause significant yield 
reduction and losses through the collapse 
of standing palms. The most destructive 
and vital pathogen that causes basal stem 
rot (BSR) is Ganoderma boninense. This 
pathogen causes damage to up to 80% 
of palm stands when they are just about 
halfway through their economic lifespan 
(Bivi et al., 2010). Synthetic chemical 
control using hexaconazole is widely used 
when dealing with this soil-borne pathogen 
in the plantations. However, synthetic 
chemical control leads to groundwater 
pollution, evolving fungicidal resistance 
variants, and loss of non-target beneficial 
flora.

Against this background arising from 
excessive usage of chemicals, the oil palm 
industry must transform its current practices 
to more environment-friendly methods. 
Biological control agents (BCAs) could 
be the potential alternatives to chemical 
pesticides. Several potential BCAs, 
including Trichoderma spp. (Nusaibah et 
al., 2017; Sariah et al., 2005), and Bacillus 
spp. (Nusaibah et al., 2017) have shown 
their efficacy in inhibiting G. boninense’s 
growth and subsequently reducing infection. 
In justification, BCA generally occupies the 
rhizosphere of the soil profile and produces 
almost no toxic residues as opposed to 
chemicals (Ashbolt et al., 2013). 

The present study was conducted to 
assess and evaluate BSR disease suppression 
in the presence of both BCAs applied as pre-

treatments prior to G. boninense inoculation. 
Literature has it that a pathogen attack or 
the presence of an elicitor triggered various 
plant protective mechanisms specially 
developed to counteract the invasion of a 
pathogen causing an infection (Małolepsza 
& Różalska, 2005). Furthermore, several 
studies suggested that plant polymers, 
such as lignin and suberin, played a direct 
role in the breakdown of the pathogen 
cell wall (Treutter, 2006; Usall et al., 
2000). Furthermore, Surekha et al. (2013) 
published those phenolic compounds act 
as antimicrobials, growth interceptors of 
pathogens, trigger plant defence genes, and 
structural barriers. Therefore, it is empirical 
to explore the effects of BCAs, such as B. 
cereus and T. asperellum, on their role in the 
heightening of oil palm defence mechanisms 
against G. boninense infection via enzymes, 
phenolic content, and metabolites.

MATERIALS AND METHODS

Plant Materials 

The present study used three months old 
commercial oil palm seedlings (dura × 
pisifera). Before transplanting, a 3 : 2 : 1 soil 
mixture of topsoil, peat moss, and sand was 
made and sterilised in an autoclave for 30 
minutes at 121°C and 100 kPa pressure at 
Laboratory of Biological Control , Department 
of Plant Protection, Faculty of Agriculture, 
Universiti Putra Malaysia (UPM).  

Ganoderma boninense Artificial 
Inoculation

Artificial inoculation of G. boninense 
(UPM13) was carried out following the 
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dip, place, and drench (DPD) technique as 
described by Nusaibah et al. (2017). The 
seedlings were irrigated twice daily at 9 
a.m. and 6 p.m. throughout the treatment. 
Commercial Nitrogen : Phosphorus : 
Potassium (N : P : K) (15 : 15 : 15) fertiliser 
(10 g per polybag) was applied at monthly 
intervals.

Inoculum of Microbes

Trichoderma asperellum isolate and Bacillus 
cereus bacterium was isolated from BSR-
infested oil palm plantation soil. These 
microbes were identified using a universal 
internal transcribed spacer (ITS) primer 
set and 16S barcoding, respectively, and 
morphological identification in a previous 
study (Nusaibah et al., 2017; Syafiq et al., 
2021). Bacillus cereus inoculum suspension 
was prepared using 48-hour grown culture 
on nutrient agar (NA). The concentration 
prepared was 108 colony-forming units (cfu) 
mL-1 (Zaiton et al., 2008). In addition, a 150 
mL B. cereus suspension was administered 
to the seedlings 14 days before artificial 
inoculation with G. boninense inoculum by 
drenching the soil following a pre-designed 
treatment, as presented in Table 1. 

Three days after the artificial inoculation 
of the seedlings with G. boninense, the 
application of B. cereus was made as a 
booster dose. Minor adjustments were made 
to Izzati and Abdullah’s (2008) instructions 
while preparing the conidial suspension of T. 
asperellum. 

Whatman® Grade 1 filter paper was 
used in place of muslin fabric. Trichoderma 
asperellum conidia were obtained from an 
inoculum cultured on potato dextrose agar 
(PDA) for seven days. After pipetting an 
aliquot of 10 mL sterile distilled water onto 
a PDA plate, the conidia were gently pushed 
with an L-shaped glass rod. The mixture was 
then passed via filter paper to eliminate the 
mycelial debris. The filtrate was diluted to 
a volume of 1 L using distilled water. The 
range of 107 conidia mL-1 was specified for 
conidia counts. Fourteen (14) days before 
G. boninense artificial inoculation, 250 mL 
of freshly prepared T. asperellum conidial 
suspension was applied to the seedlings via 
the drenching technique. Following five 
days of artificially inoculating the oil palm 
seedlings with G. boninense, a booster dose of 
T. asperellum was applied with a concentration 
similar to that of the initial treatment.

Table 1
Treatment design for greenhouse study

Treatment Description
T1 (BT) Plant + Trichoderma asperellum + Bacillus cereus
T2 (T) Plant + Trichoderma asperellum
T3 (B) Plant + Bacillus cereus
T4 (G) Plant + Ganoderma boninense
T5 (BTG) Plant + Ganoderma boninense + Bacillus cereus + Trichoderma asperellum
T6 (TG) Plant + Ganoderma boninense + Trichoderma asperellum
T7 (BG) Plant + Ganoderma boninense + Bacillus cereus
T8 (NC) Plant (Untreated negative control)
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Double-Sealed Plate Assay

Various studies have indicated that microbial 
volatile organic compounds (MVOCs) can 
stimulate plant growth and actively restrain 
fungal growth (Weisskopf, 2013). With 
a few minor adjustments, Gotor-Vila et 
al. (2017) technique was used to conduct 
the double-plate assay. The assay was to 
determine the antifungal effects of MVOCs 
emitted by B. cereus and T. asperellum on 
the growth of G. boninense. A 3-day-old 
B. cereus culture previously cultivated on 
NA was placed facing a PDA plate with 
a 5 mm G. boninense mycelium plug 
incubated  into the plate’s centre without 
a cover. The plates were parafilm-sealed 
and maintained at room temperature for 12 
days. The conditions used in the test were: 
B. cereus culture as the base plate and G. 
boninense culture as the top plate. Seven 
replication was prepared for this assay. NA 
plates without B. cereus culture served as 
the control treatment. The diameter of G. 
boninense mycelium growth was recorded 
in millimetres after 12 days of incubation. A 
similar procedure was repeated using 7-day-
old T. asperellum culture grown on PDA.

Experimental Design and Statistical 
Analysis

Table 1 displays the treatment design for the 
current trial. The greenhouse experiment 
was conducted using a randomised 
complete block design (RCBD) with eight 
treatments and twelve replications. All oil 
palm seedlings in the polythene bags were 
arranged on eight benches in a randomised 

manner. Every bench would be a block. 
Block factors, such as light, temperature, 
and moisture conditions that could affect the 
response variable were under contemplation. 
The area under the disease progress curve 
(AUDPC) was used to calculate disease 
reduction (DR). All the disease incidences 
and severity were arcsine transformed 
(Gomez & Gomez, 1984).

Disease Progress Assessment 

The disease incidence (DI) is the proportion 
of seedlings with leaves that are chlorotic 
and necrotic, whether they have basidiocarps 
(Idris et al., 2006).

Equation 1:

Disease 
incidence =

Number of 
seedlings infected

× 100
Total number of 

seedlings assessed

A decrease in the DI compared to the 
control measures how well a treatment 
suppresses a disease. In addition, a disease 
progression curve was created using the data 
to assess the treatments’ effectiveness. 

The following formula from Shaner 
and Finney (1977) was used to determine 
the AUDPC: 

Equation 2:

AUDPC = (yi + yi+1)/2(ti + 1 + ti)

whereby: 
	 n = Number of assessment time
	 y = Disease incidence (DI) 
	 t = Time (months) after inoculation
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The efficacy of treatments in disease 
reduction (DR) was calculated using the 
following formula:

Equation 3:

Disease 
reduction 
(DR)

=

AUDPC positive 
control – AUDPC 

treatment × 100%

AUDPC positive 
control

The following Tarig et al. (1998) formula 
was used to determine the percentage of 
disease severity (DS) in the root tissues, 
and the severity scale was assessed by the 
severity index of Breton et al. (2006) (Table 
2):

Equation 4:

DS (%) =

Σ (Number of 
seedlings in the scale × 

Severity scale)
× 100

Total number of 
seedlings assessed × 

Highest scale

Data on disease incidence and disease 
severity were analysed by one-way Analysis 
of Variance (ANOVA). Mean values were 
compared by least significant difference 
(LSD) test (P ≤ 0.05). 

Establishment of Basal Stem Rot 
Disease and Biological Control 
Treatments 

Scanning electron microscope (SEM) was 
used to examine the disease establishment 
via colonisation of the G. boninense pathogen 
and the BCAs on the roots of seedlings after 
one month of inoculation. SEM sample 
preparation was done following in-house 
procedures of the Microscopy Unit, Institute 
of Bioscience (IBS), UPM.

Enzyme Assay

Total Peroxidase (PO) Assay. Enzyme 
extract was created using, with some 
modifications, Samatha et al. (2012)’s 
methods. Approximately 1 g of the root 
was harvested during destructive sampling 
and subsequently immersed in liquid 
nitrogen. As soon as possible, the sample 
was homogenised in 2 mL of cold, 0.05 

Table 2
The scale used for scoring disease (G. boninense) 
severity index based on rotten root tissues of UPM13 
seedlings

Scale Symptoms
0 Healthy, no internal rot
1 20% rotting of tissues
2 20% to 50% rotting of tissues
3 >50% rotting of tissues
4 >90% rotting of tissues

Source: Breton et al. (2006)

mol L-1 sodium phosphate buffer (pH 
5) that had been adjusted with 5 mL of 
polyvinyl pyrrolidone (PVP) (Sigma-
Aldrich, USA). The semi-solid mixture 
underwent a 20-minute, 18,922 × g 
centrifugation at 4°C. An aliquot of 200 
μL of the supernatant was extracted. Three 
millilitres of a reaction mixture containing 
0.1 mmol L-1 sodium acetate buffer (pH 6), 
1 mmol L-1 H2O2 (3%, v/v), and 0.1 mmol 
L-1 o-methoxyphenol (guiacol) (Acros 
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Organics, USA) was prepared. The reaction 
mixture was mixed well with the previously 
removed supernatant and then left to sit at 
room temperature for 2 min. The mixture’s 
absorbance was read at 470 nm with a 
spectrophotometer (Thermo Scientific 
Multiskan Go, Thermo Fisher Scientific, 
Finland). The reaction mixture was used to 
prepare blanks instead of the supernatant. 
Change in absorbance min-1g-1 protein was 
used to express PO activity (Kokkinakis & 
Brooks, 1979).

Data on enzyme concentration and 
activity were analysed by one-way ANOVA. 
Mean values were compared by Tukey’s 
Studentized Range (HSD) Test at 5% level 
of significance.

Lignin Assay. One gram of frozen root from 
a damaging sample was dissolved in 5 mL of 
absolute methanol (Merck Schuchardt OHG, 
Hohenbrunn, Germany) for 48 hours (in four 
changes of methanol) (Doster & Bostock, 
1988). After the root tissue samples were 
pulverised, 50 mL of them were put into an 
Eppendorf tube with 0.1 mL of thioglycolic 
acid and 0.9 millilitres of 2 N hydrochloric 
acid (HCl) (J.T. Baker®, USA) The samples 
were then heated for 4 hours in a water bath 
based on the method proposed by Bruce and 
West (1989) with some modification where 
the temperature of the water was reduced 
from 100°C to 95°C. Following cooling to 
room temperature, the heated sample test 
tubes underwent a 5-minute, 13902 × g 
centrifugation. Distilled water was used to 
clean the residue that had been collected. 
Finally, the samples were re-centrifuged 
to obtain the pellet. About 1 mL of 0.5 

N sodium hydroxide (NaOH) (Systerm 
Chemicals, Malaysia) was added to the 
pellet tubes. The samples were incubated 
overnight at 28ºC and were later centrifuged. 
A 1 mL of concentrated HCl (37%) (Avantor 
Performance Materials, USA) was added to 
the resulting supernatant, centrifuged, and 
washed with distilled water. A solution of 
1 N NaOH (Systerm Chemicals, Malaysia) 
in 1 mL was used to dissolve the pellet. 
After mixing 25 mL of the aliquot with 1 
mL of 0.5 N NaOH (Systerm Chemicals, 
Malaysia), the results were read at 280 
nm using Thermo Scientific Multiskan Go 
(ThermoFisher Scientific, Finland) (Dean 
& Kuc, 1987).

Total Phenolic Content (TPC) Analysis

The Folin-Ciocalteu colourimetric method 
was employed to determine the total phenolic 
content (TPC) (Singleton et al., 1999). The 
absorbance was measured at 725 nm using 
methanol as the blank and gallic acid as the 
reference standard. Gallic acid equivalents 
(GAE) were used to express the results.

Extraction of Metabolites for GC-MS (Gas 
Chromatography-Mass Spectrometry) 
Analysis. For metabolite profiling, the 
sample extraction method followed the 
procedure of Nusaibah et al. (2016) with 
some modifications. An amount of 1 g 
of oil palm leaf sample from the selected 
treatment was harvested, washed with sterile 
distilled water, ground in liquid nitrogen, 
and then transferred into a Falcon tube. A 5 
mL methanol liquid chromatography grade 
(Merck, Germany) was added, and the 
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tube was vortexed to fully mix the sample. 
Subsequently, the mixture was stored for 
48 hours at 4°C. The mixture was filtered 
through a 0.4 μm nylon syringe filter 
following an incubation period of roughly 
40 hours. The compounds collected were 
evaporated at 38oC on a rotary evaporator 
until dry. An aliquot of 1 mL of methanol 
was added to the dried sample, syringe-
filtered again, and transferred into a glass 
insert placed in an amber vial before 
subjecting it to GC-MS analysis. 

Untargeted Metabolite Profiling of 
Treated Oil Palm Seedling Leaves. Based 
on the modified and improved approach of 
Fiehn (2002) and Nusaibah et al. (2016), 
GC-MS analysis was carried out at the 
Halal Product Research Institute, UPM. 
A DB5 capillary column (30 m long, 
0.25 mm I.D. 155, and a 0.25 µm 5 % 
phenyl methylpolysiloxane column with an 
additional 10 m integrated guard column 
were used for chromatography). Agilent 
(USA) autosampler for GC (7890A) and 
MS (5975C) was equipped with a standard 
10 µL injection needle. In a splitless mode, 
2 µL of each sample was injected. 

The column was heated to 180°C for 5 
min, 180-260°C for 3 min, 260-280°C for 
2 min, and lastly, 280°C for 5 min, with 
the injector temperature at 280°C and the 
detector temperature at 290°C. The carrier 
gas was helium, flowing at a rate of 0.7 mL 
min-1. Following are the MS operational 
parameters: Ionisation potential of 70 eV, 
quadrupole temperature of 100°C, ion 
source temperature of 290°C, solvent delay 

of 7 min, the scan rate of 2000 amu sec-1, 
the scan range of 30-600 amu, and EV 
voltage of 3000 V. Six biological replicates 
were run for each treatment and subjected 
to multivariate analysis. GC-MS results 
were run through the MetaboAnalyst 4.0 
software (Canada, 2019) and based on the 
multivariate analysis method, specifically 
Partial Least Squares – Discriminant 
Analysis (PLS-DA). Metabolites detected 
from all treatments were discriminated in 
importance features analysis (Figures 5 
and 6). Ten metabolites with the highest 
concentration were selected to help narrow 
down the result. The Variable Importance 
in Projection (VIP) scores estimate the 
importance of each variable in the projection 
used in a PLS model. A variable with a VIP 
Score close to or greater than one can be 
considered important in given model.

RESULTS 

Double-Sealed Plate Test

The mycelial growth inhibition rate of 
pathogenic G. boninense in a double-plate 
test indicated the effectiveness of MVOCs 
produced by the BCA isolates. Figure 1 
shows the mycelial growth of G. boninense 
when treated with B. cereus isolate, recorded 
after 12 days of incubation. This study 
showed that B. cereus could produce 
MVOCs that effectively inhibited mycelial 
growth with a mean of 51.3 mm compared 
to the control plates (85.0 mm). However, 
results for the T. asperellum assay failed 
to be recorded due to the overgrowth of T. 
asperellum mycelium on the surface of G. 
boninense culture plates.
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Figure 2. The visual appearance of basal stem rot establishment via artificial inoculation by dip, place, and 
drench (DPD) technique. (A) G. boninense inoculated roots from treatment G; (B) G. boninense uninoculated 
roots served as control; (C) showing external disease symptoms resulting from G. boninense inoculation; (D) 
showing no external disease symptoms observed on control palm

(A)

(B)

(C) (D)

Figure 1. Growth inhibition of Ganoderma boninense (UPM13) by volatile compound emitted by Bacillus 
cereus (A) compared to the control plate (B)

(A) (B)

Basal Stem Rot (BSR) Disease 
Assessment

The impact of treatments on disease 
suppression in oil palm seedlings was 
investigated during a 6-month greenhouse 

trial. Figure 2 presents visible proof of 
disease establishment in terms of root (A 
and B) and aerial parts (C and D). The 
percentage of DI was recorded and shown 
in Table 3. Data on DI recorded those 
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seedlings treated with a consortium or 
single treatment gave a lower percentage 
of DI after six months. At 3 months after 
inoculation (MAI), untreated Ganoderma-
infected seedlings demonstrated the first 
DI at 25% infection, while the remaining 
treatments displayed DI at 4 to 5 MAI. 
At 6 MAI, the lowest DI was recorded in 
combination treatment (BTG) with 81.3%, 
followed by single treatments of B. cereus 
(87.5%) and T. asperellum (93.8%). 

Based on methods developed by Breton 
et al. (2006), the DS on oil palm seedling 
root tissues was recorded after 6 MAI. 
Single treatment of T. asperellum (TG) 
recorded the lowest root DS at 50%, 
followed by consortium treatment (BTG) at 
63%. Untreated Ganoderma-infected plants 
(G) gave the highest root DS at 84%.

Table 4 shows AUDPC and percentages 
of DR. Disease reduction was calculated 
using AUDPC values and the DR formula 
as described in Equation 3. Single treatment 
of T. asperellum gave the highest DR with 
57.2%, followed by the consortium and 
single treatments of B. cereus, with both 
giving 50% DR. 

Table 3
Percentages of disease incidence in oil palm seedlings following inoculation with UPM13 (G. boninense)

Treatment
Disease incidence (%)*

3 MAI** 4 MAI 5 MAI 6 MAI
Ganoderma boninense (G) 25a 50b 93.8d 100d

Bacillus cereus + Trichoderma asperellum + Ganoderma 
boninense (BTG)

0 31.3a 56.3b 81.3d

Bacillus cereus + Ganoderma boninense (BG) 0 37.5a 68.8c 87.5d

Trichoderma asperellum + Ganoderma boninense (TG) 0 43.8b 81.3d 93.8d

* Means with the same letter in the same column are not significantly different by least significant difference 
(LSD) at P ≤ 0.05, (n = 6)
** MAI = Months after inoculation with G. boninense

Table 4
The effects of biological control agents on the 
progression of basal stem rot disease in oil palm 
seedlings based on the severity of the root infection 
following a 6-month artificial infection with G. 
boninense 

Treatment AUDPC1 DR2

Plant + Ganoderma 
boninense

263 -

Plant + Trichoderma 
asperellum + Bacillus cereus

131 50

Plant + Trichoderma 
asperellum

112 57.2

Plant + Bacillus cereus 131 50

Note. 1AUDPC = Area under disease progress curve; 
2DR = Disease reduction

Pathogen and BCA Colonization in 
Inoculated Oil Palm Roots

SEM image of root samples showed that 
BCAs and G. boninense had successfully 
colonised the root tissues, as depicted in 
Figures 3 and 4. Figure 3A demonstrates 
activities in the Ganoderma-infected 
seedling treated with a single application 
of B. cereus where G. boninense colonised 
the roots and B. cereus cells colonising G. 
boninense hypha. 

In Ganoderma-inoculated seedlings 
treated with a single application of T. 
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Bacillus cereus rod in shape cells 
colonizing G. boninense hypha

Ganoderma boninense hyphae colonizing 
primary roots

Trichoderma asperellum hyphae colonizing 
G. boninense hyphae and primary roots

Ganoderma boninense hyphae with the 
presence of clamp connection colonizing 
primary roots

Figure 4. Oil palm seedling roots pre-inoculated with a mixture of Bacillus cereus and Trichoderma asperellum 
(C) infected with G. boninense and (D) non-infected with G. boninense. Roots were harvested after eight weeks 
of incubation

Figure 3. Oil palm seedling roots pre-inoculated with (A) Bacillus cereus (B) Trichoderma asperellum that 
were infected with G. boninense, and harvested after eight weeks of incubation

asperellum, the hyphae (of T. asperellum) 
were observed colonising G. boninense 
hyphae and the primary roots (Figure 3B). 
In Figure 4C, both BCAs were observed 

colonising the oil palm roots in a manner 
observed in the combination treatment. 
Bacillus cereus cells were also observed on 
G. boninense hyphae (Figure 4D).
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Enzyme Assay

Peroxidase Assay. Treatment with BG 
recorded the highest peroxidase (PO) activity 
with a value of 0.2601 unit-1min-1g, followed 
by treatment BTG with 0.2278 unit-1min-1g 
(Figure 5). Generally, all treatments treated 
with B. cereus (BT, B, BTG, and BG) 
yielded higher PO activities than untreated 
treatments (T, G, TG, and NC).

Lignin Assay. Figure 6 demonstrates that 
treatments T, BG, and NC recorded the 
highest lignin concentration with 10, 10.4, 
and 10.3 mg L-1, respectively. Conversely, 
treatment G gave the lowest lignin 
concentration at 5.4 mg L-1 compared to 
other treatments. The lignin concentrations 
derived from a standard curve of lignin are 
presented in Figure 7.   

Figure 5. Induction of peroxidase activity in oil palm seedling roots treated with biological control agents. 
Values are means of five replications, and differences between means are separated by Tukey’s studentised 
range (HSD) test at a 5% level of significance

Note.
BT = Plant + Trichoderma asperellum 
+ Bacillus cereus
BTG = Plant + Ganoderma boninense 
+ Bacillus cereus + Trichoderma 
asperellum
T = Plant + Trichoderma asperellum
TG = Plant + Ganoderma boninense 
+ Trichoderma asperellum
B = Plant + Bacillus cereus	
BG = Plant + Ganoderma boninense 
+ Bacillus cereus
G = Plant + Ganoderma boninense                 
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control)   

0.3

0.25

0.2

0.15

0.1

0.05

0
BT           T           B          G         BTG       TG         BG        NC

Pe
ro

xi
da

se
 a

ct
iv

ity
 (u

ni
t m

in
–1

 g
–1

 F
W

)

Figure 6. Oil palm lignin concentrations following effects of biological control agents. Values are means of 
three replications, and differences between means are separated by Tukey’s studentised range (HSD) test at 
a 5% level of significance
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Total Phenolic Content (TPC). The 
present study recorded high TPC extracted 
from oil palm roots in all treatments except 
for the consortium treatment, which was 
not infected with G. boninense (BT, as 
well as the untreated Ganoderma-infected 
treatment (G) (Figure 8). Ganoderma-

infected seedlings treated with B. cereus 
(BG) gave the highest TPC (34.88 mg L-1), 
followed by seedlings treated with B. cereus 
(B) (34.15 mg L-1). Seedlings treated with 
consortium treatment (BT) gave the lowest 
TPC derived from the gallic acid standard 
curve shown in Figure 9. 

Figure 7. Standard curve of lignin with absorbance measured at 280 nm

Treatments:
1. Plant + Trichoderma asperellum 
+ Bacillus cereus	
2. Plant + Trichoderma asperellum	
3. Plant + Bacillus cereus	
4. Plant + Ganoderma boninense	
5. Plant + Ganoderma boninense 
+ Bacillus cereus + Trichoderma 
asperellum
6. Plant + Ganoderma boninense + 
Trichoderma asperellum
7. Plant + Ganoderma boninense + 
Bacillus cereus
8. Plant (Untreated negative 
control)  

Figure 8. Total phenolic content of oil palm seedling roots following effects of treatments. Values are means 
of three replications, and differences between means are separated by Tukey’s Studentized Range (HSD) Test 
at a 5% level of significance
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Metabolite Profiling of Oil Palm Leave 
Extracts Treated with BCAs

For multivariate analysis, specifically 
partial least squares-discriminant analysis 
(PLS-DA), GC-MS findings were profiled 
and examined using MetaboAnalyst 4.0 
software. Metabolites detected from all 
treatments were discriminated in the 
importance features analysis (Figure 
10). Ten metabolites with the highest 
concentration were selected to narrow down 
the findings. Each variable’s importance in 
the projection employed in a PLS model was 
estimated using the variable importance in 
projection (VIP) scores. In the presented 
model, a variable with a VIP score closer to 
one or higher can be regarded as essential 
(Gottfried, 2009). Based on VIP scores 
obtained, treatments BT and T produced 
three similar metabolites in relatively high 
concentrations, which were identified as 
phenol, 4-2-aminoethyl- (2.7-fold change), 
benzofuran, 2,3-dihydro- (2.4-fold change), 

and 9, 12, 15-octadecatrienoic acid (2.3-
fold change). Treatments with BG and NC 
also had noticeable similarities in terms 
of metabolites profiled. They produced 
acetic acid, aminooxy-(2.7-fold-change), 
2-furancarboxaldehyde, 5-hydroxymethyl- 
(2.3-fold change), and methyl 11, 14, 
17-eicosatrienoate (1.9-fold change). The 
list of major metabolites detected in the 
leaves of treated seedlings and their potential 
bioactivity are presented in Table 5.

DISCUSSION

In recent years, studies on BCAs as an 
alternative method in plant protection 
have indicated positive results regardless 
of a single treatment or a combination of 
treatments (Hermosa et al., 2013; Nusaibah 
et al., 2017). The present study evaluated the 
ability to reduce BSR disease severity by B. 
cereus and T. asperellum  in a greenhouse 
after positive outcomes were recorded in 
vitro.  

Figure 9. Standard curve of gallic acid with absorbance measured at 725 nm

Concentration (mg L–1)
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The double-sealed plate method was 
used to determine the antifungal effects 
of MVOCs emitted by BCAs. Generally, 
MVOCs consist of various lower molecular 
weight lipophilic compounds that were 
naturally mixed. These compounds are by-
products produced by microorganisms as 
part of their metabolism (Di Francesco et al., 
2016; Mari et al., 2016). The study showed 
that B. cereus could produce MVOCs 
inhibiting G. boninense mycelial growth. 
The results were in line with Alexander et 
al. (2015), who observed that Bacillus spp. 
could suppress G. boninense growth in vitro.  

In analysing disease suppression in the 
presence of both endophytes against BSR 
disease, the DPD technique (Nusaibah et al., 
2017) was adopted. Since this technique is 

relatively new, SEM was used to determine 
disease establishment and efficacy of BCA 
treatment. The images observed through 
SEM effectively showed BSR disease 
establishment and successful BCA treatment 
on the roots of inoculated seedlings. 
Furthermore, the findings supported a study 
by Nusaibah et al. (2017), which concluded 
that the DPD technique could be considered 
an efficient technique in disease verification 
since G. boninense displayed vegetative 
growth with hyphae as the main mode 
of vegetative growth (Naher et al., 2014; 
Sundram et al., 2011). 

BSR disease suppression was also 
assessed at a nursery trial. Both BCAs tested 
in the current study demonstrated efficacy 
in reducing BSR disease severity of oil 

Figure 10. The importance features analysis of metabolites detected in the treatments. Coloured boxes on the 
right indicate relative concentrations of the corresponding metabolite in each group under study
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Table 5
Major metabolites detected in oil palm leaves and their potential bioactivities

Treatment Metabolite Synonyms Activity / Reference
BT Phenol, 4-2-aminoethyl- Tyramin

Tyramine
Tyrosamine

Antimicrobial (Campos et 
al., 2014)

Chloroacetic acid, 
2,2-dimethylpropyl ester

Chloro-acetic acid neopentyl ester
2,2-dimethylpropyl 2-chloroacetate
neopentyl 2-chloroacetate

T Benzofuran, 2,3-dihydro- Coumaran
Dihydrobenzofuran
Dihydrocoumarone

Antifungal (Richardson et 
al., 2015),
insecticidal activity 
(Huang et al., 2009)

B 9,12,15-Octadecatrienoic 
acid, Z, Z, Z-

α-linolenic acid
Industrene 120

Antibacterial (Huang & 
Ebersole, 2010),
antifungal (Walters et al., 
2004)

TG N-aminomorpholine 4-aminomorpholine
4-morpholinamine

BG Acetic acid, aminooxy- Aminooxyacetate
Aminooxyacetic acid
Carboxymethoxyamine

Antifungal (Giorgio et al., 
2015)

Methyl 
11,14,17-eicosatrienoate

Methyl 11,14,17-icosatrienoate
Methyl icosa-11,14,17-trienoate

Propanamide Propionamide
Propylamide
Propionic amide
Propionimidic acid

Antimicrobial (Ölgen et 
al., 2008)

NC 2-furancarboxaldehyde, 
5-hydroxymethyl-

2-furaldehyde, 5-(hydroxymethyl)-
5-oxymethylfurfurole
2-hydroxymethyl-5-furfural

Antifungal (Subramenium 
et al., 2018)

1,3-propanediol, 2-ethyl-
2-hydroxymethyl-

Ethriol
Ethyltrimethylolmethane
Etriol

Treatments: BT = Plant + Trichoderma asperellum + 
Bacillus cereus
B = Plant + Bacillus cereus
BG = Plant + Ganoderma boninense + 
Bacillus cereus

T = Plant + Trichoderma asperellum
TG = Plant + Ganoderma boninense + 
Trichoderma asperellum
NC = Plant (Untreated negative control)

palm based on data recorded in DS and DR 
analysis. Single treatment of T. asperellum, 
with 50% DS and 57.2% DR, was more 
efficient in disease suppression compared 
to both single and combination treatments 
of B. cereus. Several studies have also 

indicated that T. asperellum could suppress 
several plant diseases (Bailey et al., 2008; 
Musa et al., 2018). According to Yang et al. 
(2011), Trichoderma spp. were shown to be 
effective soil inhabitants and root colonisers. 
However, the consortium treatment used in 
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this study still demonstrated better DR and 
lower DS to seedling roots compared to a 
single treatment of B. cereus. 

Plant enzymes, such as PO and 
polyphenol oxidase (PPO), assist the 
formation of lignin and oxidative phenols 
that involve plant defence mechanisms 
against the pathogen (Avdiushko et al., 
1993). The present study observed that 
seedlings treated with a single treatment 
of B. cereus recorded the highest PO 
enzyme activity. All treatments involving 
B. cereus, regardless of single application or 
combination, gave better PO enzyme activity 
than those without B. cereus. Parallel to the 
present study, Ramarathnam et al. (2011) 
observed that enzyme activity for strain 
B. cereus was higher than other treatments 
when inoculated with the pathogen. A study 
by Halfeld-Vieira et al. (2006) reported 
that leaf tissues exposed to B. cereus and 
inoculated with Pseudomonas syringae as 
a pathogen in tomatoes exhibited higher 
PO enzyme activities compared to other 
treatments. These studies confirmed that 
B. cereus efficiently induced PO enzyme 
activities. 

Variables, such as the availability of 
sunlight and pathogen infection, have been 
reported to influence lignin content in plants 
(Xu et al., 2011). High levels of root lignin 
were a means of limiting fungal infection 
(Bennett et al., 2015). In their studies, 
lignin assays recorded that Ganoderma-
infected seedlings treated with B. cereus 
(BG), seedlings treated with T. asperellum 
(T), and negative control (NC) yielded the 
highest lignin with no significant difference 

from each other. The data supported findings 
recorded on vegetative growth in the present 
study, where combination treatment and 
seedlings treated with B. cereus contributed 
higher root weight than the other treatments. 
Ganoderma-infected seedlings gave the 
lowest lignin accumulation. Adaskaveg et 
al. (1991) concluded that white rot fungi, 
such as Ganoderma spp., degraded wood 
components, especially lignin, making 
plants more susceptible to pathogens. 

Epidemiological data by Hu and Kitts 
(2001) suggested that phenolic acid has 
strong inhibitory activity on oxidation 
induced by peroxyl radicals. According 
to Nikraftar et al.  (2013), phenolic 
compounds in plants and the synthesis of 
those compounds in response to infection 
were linked to plant resistance. The present 
study also demonstrated that Ganoderma-
infected seedlings treated with B. cereus 
yielded the highest TPC, followed by 
disease-free seedlings treated with B. cereus. 
These results matched those observed in an 
earlier study by Baydar et al. (2004), who 
confirmed that phenolics were the most 
important compound active against bacteria 
and explained the induction of TPC in 
seedlings treated with B. cereus. Endophytic 
B. cereus could have triggered the palms to 
produce TPC higher than the basal level as 
a defence tool against proteins synthesised 
by the bacterium. Seedlings treated with a 
combination of treatments contributed the 
lowest reading in TPC. It could be due to 
no virulent factors detected by the palm 
and endophytic Trichoderma spp. played a 
symbiotic role in plant-pathogen interaction. 
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Trichoderma asperellum had colonised the 
palm roots over B. cereus, as was seen in 
previous SEM observation. 

Based  on  the  GC-MS ana lys i s 
of extracted oil palm leaves, phenol 
4-2-aminoethyl- (syn: tyramine) was 
detected in treatment BT. Like any other 
biogenic amine, tyramines are mainly 
produced due to microbial enzymes or 
tissue bioactivity that causes certain 
amino acids to undergo an enzymatic 
decarboxylation process (Halász et al., 
1994). Tyramine is the key enzyme that 
helps the production of hydroxycinnamic 
acid amides (HCAA) (Campos et al., 
2014). HCAA strengthens a plant’s cell 
walls, thus creating a barrier against 
microbial degradation (Hagel & Facchini, 
2005). HCAA could also act directly as an 
antimicrobial agent. Newman et al. (2001) 
published that coumaroyltyramine (CT) and 
feruloyltyramine (FT) accumulated in pepper 
plants infected with the bacterial pathogen 
Xanthomonas campestris demonstrated 
antibacterial activity. FT extracted from 
Allium roots had been recorded to exhibit 
antifungal activity (Fattorusso et al., 
1999). This study also detected acetic acid 
production in treatment with BG. Acetic acid 
(syn: aminooxyacetic acid, AOA) is known 
for its flavouring and preservative properties 
against microorganisms in various food 
products. It is also a natural compound 
throughout the biosphere (Alawlaqi & 
Alharbi, 2014). An in vitro study by Giorgio 
et al. (2015) observed that acetic acid could 
reduce mycelium growth arising from 
fungal plugs of Sclerotinia sclerotiorum. 

The 2, 3‐dihydrobenzofuran (DHB) 
skeleton is reportedly widespread in many 
natural products and biologically active 
molecules (Katritzky & Rees, 1984). 
Derivatives of benzofurans are sometimes 
discovered as metabolites of fungi, including 
endophytes of trees (Richardson et al., 2015). 
Several DHB products have been reported to 
have antioxidant, cytoprotective properties, 
and insecticidal activity (Z. Huang et al., 
2009). In a study by Richardson et al. (2015), 
several benzofuran products were found to 
have antifungal properties and successfully 
reduced the growth of Microbotryum 
violaceum. Jang et al. (2006) also found that 
a dihydrobenzofuran derivative, awajanoran, 
exhibited antimicrobial activities against 5 
strains.

Subramenium et al. (2018) studied 
5-hydroxymethyl-2-furaldehyde (5HM2F) 
and found it to have antibiofilm and 
antivirulence activities against Candida 
albicans, pathogenic yeast. Based on the 
antifungal susceptibility testing results, 
the combination of antifungal and 5HM2F 
was more effective than a single antifungal 
treatment in reducing C. albicans biofilm. 
Chen et al. (2014) also discovered that 
5HM2F and its derivatives extracted from 
the plant displayed antioxidant activity 
when tested in the laboratory. Furthermore, 
it was revealed that 5HM2F was naturally 
found in several plants (Lin et al., 2008), 
honey (Coco et al., 1996), and heat-treated 
food products (Almeida et al., 2009). 

According to Burr and Burr (1930), 9, 
12, 15-octadecatrienoic acid, Z, Z, Z- (syn: 
α-linolenic acid, ALA) is a polyunsaturated 
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fatty acid and is one of two human essential 
fatty acids. In vitro studies have shown that 
α-linolenic acid has been reported to have 
antibacterial activities against several oral 
pathogens such as C. albicans, Streptococcus 
mutans, and Porphyromonas gingivalis (C. 
B. Huang & Ebersole, 2010). In addition, 
Walters et al. (2004) reported that ALA 
demonstrated antifungal activities against 
mycelial growth of plant pathogenic fungi, 
namely, Crinipellis pernicosa, Pyrenophora 
avanae, Pythium ultimum, and Rhizoctonia 
solani. These findings suggested that ALA 
could play an important role in the search for 
alternative methods for controlling crucial 
plant pathogens. 

CONCLUSION

The primary purpose of this study was 
to determine the contribution of BCA 
application on oil palm defence mechanism 
against  G. boninense  infect ion via 
greenhouse trial. Based on the results 
obtained, treatments positively impacted 
BSR disease suppression. PO enzyme 
act iv i ty,  l ignin  content ,  TPC,  and 
metabolites in BSR-diseased seedlings 
were affected in response to B. cereus 
and T. asperellum treatments. Treatments 
involving B. cereus, regardless of single 
application or combination, recorded 
enhanced PO activity. The present study 
showed that B. cereus induced the palms to 
produce more PO and TPC. Lignin assay 
showed that Ganoderma-infected seedlings 
treated with B. cereus, seedlings treated 
with T. asperellum, and negative control 
all produced the highest reading of lignin 

with no significant difference between 
them. The GC-MS analysis revealed that 
two metabolites with antifungal properties, 
phenol, and 4-2-aminoethyl, were the 
most abundant metabolite detected in the 
combination treatment, followed by acetic 
acid in the infected seedlings treated with 
B. cereus. Therefore, it could be concluded 
that treatments with a single or consortium 
of T. asperellum and B. cereus upregulated 
the oil palm defence mechanism against G. 
boninense infection. To further strengthen 
and support the outcome of this study, a field 
trial should be conducted using the currently 
designed treatments on palms still at the 
early stages of BSR infection.
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ABSTRACT

Fishmeal is widely accepted as a protein source in fish feed formulation, making it a 
highly demanded ingredient, and this has probably contributed to its increased cost. 

Cheaper protein sources of plant and 
animal origin have been tested as potential 
replacements for fishmeal to reduce feed 
costs in fish production and guarantee 
a suitable nutrient supply for adequate 
growth. Therefore, this review assessed the 
effect of replacing fishmeal in the diet of 
African catfish, Clarias gariepinus based 
on empirical findings. Using a systematic 
literature review protocol, an extensive 
search of five databases resulted in the 
final inclusion of 32 articles for appraisal 
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and meta-analysis. Fishmeal replacements 
were at levels ranging from 7–100%, while 
fish survival rate and feed conversion ratio 
recorded non-significant effects of fishmeal 
replacement (p > 0.05). However, final 
weight, weight gain, specific growth rate, 
and protein efficiency ratio revealed a 
significant effect of fishmeal replacement 
(p < 0.05) in the diet of African catfish. 
Our overall analyses suggest that feed 
ingredients such as microalgae and insects/
worms are potentially perfect replacements 
for fishmeal. 

Keywords: African catfish, alternative protein, 
aquaculture, fish growth, food security, nutrient 
utilization

INTRODUCTION

Over the years, aquaculture has increasingly 
contributed to the overall production of 
food fish, making it an essential practice 
that can help reduce hunger and improve 
food security in line with the United 
Nations’ Sustainable Development Goals. 
A significant proportion of the costs 
involved in farmed fish production is 
related to feeds and feeding because of the 
high cost of protein-rich ingredients like 
fishmeal (Ansari et al., 2021; Tilami et al., 
2020; Wan et al., 2019). Like fish species, 
feed ingredients differ in their nutritional 
characteristics and possible inclusion and 
replacement levels (Adeyemi et al., 2020). 
Therefore, the protein content, amino 
acid profile, and digestibility of the feed 
ingredients will influence their inclusion for 
replacement, making it crucial to ensure that 
the ingredients used for feed formulation 

possess the required nutrients for adequate 
growth and utilization by the fish species. 

Being a source of protein, which is 
highly-priced, fishmeal is regarded as an 
essential ingredient in the diet of carnivorous 
and omnivorous aquatic organisms, mainly 
fishes (Alhazzaa et al., 2019; Olsen & 
Hasan, 2012). Consequently, efforts have 
been made to replace fishmeal partially or 
wholly with alternative protein sources in 
the diet of fish species. These efforts have 
sought to achieve similar or better output 
like fishmeal at a reduced cost (Adewolu et 
al., 2010; Ojewole et al., 2022; Raji et al., 
2018; Taufek et al., 2016a).

Scientists must develop new strategies 
to provide the required amounts of high-
quality protein to meet the growing demand 
(Boland et al., 2013). More so, a potentially 
viable feed component to replace fishmeal 
in aquafeeds must be at a reasonable cost, 
readily available, and simple to handle, 
transport, store, and use in feed production 
(Musyoka et al., 2019). Furthermore, high 
protein content, good amino acid profile, 
low-fat content, and excellent nutrient 
digestibility are some of the required 
characteristics (Luthada-Raswiswi et al., 
2021). 

Protein sources of plant and animal 
origin have been used in different fish 
species to replace fishmeal. In some cases, 
the growth, nutrient utilization, and other 
information such as enzyme activity and 
hematological parameters have been 
compared for fish (Huda et al., 2020; Kim 
et al., 2021; Lawal et al., 2017; Pongpet 
et al., 2016; Tippayadara et al., 2021; 
Wang et al., 2018; Zheng et al., 2012) and 
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shellfish (Moniruzzaman et al., 2020). 
Aside from fishmeal, several alternative 
feed ingredients, such as those of animal 
protein origin, insects, land animal by-
products, fisheries by-products, worms, and 
plant-based protein sources, including algae 
such as Chlorella and spirulina, have been 
evaluated as feed ingredients in both fresh 
and marine water fish production (Ansari 
et al., 2021; Raji et al., 2018, 2019; Saleh, 
2020).

Fishmeal has been totally or partially 
replaced in species’ diets, such as tilapia 
Oreochromis niloticus (Abarra et al., 2017; 
Arunlertaree & Moolthongnoi, 2008; 
Djissou et al., 2019; Yousif et al., 2019), 
Atlantic salmon Salmo salar (Belghit et 
al., 2019), rose snapper Lutjanus guttatus 
(Hernández et al., 2014), snakehead Channa 
argus (Yu et al., 2015), and Russian sturgeon 
Acipenser gueldenstaedtii (Gong et al., 
2016), among other species. Novriadi et al. 
(2017) performed a meta-analysis of fishmeal 
replacement with soybean meal. However, 
the African catfish Clarias gariepinus 
was not captured in the analysis. Luthada-
Raswiswi et al. (2021) systematically 
reviewed and meta-analyzed the substitution 
of fishmeal by animal protein sources in 
aquaculture diets with valuable information 
about an array of fish species in whose diets 
fishmeal was replaced. Unfortunately, the 
study was not structured to assess individual 
fish species in-depth.

African catfish is an economically 
important fish species extensively cultured 
in various parts of the world. Especially 
in the tropics, due to its ability to accept 

a wide variety of feed, breed in captivity, 
grow fast, tolerate high stocking density, 
and resist common diseases (Abdel-Warith 
et al., 2019; Musa et al., 2021; Tahir et al., 
2021). Fishes belonging to the genus Clarias 
are among the significant fish species 
produced worldwide, where approximately 
2.3% of the world’s catfish farming has 
contributed to total fish production (Food 
and Agriculture Organization of the United 
Nations [FAO], 2020). Efforts geared 
towards the further increase in its production 
through a reduction in the cost of feeding, 
its sustainability, and efficiency by using 
cheap but highly nutritious and sustainable 
ingredients are, therefore, outstanding 
contributions to food security around the 
globe. However, despite previous efforts, 
information regarding the performance 
of African catfish fed with diets where 
fishmeal was replaced partially or entirely 
remains scattered in the literature, making 
it challenging to identify the alternative 
feed ingredients with the best potential 
for growth and nutrient utilization of 
this species. Therefore, this study aims 
to systematically review existing studies 
regarding the replacement of fishmeal in 
the diet of African catfish. Besides, a meta-
analysis to compare the recommended 
replacement levels of diets against the 
control was also conducted.

More specific information on these 
alternative protein sources may reduce 
feeding costs, increase growth and nutrient 
utilization parameters, and, therefore, add to 
the profits of fish farmers. Besides, there is a 
potential contribution of such information to 



156 Pertanika J. Trop. Agric. Sci. 46 (1): 153 - 176 (2023)

Abdulwakil Olawale Saba, Kafayat Adetoun Fakoya, Isa Olalekan Elegbede, Zakariyyah Olayiwola Amoo, Rasheed Olatunji Moruf, Musa 
Adamu Ibrahim, Taiwo Hassan Akere, Abdulrahman Muhammad Dadile, Morenike Adunni Adewolu, Akinloye Emmanuel Ojewole and 

Mohammad Noor Azmai Amal

increased production of African catfish and 
fish food from the aquaculture sector due to 
efficient growth and nutrient utilization by 
the fish species. The successful replacement 
of fish meals in the diet of African catfish 
with cheaper yet nutritive alternatives can 
boost its production. This inclusion will 
improve aquaculture’s contribution to food 
and nutrition security across the globe. 

MATERIALS AND METHODS

Database Search and Screening

A search of databases, such as Scopus 
(https://www.scopus.com/), ScienceDirect 
(https://www.sciencedirect.com/), ProQuest 
(https://www.proquest.com/), and Wiley 
Online Library (https://onlinelibrary.wiley.
com/), was conducted in addition to a search 
of the Google Scholar (https://scholar.
google.com/) database. The following 
terms or phrases were used: “fishmeal 
replacement in “Clarias gariepinus”, 
“fishmeal alternative in Clarias gariepinus”, 
and “fishmeal substitution in Clarias 
gariepinus”. The search was not limited 
to any time duration. From the databases, 
results produced for each search were 
exported as comma-separated values (CSV), 
research information systems (RIS), or 
text (txt) files to Rayyan QCRI (Qatar 
Computing Research Institute) software 
(Disner et al., 2021; Ouzzani et al., 2016). 
Rayyan is a free online tool for academics 
working on systematic review methodology 
and meta-analysis projects. Rayyan is one 
of several software products developed by 
QCRI, a creative and imaginative body 

of the Qatar Foundation for Education, 
Science, and Community Development, 
akin to the United States Department of 
Education in many aspects. Users may 
contribute citations and full-text articles as 
part of a single review, create several review 
projects, and even collaborate on publicly 
available projects using Rayyan (Johnson 
& Philips, 2018). 

Duplicates were removed, after which 
articles were included or excluded based 
on title and abstract screening using 
predetermined criteria. Next, the first 500 
publications from the Google Scholar search 
were screened for inclusion (Algera et al., 
2020). Finally, the included articles were 
all downloaded for full-text screening. 
Studies included in the review were those 
published between the years 2010 and 2021 
and reported at least three of the following: 
survival rate, growth parameters: final 
weight (FW), mean weight gain (MWG), 
and specific growth rate (SGR); nutrient 
utilization parameters: feed conversion 
ratio (FCR) and protein efficiency ratio 
(PER). Studies in which there were either 
no replicates, did not have a design directly 
related to the replacement of fishmeal, or 
did not provide clear information regarding 
the percentage replacement of fishmeal were 
excluded. For continuous data analysis, 
those with zero standard deviation (SD) 
values are not estimable and were excluded 
from the study. At the same time, data with 
the same percentage survival for the control 
and experimental groups are also non-
estimable and, therefore, excluded. 
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Statistical Analysis

Microsoft Office Excel 2016 (Microsoft 
Inc., USA) was used to compute descriptive 
information about the included studies, 
while meta-analyses were conducted using 
Review Manager (RevMan) version 5.3 
software for narrative synthesis. The primary 
outcome of this study was the performance 
of fish fed a fish meal-replaced diet in terms 
of growth and nutrient utilization. The odds 
ratio (OR) with 95% confidence intervals 
(CIs) for dichotomous data and standardized 
mean difference (SMD) with 95% CIs for 
continuous data were used to determine the 
relationship between fishmeal replacement 
and survival level. The forest plot was 
used to show pooled estimates. When the 
outcomes were not accessible, missing data 
were entirely random. In some cases, one 
study reported replacing fishmeal with more 

than one alternative ingredient, and these 
were treated individually, although with the 
same information for the control.

RESULTS

Database Search and Screening

A search of five databases yielded 2,562 
individual records, with 2,021 articles 
remaining after duplicates were removed 
(Figure 1).  After t i t le and abstract 
screening, 112 articles were left for full-text 
screening. Seventy-four (74) publications 
were deleted from full-text screening for 
various reasons, including non-reportage 
of pertinent data, while six were excluded 
during data extraction. There were no more 
publications for data extraction after the 
full-text screening of grey literature sources 
from online searches.

Figure 1. Flowchart of the database searched, screened, and included studies prepared using the PRISMA 
Flow Diagram Generator by Toronto Health Economics and Technology Assessment Collaboration (http://
prisma.thetacollaborative.ca/) 

Scopus Anytime 
till 2021

66 citations

ScienceDirect 
Anytime till 2021

410 citations

ProQuest
Anytime till 2021

768 citations

Wiley Online Library
Anytime till 2021

818 citations

Google Scholar
Anytime till 2021

500 citations

2,021 non-duplicate citations screened

Inlcusion/exclusion 
criteria applied

112 articles retrieved

Inlcusion/exclusion 
criteria applied

32 articles retrieved

1,909 articles excluded 
after title/abstract screen

74 articles excluded after 
full text screen

6 articles excluded during 
data extraction
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Feed Ingredients and Recommended 
Replacement Levels

The included articles identified three main 
categories (animal products, insects/worms, 
and plant products) of protein sources used 
to replace fish meals in the diet of African 
catfish. The “animal products” being the 
first category include blood meal, poultry 
by-products, fish viscera, and shrimp heads. 
Various insects, including palm grub, palm 
weevil, black soldier fly, grasshopper, 
cricket meal, and worms, such as mopane 
and earthworm, were grouped under the 
second category, “insets/worms”. Finally, 
the third category, or “plant products”, 

consisted of spirulina, Chlorella, velvet 
bean, corn gluten, moringa leaf, marine 
seaweed, Bambara nut, and sweet lupin 
meal. The recommended replacement 
levels were 10–100% for insects/worms 
(with the highest recommended levels 
recorded for earthworm and maggot meal 
mix and cricket meal), while plant products 
had recommended replacement levels 
ranging from 10–75% (with the highest 
recommended levels recorded for spirulina 
and Chlorella). Generally, the feeding trial 
experiments ranged from 35 to 86 days, 
mostly feeding two times a day at 2.5–10% 
of fish body weight (Table 1).

Table 1 
Summary of studies that assessed fishmeal replacement in the diet of African catfish using animal products, 
insects/worms, and algae/plants

RRL 
(%)

D 
(days)

FF (times/
day)

FP 
(%BW) NF NR Study

Animal products
Cow blood meal 7.0 51 2 5 15 3 Ogunji et al. (2020) 
Donkey blood meal 7.0 51 3 5 15 3 Ogunji et al. (2020) 
Fish visceral meal 30.0 56 2 5 15 3 Jimoh et al. (2021)
Poultry offal meal 50.0 84 NS 5 10 3 Mamoon et al. (2018)
Blood and rumen 
blend

25.0 70 2 4 10 2 Lawal et al. (2017)

Blood meal and 
bovine rumen blend

50.0 86 2 5 12 2 Adewole et al. (2014)

Poultry offal meal 30.0 70 3 5 10 3 Falaye et al. (2011)
Snail offal meal 50.0 70 2 5 20 3 Okanlawon and Oladipupo 

(2010)
A mix of chicken 
feather and maggot

50.0 56 2 3 10 3 Adewolu et al. (2010)

Shrimp head meal 20.0 84 2 4 20 3 Nwanna et al. (2004)
Insect/worms
Palm weevil meal 100.0 70 2 5 20 3 Agbanimu et al. (2020)
Black soldier fly meal 50.0 35 3 6 25 3 Huda et al. (2020)
Black soldier fly meal 50.0 42 2 AL 30 3 Adeoye et al. (2020)
Cricket meal 100.0 56 2 5-10 15 3 Taufek et al. (2018)
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Survival, Growth, and Nutrient 
Utilization Parameters

Of the 32 included studies, 14, 28, 26, 31, 
26, and 24 cases reported the survival rate, 
final weight, mean weight gain, specific 
growth rate, feed conversion ratio, and 
protein efficiency ratio, respectively, for 
both control and experimental groups of 
African catfish. The percentage survival of 
African catfish from the studies assessed 
recorded a mean of 89.40±5.30%. This 
value ranges from 77.78% to 100.0% for 
the control and 94.02±6.87%, ranging from 

77.78% to 100.0% for the recommended 
replacement group. The final weights 
recorded a mean of 57.70 ± 93.59 g, ranging 
from 3.43 to 361.89 g for the control group, 
and 64.29 ± 97.97 g, ranging from 5.22 to 
374.08 g for the recommended replacement 
group. Weight gain was at a mean of 60.85 
± 111.07 g, ranging from 1.31 to 413.82 g 
for the control group, and 82.43 ± 174.37 
g, ranging from 1.55 to 819.05 g for the 
recommended replacement group. SGR 
recorded a mean of 2.06 ± 1.13 g, ranging 
from 0.06 to 5.48 g for the control group, 

RRL 
(%)

D 
(days)

FF (times/
day)

FP 
(%BW) NF NR Study

Earthworm and 
maggot meal mix

100.0 42 3 5 50 3 Arnauld et al. (2016)

Earthworm meal 70.0 84 2 5 20 3 Monebi and Ugwumba (2016)
Cricket meal 75.0 49 2 AL 10 3 Taufek et al. (2016)
Variegated 
grasshopper meal

25.0 56 2 5 10 3 Alegbeleye et al. (2012)

Mopame worm meal 10.0 51 2 AL 100 3 Rapatsa and Moyo (2019)
Algae/plants
Spirulina 68.5 56 2 4 10 3 Raji et al. (2019)
Chlorella 69.4 56 3 4 10 3 Raji et al. (2019)
Sweet lupin 50.0 63 3 5 10 3 Yalew et al. (2019)
Spirulina 75.0 84 2 2 15 3 Raji et al. (2018) 
Chlorella 75.0 84 2 2 15 3 Raji et al. (2018) 
Fenugreek seed meal 18.0 60 2 AL 30 3 Sheikhlar et al. (2018)
Corn gluten meal 50.0 70 2 NS 10 3 Adebayo and Obe (2017)
Moringa 15.0 56 2 5 10 2 Idowu et al. (2017)
Moringa leaf meal 10.0 56 2 5 10 3 Ezekiel et al. (2016)
Marine seaweed 10.0 70 2 3 15 3 Al-Asgah et al. (2016)
Bambara nut meal 75.0 56 NS 3 20 2 Orire et al. (2015)
Velvet bean 10.0 70 2 5 50 2 Aderolu et al. (2009)
Processed flamboyant 
meal

40.0 70 2 5 20 2 Adesina and Agbatan (2021)

Note. RRL (%) = Recommended replacement level in percentage; D = Duration of days; FF = Feeding 
frequency in times/day; FP = Feeding pattern in % body weight; NF = Number of fish per tank; NR = Number 
of replicates; AL = Ad libitum; NS = Not state

Table 1 (continue)
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and 2.20 ± 1.17 g, ranging from 0.46 to 
4.97 g for the recommended replacement 
group. FCR recorded a mean of 1.67 ± 0.80, 
ranging from 0.50 to 3.62 for the control 
group. At the same time, the mean FCR 
for the recommended replacement group 
was 1.54 ± 0.80 ranging from 0.50 to 4.18. 
Finally, a mean of 2.66 ± 4.74 was recorded 
for PER, ranging from 0.17 to 24.27 for the 
control group. Likewise, the recommended 
replacement group had a mean of 2.85 ± 
4.70, ranging from 0.32 to 24.16.

Meta-Analysis 

Analysis of the data gleaned from included 
studies was generally conducted for survival 
rate (1,448 samples), final weight (2,768 
samples), weight gain (2,578 samples), 
SGR (3,548 samples), FCR (3,108 samples), 
and PER (3,108 samples). The outcome of 
the dichotomous analysis for survival rate 
revealed a non-significant effect of fishmeal 
replacement (OR = 1.28, 95% CI 0.86 to 
1.89; p > 0.05; I2 = 0%) (Figure 2). Analyses 

of continuous data revealed that final weight 
(SMD = 5.43; 95% CI -2.72 to -1.45; p < 
0.001; I2 = 99%) (Figure 3), weight gain 
(SMD = 5.59; 95% CI 4.08 to 7.10; p < 
0.001; I2 = 99%) (Figure 4), SGR (SMD = 
1.59; 95% CI 0.54 to 2.63; p = 0.003; I2 = 
99%) (Figure 5), and PER (SMD = 2.54; 
95% CI 1.68 to 3.40; p < 0.001; I2 = 99%) 
(Figure 6) revealed the significant effect of 
fishmeal replacement, while FCR (SMD 
= -0.24; 95% CI -0.21 to 0.81; p = 0.61; 
I2 = 99%) (Figure 7) establishing a non-
significant overall effect of fish replacement 
in the diet of African catfish.

Analyses of continuous data for animal 
products revealed significant effects for the 
final weight (SMD = 4.86; 95% CI 1.73 to 
7.99; p = 0.002; I2 = 99%) and weight gain 
(SMD = 3.07; 95% CI 1.07 to 5.07; p = 
0.003; I2 = 99%), and non-significant effect 
for SGR (SMD = -0.14; 95% CI -1.64 to 
1.36; p = 0.86; I2 = 99%) under the growth 
parameters. For the nutrient utilization 
parameters, a significant effect was recorded 

Figure 2. Forest plot of survival levels from different studies with recommended fishmeal replacement levels
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Figure 3. Forest plot of final weight from different studies with recommended fishmeal replacement levels

Figure 4. Forest plot showing the effect size for weight gain from different studies with recommended 
fishmeal replacement levels
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Figure 5. Forest plot of specific growth rates from different studies with recommended fishmeal replacement 
levels

Figure 6. Forest plot of feed conversion ratio from different studies with recommended fishmeal replacement 
levels
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for PER (SMD = 1.75; 95% CI 0.12 to 3.39; 
p = 0.04; I2 = 99%), while a non-significant 
effect was recorded for FCR (SMD = -0.69; 
95% CI -2.00 to 0.63; p = 0.31; I2 = 98%) 
(Supplementary materials 1–2).

Analyses of continuous data for insects/
worms revealed significant effects for the 
final weight (SMD = 5.74; 95% CI 1.60 to 
9.88; p = 0.007; I2 = 99%) and weight gain 
(SMD = 9.23; 95% CI 4.45 to 14.00; p < 
0.001; I2 = 99%), and non-significant effect 
for SGR (SMD = 0.32; 95% CI -9.03 to 
-8.01; p = 0.86; I2 = 100%) under the growth 
parameters. For the nutrient utilization 
parameters, a significant effect was recorded 
for PER (SMD = 1.50; 95% CI 0.32 to 2.67; 
p = 0.01; I2 = 99%), while a non-significant 
effect was recorded for FCR (SMD = -1.16; 
95% CI -2.67 to 0.35; p = 0.13; I2 = 98%) 
(Supplementary materials 3–4).

Analyses of continuous data for algae/
plants revealed significant effects for the 
final weight (SMD = 6.14; 95% CI 4.11 
to 8.16; p < 0.001; I2 = 99%), weight gain 
(SMD = 7.42; 95% CI 4.69 to 10.15; p < 
0.001; I2 = 99%), and specific growth rate 
(SMD = 2.16; 95% CI 1.30 to 3.03; p < 
0.001; I2 = 97%). For the nutrient utilization 
parameters, a significant effect was recorded 
for FCR (SMD = -1.69; 95% CI -2.64 to 
0.76; p < 0.001; I2 = 97%) and PER (SMD 
= 5.22; 95% CI 3.19 to 7.25; p < 0.13; I2 = 
99%) (Supplementary materials 5-6).

DISCUSSION

To assess the potential of partially or wholly 
replacing fishmeal in the diet of an important 
aquaculture species, the African catfish, this 
review systematically selected and analyzed 

Figure 7. Forest plot of protein efficiency ratio from different studies with recommended fishmeal replacement 
level
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previous research publications based on 
predetermined criteria. The focus on African 
catfish was to provide specific information 
regarding the performance of various 
alternative protein sources. Consequently, 
this review considered not only a higher 
number of studies but individuals of African 
catfish for the analyses of growth and 
nutrient utilization parameters compared to 
Luthada-Raswiswi et al. (2021). The latter 
reviewed the replacement of fish meal in 
various fish species. 

The highest recommended fishmeal 
replacement level for animal products in the 
diet of African catfish did not exceed 50% 
for a blood meal and bovine rumen blend. 
The lowest was as low as 7% for bloodmeal, 
as opposed to insects/worms and plant 
products, which replaced as much as 75 to 
100% of fishmeal at recommended levels. 
The limitation of using purely blood-based 
ingredients in the diet of African catfish is 
established due to the decline experienced 
with an increase in blood meal inclusion 
(Ogunji et al., 2020). Like its level of 
inclusion in the diet of African catfish, 
blood meal had been reportedly included 
at 6% to 10% in the diets of grouper 
Epinephelus coioides (Martins & Guzman, 
1994), juvenile trout Oncorhynchus mykiss 
(Martins & Guzman, 1994), and gilthead sea 
bream Sparus aurata (Luzier et al., 1995). 

Apar t  f rom Bambara  nu tmea l , 
spirulina, and Chlorella recorded the 
highest recommended replacement level 
in the algae/plant category and are the 
only algal taxa reported in the included 
studies. The performance and potential of 

algal species in the sustainable production 
of fish, especially African catfish, is 
revealed, making further research on the 
characteristics of this group of organisms 
quintessential. Microalgae have a high 
amount of protein with digestible amino acid 
profiles. Thus, they are equivalent to those 
found in other foods, such as antioxidants, 
sulfated polysaccharides, polyunsaturated 
fatty acids, β-carotene, and sterols (Raji 
et al., 2020; Reyes-Becerril et al., 2013). 
Sarker et al. (2020) reported the possibility 
of eliminating fish meal from the diet of 
Nile tilapia by replacing it with a microalgae 
blend. As a result, better protein quality, 
growth, and nutrient utilization parameters 
were reported. Besides, using microalgae 
could also help guarantee adherence to 
sustainability standards as it would reduce 
the dependence on wild fish, which are 
facing depletion due to overexploitation 
(Shah et al., 2018). Microalgae have also 
been noted to possess nutrient stability 
over a long period. For example, frozen 
microalgae-based aquafeed maintained 
stability for about nine months (Camacho-
Rodríguez et al., 2018). 

I do  e t  a l .  ( 2019 )  r epo r t ed  an 
improvement in growth performance and 
disease resistance of red sea bream Pagrus 
major when fishmeal was replaced with 
a yellow mealworm in its diet. However, 
according to Tilami et al. (2020), despite 
the potential for replacement of fish meal, 
some insects, such as house cricket Acheta 
domesticus and super worm Zophobas 
morio, in the diet of perch Perca fluviatilis 
negatively influenced its growth parameters. 
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The inclusion of insects may not give similar 
positive results in the diet of all fish species, 
indicating the need for more species-
specific consideration in terms of insect 
inclusion. Insects are rich in amino acids, 
lipids, vitamins, and minerals (Pinotti et al., 
2019). Also, their reproduction requires no 
arable land, energy, or water making their 
ecological footprint insignificant (Oonincx 
& de Boer, 2012). They have more natural 
reproduction with a faster development rate 
and convert low-quality organic materials 
into high-value proteins (Sánchez-Muros 
et al., 2014). Antifungal and antibacterial 
activities have also been reported for many 
insects, thereby improving the shelf-life of 
feeds containing them (Henry et al., 2015). 
However, the use of insects is not without 
limitations, such as low concentrations of 
sulfur-containing amino acids and varying 
nutritional value, depending on the species, 
stage of development, and substrate used to 
feed the insect.

Aqua feeds that result from the mixture 
of feed ingredients of different types may 
present a superior performance in the growth 
and nutrient utilization of African catfish and 
other fresh and marine water fish species. 
For example, the highest replacement level 
recorded in this review was achieved with 
a diet that stemmed from a mixture of two 
different animal products. This situation 
points to the possibility of achieving 
higher performance with blended animal 
products. More so, replacing fishmeal with 
insects/worms in the diet of African catfish 
appears to present the highest possible 
recommended replacement level. Again, one 

of the ingredients that recorded the highest 
possible recommended replacement level 
was blended earthworm and maggot meal, 
corroborating the possibility of recording 
better results when ingredients are blended 
or mixed to replace fishmeal as protein 
sources in fish species (Djissou et al., 2016). 

Except for FCR, the experimental 
groups’ growth and nutrient utilization 
parameters were higher at the recommended 
fish meal replacement levels. From this 
result, it could be deduced that fishmeal 
replacement at prescribed levels is 
undoubtedly more beneficial for African 
catfish growth and nutrient utilization. 
This situation is in line with the findings 
of Luthada-Raswiswi et al. (2021). They 
reported statistically significant differences 
in growth and nutrient utilization parameters 
based on a review of various fish species 
when the fish meal in their feeds was 
replaced. This review provides important 
information on the value of replacing 
fishmeal with other nutritive yet cheaper 
protein sources. 

Meta-analysis  corroborated the 
descriptive information and depicted 
the significant association between the 
recommended replacement levels versus 
growth and nutrient utilization parameters. 
Aside from survival level and FCR, all other 
parameters generally recorded a significant 
effect of fishmeal replacement. Again, it 
could be deduced that fishmeal replacement 
at prescribed levels is undoubtedly more 
beneficial for African catfish growth and 
nutrient utilization. As opposed to other 
categories, all the growth and nutrient 
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utilization parameters in the algae/plant 
category revealed a significant effect of fish 
meal replacement. Feed ingredients of plant 
origin, especially the microalgae followed 
by insects/worms, need to be researched in 
greater detail for African catfish and many 
other aquaculture species of commercial 
importance. 

Generally, the level of heterogeneity 
in the included studies was high. The 
size, inclusion levels, and recommended 
protein levels were reported, which are the 
likely reasons our meta-analysis indicated 
heterogeneity in studies. Despite the 
heterogeneity observed, these animal 
protein sources have positively affected 
FCR, SGR, final weight, and survival of 
different fish species of varying size groups.

CONCLUSION 

Based on their  s ignif icant  general 
effects on African catfish’s growth and 
nutrient utilization parameters at higher 
recommended inclusion levels, feed 
ingredients of plant origin, especially the 
microalgae followed by insects/worms, are 
highly promising. Therefore, they need to 
be researched in greater detail for African 
catfish and many other aquaculture species 
of commercial importance. In addition, 
mixing ingredients at tested proportions 
to replace fishmeal may produce a better 
outcome. However, compared to single 
components usage for replacement, there 
seems to be a shortage of research in this 
regard. Therefore, systematic reviews and 
meta-analyses of studies regarding replacing 
fish meals with other protein sources should 

be approached more specifically on a species 
basis. This analysis will provide greater 
insights and guidance toward increasing fish 
production at reduced costs and contributing 
to global food security.
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ABSTRACT 

The genus of Striga spp., particularly Striga hermonthica, is an obligate root-hemiparasitic 
weed. Striga affects 25 African countries annually and is considered a major biotic threat 
to food security. This obnoxious weed species has been managed using various control 
strategies. However, the strategies have not been highly effective due to the complexity of 
the Striga life cycle and special interactions with its host. Biological control, considered 

a safer and ‘greener’ alternative, has drawn 
attention due to numerous reports on the 
potential of biological agents, including 
insects and microorganisms, to control 
Striga. Although researchers agree on the 
importance of the biocontrol approach as 
one of the alternative eco-friendly methods 
to manage Striga spp., the decreasing 
effectiveness of some biocontrol agents 
when introduced into new environments, in 
addition to requirements before and during 



Nadia Yasseen Osman, Muhammad Saiful Hamdani,
Siti Nurbaya Oslan, Dzarifah Mohamed Zulperi and Noor Baity Saidi

178 Pertanika J. Trop. Agri. Sci. 46 (1): 177 - 195 (2023)

the application, restricts the application 
of biological control on a large scale 
until today. This review focuses on the 
current knowledge of control strategies to 
manage Striga, emphasizing the biological 
control method. The challenges that limit 
the application of biological control to 
manage Striga on a broader scale are also 
highlighted. 

Keywords: African agriculture, bio-protection, crop, 

microorganisms, parasitic weed

INTRODUCTION

Parasitic plants are a type of plant that attacks 
another plant to get all or part of nutrients 
and water (Samejima & Sugimoto, 2018). 
Moreover, parasitism among plants is one of 
the relationships that usually occurs among a 
considerable number of terrestrial plants. For 
example, more than 4,500 flowering plant 
species have parasitic behavior on other 
plants with wide distribution in different 
habitats. Consequently, various criteria 
have been used to classify the parasitic 
plants, including the site of attachment with 
a host, photosynthetic ability, and degree 
of dependency on the host plant (Erdogan, 
2021; Joel et al., 2013). 

Parasitic plants are morphologically 
distinct and range in size from diminutive 
herbaceous plants, generally known as 
weeds, to large trees. Among the parasitic 
plant families, the Orobanchaceae family 
has received great attention as it includes 
members of parasitic weeds that can cause 
severe damage to economic and cash crops 

leading to a critical agriculture problem 
of global food security (Joel et al., 2013; 
Okazawa et al., 2021). Witchweed (Striga 
spp.) and broomrape (Orobanche and 
Phelipanche spp.) are obligate root parasitic 
weeds that belong to the Orobanchaceae 
family (Clarke et al., 2019). The Striga genus 
comprises more than 35 species, including 
the two most widespread and economically 
important species, Striga hermonthica (Del.) 
Benth and Striga asiatica (L.) Kuntze. Both 
species parasitize sorghum, pearl millet, 
maize, and rice (Mutuku et al., 2021). 

Striga hermonthica is considered 
the most serious biotic threat to cereal 
agriculture, particularly in developing 
countries (De Groote et al. ,  2008). 
The species affected the lives of more 
than 100 million people in Africa and 
caused economic damage, equivalent to 
approximately 1 billion USD per year 
(Labrada, 2008; Teka, 2014; Waruru, 2013). 
Furthermore, grain yield losses can reach 
100% in susceptible cultivars under a high 
infestation level and drought conditions 
(Haussmann et al., 2000). 

Biological control of Striga weed is a 
promising field with notable successes, as 
there are many reports on the potential of 
using various microorganisms to reduce 
damage caused by Striga. However, special 
consideration must be put in place to avoid 
unintended effects on the host plant due to 
the intimate relationship between Striga and 
the host plant. Therefore, rigorous testing 
and validation are necessary to evaluate 
their efficacy and reliability for Striga 
control (Hasan et al., 2021; Neondo et al., 
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2017; Nzioki et al., 2016). Furthermore, 
a combination of compatible biocontrol 
agents with divergent modes of action is 
likely to yield better results than a single 
biocontrol agent (Neondo et al., 2017; 
Nzioki et al., 2016). In this review, the 
current state of knowledge on the biological 
control strategies to manage Striga, the 
mechanisms of control, and the obstacles 
that limit its application are described on a 
wider scale. 

BIOLOGY AND LIFE CYCLE OF 
STRIGA SPP.

Striga spp. are annual root hemiparasitic 
plants that can produce an incredibly huge 
number of seeds per plant (up to 100,000 
seeds plant-1) with high fecundity where 
it remains viable for more than 15 years, 
leading to a rapid increase in the seed bank 
(Samejima & Sugimoto, 2018; Teka, 2014). 
Striga spp. is characterized by a complex 
life cycle that initiates simultaneously 
with the life cycle of its host. The life 
cycle starts with germination, haustoria 
formation attachment, penetration, the 
establishment of vascular connections, 
the accretion of nutrients, flowering, and 
finally, the production of seeds (Cardoso et 
al., 2011; David et al., 2022). The distinct 
phases of the life cycles of both plants are 
harmonized through a signaling process 
before Striga sets new seeds (Figure 1). 
Before germination, Striga seeds must 
undergo a conditioning stage, which involves 
exposure to a sufficient temperature and high 
humidity conditions for two weeks to break 
seed dormancy and become responsive 

to germination stimulants (Cardoso et al., 
2011). After the seeds germinate, germ tubes 
are produced and grown chemotropically 
toward the host root. Then radicals attach to 
the host root and form haustoria in response 
to the haustoria-inducing factor. An adhesive 
structure develops during the attachment 
phase to cement the parasite to the host 
surface. The haustorium then penetrates the 
root cortex of potential hosts and continues 
to connect with the xylem of the host plant. 
During the attachment phase, the parasite 
remains subterranean for several weeks and 
withdraws all the nutrients from the host 
plant before appearing above ground. 

The Role of Strigolactones in the Striga 
Life Cycle 

Soil deterioration correlates with Striga 
infestation via the increased production 
of secondary metabolites by the host plant 
in response to the poor soil condition that 
induces germination of the parasites (Jamil 
et al., 2014). The secondary metabolites, 
identified as strigolactones (SLs), which 
are abundantly present in mycotrophic plant 
roots, exudate in poor soil to help establish 
symbiotic interaction with mycorrhiza in 
the soil (Boari et al., 2016). SLs are also 
vital for the germination of Striga and 
other parasitic weeds. The first SLs to be 
characterized is strigol, isolated from cotton 
root, a trap host species (Aquino et al., 2021; 
Reigosa et al., 2006). Another established 
role for SLs is regulating root and shoot 
architecture based on phosphate availability. 
In a sufficient amount of phosphate, SLs 
inhibit lateral root formation, while in a 
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phosphate-limited environment, they can 
promote lateral root primordia formation 
(Xie et al., 2010). In addition to the effects 
on organ growth and development, SLs 
also affect plant metabolism through the 
biosynthesis of organic acids (Gamir et al., 
2020). Previous research has confirmed that 
using nitrogen and phosphorus to improve 
soil fertility decreases SLs exudate and 
reduces Striga germination (Jamil et al., 
2014; Mwangangi et al., 2021). Other than 
SLs, Striga seeds can also germinate in 
response to other compounds produced by 
plant roots, such as dihydrosorogoleone, 
kinetin, coumarin, jasmonate, ethylene, 
and fungal metabolites (Cardoso et al., 

2011). However, the sensitivity of Striga 
seeds to these compounds is lower than 
their sensitivity to SLs. Furthermore, SLs 
can stimulate Striga seed germination 
even if secreted from the non-host roots, 
making SLs the most efficient compound for 
regulating Striga seed germination (Cardoso 
et al., 2011).

CURRENT PRACTICES IN 
MANAGING STRIGA AND THEIR 
LIMITATIONS 

The management strategies of Striga rely 
on achieving the following targets: (1) 
limiting seed dispersal out of the endemic 
area via agriculture tools, irrigation water, 

Figure 1. The life cycle of Striga
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and pasture animals; (2) limiting new 
seed production by reducing the release 
of germination stimulants by the host, and 
(3) reducing seed bank accumulation in 
infested soil by stimulating the germination 
of Striga seed in the host’s absence or 
blocking the germination of preconditioned 
seed (Jamil et al., 2021). Several control 
methods have been applied to attain at least 
one of the management targets, including 
chemical, cultural, and biological control, 
with varying degrees of success (Boari 
et al., 2016). However, many countries 
avoid the conventional (cultural) method, 
which involves hand pulling of emerging 
Striga stalk. It is ineffective since parasite 
damage already occurs at the subterranean 
phase (Figure 1). Likewise, crop rotation 
systems or using catch/trap crops and 
tolerant varieties are not considered efficient 
in eradicating this parasite, particularly if 
applied separately (Babiker, 2007; Hailu et 
al., 2018; Sibhatu et al., 2016).

Chemical control using herbicides, 
such as imazapyr and pyrithiobac, soil 
fumigation by methyl bromide, and ethylene 
as germination stimulants have been 
reported in numerous studies as effective 
methods to increase crop production and 
control Striga in the early season (Sibhatu 
et al., 2016). However, although the 
chemical approaches are widely adopted, 
their sustainability is compromised by the 
predicted emergence of herbicide-resistant 
weeds and unwanted off-target effects 
(Eizenberg et al., 2013). The latter can 
potentially disrupt biodiversity, reduce 
beneficial soil microbes, or compromise 

immunity against other pests and pathogens 
(Barzman et al., 2015; Druille et al., 2013). 
In addition, prolonged application of 
chemical herbicides was shown to have 
detrimental effects on humans by increasing 
the risk of cancer, congenital disabilities, 
and skin problems and by threatening the 
sustainability of natural resources (Bale et 
al., 2008; Kumar et al., 2021). Therefore, 
an eco-friendly approach to control Striga 
weed is critical and in high demand to 
avoid the negative impacts resulting from 
the accumulation of chemical residues and 
preserve environmental balance.

BIOLOGICAL CONTROL OF 
PARASITIC WEEDS 

Biological agents to eliminate various 
noxious pests, including weeds, insects, and 
microbial pathogens, have been used for 
over a century. Regardless of the intentions, 
which may range from convenience to 
opportunism, the term ‘biological control’ 
has traditionally been used to describe 
actions to combat pests using other living 
agents (Cook & Baker, 1983; Stenberg et 
al., 2021). For example, the Weed Science 
Society of America (WSSA) defined the 
weed biological control method as ‘the 
use of an agent, a complex of agents, or 
biological processes to bring about weed 
suppression’ (Uludag et al., 2018). The 
ultimate advantage of biological control 
in terms of cost-effectiveness, safety, 
and benefits for the environment would 
be evident upon the establishment and 
reproduction of the released organisms 
(Teka, 2014). 
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Many reasons motivate the adoption of 
biological control in parasitic weeds. Among 
them are the restriction imposed on many 
common herbicides by the authorities, the 
evolution of herbicide-resistant parasitic 
weeds, increased understanding of weed 
control to target only unwanted species, 
conservation of environmentally sensitive 
or degradation-prone areas, contamination 
from chemical herbicides, and inclination 
to healthier and sustainable cropping 
systems (Myers & Cory, 2017; van Wilgen 
et al., 2013). Furthermore, the intimate 
relationship between the parasitic weed and 
its host hinders the application of chemical 
herbicides as they cannot all selectively 
distinguish between different species. On 
the other hand, the high specificity of some 
fungi, bacteria, and arthropods that feed 
exclusively on selected parasitic weeds 
leads to increased attention on exploiting 
these organisms as biocontrol agents, where 
other weed control options have failed 
(Teka, 2014; Uludag et al., 2018). 

THE BIOLOGICAL APPROACHES 
FOR CONTROLLING STRIGA 

Biological control of Striga is a system 
that relies on the interaction between 
three agents: the parasite (Striga), a living 
biocontrol agent targeting Striga, and a 
human stakeholder benefiting from the Striga 
control service provided by the biocontrol 
agent (Stenberg et al., 2021). In this case, 
the living biocontrol agents include bacteria, 
fungi, insects, and components extracted or 
synthesized from microorganisms in situ. 

According to the International Biocontrol 
Manufacturers Association (IBMA) (2018), 
bio-protection agents should originate 
from nature or be nature-identical when 
synthesized and have a low impact on 
human health and the environment. 

Mechanisms of Action of Biological 
Control Against Striga

The biocontrol mechanisms of the living 
agents used for controlling Striga occur 
through direct or indirect antagonisms 
(Figure 2). The former involves natural 
enemies such as pathogens and insect 
predators that attack and consume Striga 
organs or produce secondary metabolites, 
which cause diseases that inhibit Striga 
seeds germination or interfere with host-
Striga signaling (Ndambi et al., 2011). The 
latter occurs via disruption of the Striga life 
cycle or reduction of Striga attachment in the 
host root by enhancing nutrient acquisition, 
which consequently halts strigolactones 
biosynthesis in the host plant. Alternatively, 
indirect antagonism may occur via induced 
systemic resistance (ISR) in the host plants 
against Striga via changes in plant defense 
pathways, particularly salicylic acid, and 
jasmonic acid. It is worth mentioning 
that the precise knowledge of the control 
mechanism is behind the expansion of the 
term biocontrol to bio-protection to include 
the indirect effects of the living organisms 
on Striga (Masteling et al., 2019). 
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Biocontrol of Striga Using Insects

Damaging Striga directly through natural 
enemies, such as herbivorous insects, is one 
of the most applied biocontrol techniques. 
Furthermore, many insects indigenous to 
India and Africa have been reported to 
attack Striga spp. The genus of greatest 
interest concerning biological control is 
Smicronyx, of which several species are 
highly specific to Striga (Parker & Riches, 
1993). According to their effect on Striga, 

the insects are classified as defoliators, gall-
formers, shoot borers, miners, inflorescence 
feeders, and fruit feeders (Bashir, 1987; 
Kroschel et al., 1999) (Table 1). For example, 
the release of Smicronyx albovariegatus and 
Eulocastra argentisspara in Ethiopia in 
1974 signified the first attempt to adopt the 
classical biological control for Striga. The 
event was followed by a second release of S. 
albovariegatus four years later (Kroschel et 
al., 1999; Parker & Riches, 1993). 

Mechanisms of 
biological control 

of Striga

Direct 
antagonism 

Natural enemies 

Direct consumption
by predators 

Disease-causing 
phytopathogens Secondary metabolites 

(antibiosis)

Interferences with
host-Striga signals 

Modification 

Degradation 

Indirect 
antagonism

Enhancement of nutrients 
acquisition by the host (N, P)

Modulation of root
physiology of the host 

Root exudates 
profile 

Root architecture 
Induction of systemic resistance 

(ISR) in the host

Figure 2. Mechanisms of biological control against Striga

Table 1
Insects with the potential to control Striga spp.

Pathogen / Agent 
scientific name

Classification Action / Response 
and mechanism 

Reference(s) Target of
Striga spp.

Smicronyx 
albovariegatus

Insect Induce gall 
formation on 

Striga

Kroschel et al. 
(1999)

Striga 
hermonthica
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Biocontrol of Striga Using 
Microorganisms 

Apart from using insects, researchers 
interested in biological control to combat 
Striga  have focused on exploi t ing 
microorganisms (Table 2) by directly 
applying or extracting and manipulating 
their biological compounds (Stenberg et al., 
2021). Pathogenic fungi account for nearly 
50% of the living organism candidates for 
biological control of Striga. Most candidates 
were reported to target S. hermonthica, 
except for Fusarium oxysporum f. sp. strigae 
(Fos), Curvularia geniculate, Rhizoctonia 
solani, and Sclerotium rolfsii that also 
target species other than S. hermonthica. 
For example, a direct application of Fos 
successfully blocked the xylem vessels of 

mature (emerged) plants by its hyphae or 
caused complete tissue digestion of younger 
plantlets belowground, leading to wilting 
and death on Striga (Ndambi et al., 2011). 
Alternatively, the application of amino 
acids L-leucine and L-tyrosine extracted 
from Fusarium oxysporum was found to be 
toxic to Striga and were able to inhibit its 
germination. However, at the same time, it 
is innocuous to the host. 

Myriad signaling molecules, such as 
sterols, isothiocyanates, and organic acids, 
can induce germination and haustorium 
formation of parasitic root weed (RPW), 
including Striga, which are secreted by 
microbes in the plant rhizosphere. Arbuscular 
mycorrhiza fungi (AMF) enhance the 
growth performance of cereals to withstand 

Table 1 (Continue)

Pathogen / Agent 
scientific name

Classification Action /Response 
and mechanism 

Reference(s) Target of
Striga spp.

Smicronyx 
umbrinus

Insect Destroy seeds in 
the range of

80-95%

Smith and Webb 
(1996); Smith et 

al. (1993)

Striga 
hermonthica

Junonia spp. Insect Defoliator Bashir (1987); 
Kroschel et al. 

(1999)

Striga 
hermonthica

Apanteles sp. Insect Shoot
borer

Bashir (1987); 
Kroschel et al. 

(1999)

Striga 
hermonthica

Ophiomyia 
strigalis

Insect Miner Bashir (1987); 
Kroschel et al. 

(1999)

Striga 
hermonthica

Stenoptilodes 
thtaprobanes

Insect Inflorescence 
feeder

Bashir (1987); 
Kroschel et al. 

(1999)

Striga 
hermonthica

Eulocastra spp. Insect Fruit
feeder

Bashir (1987); 
Kroschel et al. 

(1999)

Striga 
hermonthica
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Striga damage by facilitating the uptake of 
water, phosphorus, and micronutrients from 
the soil through the wide net of extraradical 
fungal hyphae (Bonfante & Genre, 2010). 
Consequently, increased phosphorus uptake 
through symbiotic interaction by AMF could 
ultimately reduce SLs exudation by the host 
in the soil, thereby lowering Striga infection 
(Lendzemo et al., 2007; Lo´pez-Ra´ez et 
al., 2011).

In addition to fungi, bacteria also 
contribute to a large proportion of 
microbes in the plant rhizosphere. The 
root-associated bacteria mainly belong to 
the plant growth-promoting rhizobacteria 
(PGPR). They include various bacterial 
genera, such as Bacillus sp., Azospirillum 
sp., Gluconacetobacter sp., Pseudomonas 
sp., and Rhizobium. Augmentation of the 
rhizosphere microbiome by adding a new 
member might interfere with the signaling, 
thus suppressing seed germination, and 
disrupting the development of radical 
and/or haustoria (Masteling et al., 2019). 
Moreover, Striga seed germination and 
the number of attachments to the host root 
were reduced notably after treating sorghum 
root exudates with epiphytic bacteria from 
sorghum seeds. These occur following a 
change in the phenolic compound profile 
in the root exudates (Ali et al., 2013). 
These bacteria play an important role in 
plant growth by regulating the secretion of 
auxins, gibberellins, indole-3-acetic acid, 
and cytokinin, in addition to increasing 
soil mineral bioavailability by diazotrophic 
nitrogen fixation. Therefore, these bacteria 
contribute indirectly to managing Striga by 

strengthening the immune system in the host 
plant (Danhorn & Fuqua, 2007; Mounde et 
al., 2020; Taylor et al., 1996). 

Though not pathogenic, other bacterial 
genera, such as Bacillus, can cause Striga 
seed decay by extracellular xylanases, 
pectinases, and amylases (Masteling et al., 
2019). In another report, Pseudomonas 
fluorescens and Pseudomonas putida 
significantly inhibited S. hermonthica seed 
germination under screen house experiments 
(Babalola et al., 2007). In addition, Gafar et 
al. (2015) reported inhibition effects on Striga 
seed germination and haustorium initiation 
during conditioning with endophytic bacteria 
isolated from sugarcane suspected to belong 
to Gluconacetobacter spp. Conversely, 
ethylene from some Pseudomonas spp. and 
Bradyrhizobium japonicum can induce the 
germination of Striga seed in the absence 
of the host (suicidal germination), leading 
to a reduction of Striga seed bank (Table 2) 
(Ahonsi et al., 2003; Okazawa et al., 2021). 

CHALLENGES AND LIMITATIONS 
IN THE BIOLOGICAL CONTROL 
OF PARASITIC WEED

In contrast to common weeds, controlling 
RPW, including Striga, is faced with 
several difficulties, as reviewed by Nzioki 
et al. (2016). Among them is the unique 
biology of parasitic weeds, which limits the 
number of metabolic pathways that current 
commercial herbicides can target. However, 
it can generate opportunities for discovering 
parasitic weed-specific herbicide targets 
(Fernández-Aparicio et al., 2017, 2020). 
In addition, the tiny size of RPW seeds, 
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sometimes called dust seeds, can be easily 
spread over a wide range (Teka, 2014; 
Westwood et al., 2013). Moreover, intimate 
contact of the parasite with the host plant 
roots that lasts most of its life cycle makes 
controlling it more difficult because the 
control method must not harm the host 
plant. Further complicating the matter is 
the complex life cycle of Striga (Figure 1). 
Each phase requires a comprehensive study 
before any biological control agent can be 
applied in the field to adjust the optimum 
time of application. 

Although biological control of weed can 
be effective, it is sometimes uneconomical 
because it requires in-depth studies on 
its efficacy, toxicological effects, and 
environmental effects before any biocontrol 
agent can be registered. Furthermore, even 
if the biocontrol agent is isolated locally, 
some still produce inconsistent results 
when applied at different locations due to a 
lack of adaptability to a new environment 
(Pereg & Mcmillan, 2015; Teka, 2014). 
For example, the inconsistency of Fos 
isolates to control genetically diverse S. 
hermonthica populations effectively lowers 
its reliability as an efficient mycoherbicide 
against  S.  hermonthica  in  var ious 
agroecological zones. Consequently, it 
hinders the widespread acceptability of Fos 
as a biocontrol agent against S. hermonthica 
(Velivelli et al., 2014; Massart et al., 2015). 
Furthermore, the viability of microbes may 
decrease during the traditional delivery 
system of packaged microbes for long-
term storage to be distributed on a farm 
later because the microbes are still dormant 

when applied to the soil. Hence, a new and 
improved delivery technique is required to 
ensure maximum viability (Mohammadi, 
2019; Nzioki et al., 2016). 

While microbes effectively modify or 
degrade the host signals (Figure 2) and/or 
induce defense responses in the host plant 
in vitro, the in-planta efficacy and the impact 
on the mutualistic interactions between the 
host and the symbionts, such as AMF, are 
still under-explored. Hence, the underlying 
signal-transduction pathways and their 
conclusive role in Striga suppression 
are yet to be resolved. Furthermore, the 
knowledge gap is considered a challenge 
because the local environment interferes 
with the efficiency of microbes (Masteling 
et al., 2019). Finally, the usage of insects as 
classical biological control is costly and may 
be affected by political unrest in the African 
region. In addition, the inundative release 
of insects is not practical in third-world 
countries, mainly due to the infeasibility of 
mass rearing (Kroschel et al., 1999). 

CONCLUSION

Various control methods have been applied 
to manage Striga, including chemical, 
cultural, and biological, with varying degrees 
of success. The limitations of the chemical 
and cultural methods and the list of benefits 
offered by the biological control method 
motivate the research on the latter and push 
its adoption. Insects and microorganisms 
are the two biocontrol agents used to control 
Striga, and they operate via both direct and 
indirect mechanisms. However, controlling 
parasitic weeds such as Striga poses more 
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challenges than common weeds. Among 
them is the unique and complex biology of 
the parasitic weed, the tiny size of the seeds, 
and the intimate contact of the parasite with 
the host plant roots that lasts most of its life 
cycle. Therefore, more research is needed, 
especially on the field adaptability of the 
biocontrol agents, delivery techniques, and 
planta efficacy.
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ABSTRACT

Indonesia is a mega biodiversity country with abundant macroalgae. The macroalgae are 
distributed along the coast and function to maintain the balance of the coastal marine 
ecosystem, including in Bama Beach, Baluran National Park, Situbondo, Indonesia. This 
study was to determine the abundance, distribution, and diversity of macroalgae in Bama 
Beach Baluran National Park, East Java, between April 2019 and June 2019. The research 
was conducted with a purposive sampling method at two stations, each consisting of five 
substations using transect blocks. Five species of macroalgae from the Phaeophyceae 
class (Padina australis, Sargassum aquifolium, Polycladia myrica, Eucheuma edule, 

and Dictyota pinnatifida), a Rhodophyta 
(Jania pumila), and Chlorophyta (Halimeda 
macroloba) were found in the study site. 
Padina australis was a species that had 
the highest abundance and dominated the 
observation station. Nonetheless, according 
to the Shannon-Weaver Index in the study 
area, overall macroalgae diversity was 
classified as a low category with a value 
of 0.35. The high availability of nutrients 
influences these conditions in ecosystems 
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with the domination of Padina australis, 
followed by Sargassum aquifolium at 
Station I and II. 

Keywords: Baluran National Park, diversity, 
macroalgae

INTRODUCTION

Indonesia is a maritime country with a 
coastline of 95,161 km and has a high 
potential for marine resources, such as 
macroalgae (Kusmana & Hikmat, 2015). 
Previous studies have shown that Indonesia 
produces the highest macroalgae in biomass 
culture in Southeast Asia, surpassing the 
Philippines (Hurtado et al., 2019; Rimmer 
et al., 2021). Another study also stated that 
555 seaweed species are found in Indonesia, 
and 55 of them have high economic value, 
such as Gracilaria and Euchema (Meinita 
et al., 2021). As the primary producer in 
the coastal ecosystem, macroalgae are not 
a plant but an informal group of protists 
(Eliáš, 2021). Macroalgae are divided into 
three groups: brown algae (Phaeophyceae), 
green algae (Chlorophyta), and red algae 
(Rhodophyta) (Oryza et al., 2017). The 
presence of macroalgae is essential due to its 
function as a nursery, spawning, and feeding 
grounds for small fish and herbivorous 
animals (Burkepile et al., 2013; Rasher et 
al., 2013). It maintains the biodiversity of 
the coastal ecosystem (Wade et al., 2020).

Baluran National Park represents the 
forest ecosystem in Java Island (Indonesia), 
which consists of savanna, beach, coastal 
mangrove forests, and jungles (Nuzula et 
al., 2017). Bama Beach, with a length of 
42 km, has a high diversity of macroalgae 

due to its clean and well-maintained sandy 
substrate (Arisandy et al., 2012). Therefore, 
Bama Beach is a suitable place to host 
a variety of aquatic organisms. At least 
eight macroalgae species were found in 
the recent study, with the dominance of 
Padina australis (Anugrah et al., 2019). This 
area also has a seagrass bed with a 48.9% 
abundance composition dominated by 
Cymodocea serrulata (Ulkhaq et al., 2016). 
Bama is often visited for tourism, research, 
and educational purposes. However, 
using this area as a tourist area threatens 
the preservation of existing ecosystems, 
including coastal areas. According to a 
previous study, there was an increase in 
visitors during the 2014–2015 period, which 
reached nearly sixty thousand visitors, an 
increase of 50% from the previous year 
due to its beautiful coastal area (Nuzula et 
al., 2017). A previous study stated that the 
development of the tourism sector degrades 
the quality of the ecosystem and organisms 
in Baluran National Park (Purnomo et al., 
2020). Therefore, it will be a threat to the 
existing macroalgae ecosystem.

The purpose of this study was to 
observe the distribution of macroalgae 
to find out the phenomena and dynamics 
of ecosystems that occur as a basis for 
area management. The distribution of 
macroalgae in intertidal ecosystems depends 
on environmental conditions, such as 
location, shore level, salinity, temperature, 
and organic nutrients (Thongroy et al., 
2007). This information is important to base 
an integrated understanding of conservation 
and restoration policies because if the water 
conditions change and are not following 
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their living conditions, macroalgae will be 
threatened. Furthermore, the movement 
of water and nutrients also distributed 
therein has an important role in determining 
seaweed productivity (Anderson et al., 
2005). Baluran National Park has a dry 
climate type F with temperatures of 27.2 
– 30.9 oC, average humidity of 77%, and 
wind speed of 7 knots (Nuzula et al., 2017). 
Furthermore, the rainy season occurs from 
November to April, while the dry season 
starts from April to October (Istomo & 
Ghifary, 2021). 

MATERIAL AND METHODS

Research Location

The research was conducted in Bama 
Beach, Baluran National Park, East Java, 
Indonesia. The location is a semidiurnal 

tidal pattern described in a previous study 
(Putrisari et al., 2017). The location has a 
variety of habitats, such as mangroves, coral 
reefs, savanna, and beach. Moreover, these 
areas have a physical landscape structure 
for beach tourism, snorkeling, diving, and 
mangrove tours. Two stations were decided 
based on a purposive sampling method 
following the characteristic land uses, i.e., 
Station I (7o50’40.1” S and 114o27’41.5” 
E), which was an open tourist area. At the 
same time, Station II (7o50’40.7”S and 
114o27’40.3”E) was an area protected 
with mangrove vegetation (Figure 1). The 
consideration for choosing this location is 
that both stations are in an open-access area 
for visitors. Other areas are inaccessible 
because there are many wild animals in the 
national park. 

Figure 1. Map location of this study
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Data Collection

The data collection was done in April, May, 
and June 2019. The sampling was conducted 
using the modified 2 m × 2 m transect 
block method installed from the coastline 
50 m into the sea (Lelloltery et al., 2021). 
Furthermore, there were five sub-stations in 
each sample station with a distance between 
each sub-station of 10 m as replication. A 
camera (SeaLife Micro 3.0, Sony, Japan) 
observed the number of macroalgae samples 
when the tidal was low by diving at each 
sub-station. The representative macroalgae 
were taken at each transect block plot, 
preserved with 4% formaldehyde (Merck, 
German), and labeled to be analyzed in the 
laboratory (Khalil et al., 2021).

Analytical Method

The macroalgae identif icat ion was 
conduc ted  by  compar ing  ex te rna l 
morphological characteristics in the 
previous study (Al-Yamani et al., 2015). 
The identified characteristics were body 
shape, color patterns, and thallus shape. 
Each characteristic was compared with the 
pictures in the references book, and the type 
of macroalgae was identified according to 
the compatibility between the sample and 
the references book. Also, chemical and 
physical parameters were measured from 
each station simultaneously with biota 
collection. It consists of in-situ parameters, 
i.e., temperature (AMTAST EC910, USA), 
sea surface current (Secchi Disk APAL-SCD, 
Indonesia), pH (AMTAST EC910, USA), 
salinity (refractometer; Atagao, Japan), 
and dissolved oxygen (DO) (AMTAST 

EC910, USA). In the meantime, the ex-situ 
parameters (nitrate and phosphate) were 
conducted using a volume sampler of 250 
mL polyethylene bottle and kept in a cold 
box for analysis in the laboratory (Takarina 
et al., 2019). The nutrient analysis was 
conducted by spectrophotometer (Model 
AMV01 AMTAST, USA), as described in 
a previous study (Emilia, 2019). Soil and 
sediment samples from the two sampling 
stations were analyzed using the gravimetric 
triangle method to determine the criteria, the 
percentage of sediment composition, and 
the type of constituent textures (Anggraini 
et al., 2020).

Data Analysis   

The distribution of macroalgae found at 
each research station was tabulated and 
presented descriptively. Furthermore, to 
determine the diversity of macroalgae (H’) 
by quantitative data (involving a number 
of individuals of each species or ni and the 
number of individuals of all types or N), 
the Shannon-Weaver formula was used 
(Shanon & Weaver, 1949). In addition, 
the evenness index value (E) was used 
to describe the individual components of 
each species contained in a community, 
and the dominance of macroalgae in waters 
was determined according to the Simpson 
Dominance Index (C) (Simpson, 1949). 
Finally, the Important Value Index (IVI) 
was added for assessing the importance of 
population structure (Curtis & Mcintosh, 
1950).
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Note.
H’	 = index of diversity
ni	 = number of individuals of each 	

species
N	 = number of individuals of all types

Note.
E	 = equitability index
H’	 = index of diversity
S 	 = number of species

2

Note.
C 	 = Index of dominance
ni 	 = The number of individuals of each 

species
N 	 = Number of individuals of all types

2

Note.
IVI 	 = Important Value Index
RD 	 = Relative density

RF	 = Relative frequency
RDO	= Relative dominance
The data was presented in graphs or 

images, then descriptively analyzed based 
on the relevant literature in discussing and 
concluding the results.

RESULTS AND DISCUSSION

Water Parameters

The results of the water parameters at 
both stations were generally suitable for 
the survival of macroalgae (Table 1). The 
data salinity, pH, and temperature from 
Station I showed 29.41 g.L-1, 8.03, and 
28.87 oC, while the data salinity, pH, and 
temperature from Station II showed 30.6 
g.L-1, 8.16, and 30.06 oC. Climate change 
impacts the temperature of seawater (Doney 
et al., 2012; Gaitán-espitia et al., 2014). The 
ideal temperature for macroalgae survival 
is 25–35 oC. Meanwhile, good salinity for 
macroalgae learning and success is 28–33 
g.L-1. Salinity that is too high or too low 
disrupts macroalgae growth (Kamer & 

Table 1
Physical-chemical water quality measurement in the site study (90 samples size for each parameter at each 
station)

Parameters Unit Station I Station II Macroalgae’s habitat 
standard

Temperature oC 28.87 ± 1.35 30.06 ± 1.17 24 – 32
Dissolved oxygen mg.L-1 7.33 ± 0.40 7.73 ± 0.47 8.4 – 9.2
Salinity g.L1 29.41 ± 1.80 30.6 ± 1.21 28 - 33
Sea surface current cm.s-1 50.36 ± 13.8 43.12 ± 14.79 20 – 40
pH 8.03 ± 0.11 8.16 ± 0.35 7 – 8.5
Nitrate (NO3) mg.L-1 8.63 ± 1.19 13.33 ± 1.52 >0.04
Phosphate (PO4) mg.L-1 0.26 ± 0.01 0.25 ± 0.02 >0.1
Substrate percentage sand (45%), loam 

(20%), clay (35%) 
sand (40%), loam 
(40%), clay (20%)

*Depend on 
macroalgae species

Substrate categories Sandy clay Sandy loam
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Fong, 2000). On the other hand, because 
pH is a carbon dioxide (CO2) balance in the 
water, small fluctuations in value can affect 
macroalgae life (Gaitán-espitia et al., 2014). 
A common feature of these changes is a 
deterioration in water quality enriched with 
resources, particularly nitrogen nutrients, 
from land-based activities (Wahl et al., 
2015). 

In this study, the dissolved oxygen, 
nitrate, and phosphate values from Station 
I were 7.33 mg.L-1, 8.63 mg.L-1, and 0.26 
mg.L-1, respectively, with a substrate of 
sandy clay. Meanwhile, the dissolved 
oxygen, nitrate, and phosphate values 
from Station II were 7.33 mg.L-1, 13.33 
mg.L-1, and 0.25 mg.L-1 with a substrate 
of sandy loam. Seaweed cannot survive in 
water with a low-brightness mud substrate. 
Therefore, clear waters ranging from 2 to 
12 m with a sandy mud substrate are ideal. 

Furthermore, based on surface sea current 
measurements taken during observations, 
the speed range of the sea surface currents 
around the sampling range is approximately 
30 m.s-1 (Figure 2). The speed of ocean 
currents significantly impacts macroalgae 
colony survival because they transport 
organic material that affects brightness. 
Furthermore, the high current velocity 
can uproot macroalgae from the substrate. 
Therefore, the ideal current for macroalgae 
growth ranges between 20 and 40 m.s-1 
(Marianingsih et al., 2013).

Macroalgae Diversity

A total of seven macroalgae species were 
found during the study (Table 2). They 
consisted of the Phaeophyta class with 
five species (Padina australis, Sargassum 
aquifolium, Polycladia myrica, Euleuma 
edule, and Dictyota pinnatifida) and 

Figure 2. Characteristics of the sea at the study site (Badan Meteorologi, Klimatologi, dan Geofisika 
[BMKG], 2022)
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one species from the Rhodophyta and 
Chlorophyta classes (Jania pumila and 
Halimeda macroloba). Padina australis, 
Sargassum aquifolium, and Polycladia 
myrica were found at each station for most 
of the observation. In contrast, Jania pumila 
and Eucheuma edule were only found at 
Station I in June. Furthermore, Dictyota 
pinnatifida and Halimeda macroloba also 
were only found in April. 

The abundance data of macroalgae 
is presented in Table 3 and Figure 3. 
Padina australis and Sargassum aquifolium 
appeared consistently in each station. 
The previous study showed that Padina 
and Sargassum were found in Situbondo 
(Anugrah et al., 2019; Indahyani et al., 2019; 
Siswanto, 2005). Their presence indicated 
that water quality parameters in Bama Beach 
showed optimal values for the growth of 
Padina australis and Sargassum aquifolium, 
especially for nitrate and phosphate (Supardi 
& Nugroho et al., 2019; Wahyuningtyas et 
al., 2020). Nitrates and phosphorus also 
have a role in increasing the growth of 
macroalgae (Xu et al., 2020). 

Interestingly, the presence of Jania 
pumila, Euchema edule, Dictyita pinnatifida, 
and Halimeda macrobola was not stable 
between April to June. The increase or 
decrease of macroalgae species in an area 
normally occurs. Previous research stated 
that this was caused by the natural process 
of species succession in the community 
(Jung & Choi, 2022). This phenomenon 
happens immediately with the appearance 
of ephemeral species after the detachment 
of old algae (Tytlyanov et al., 2014). For 
example, the presence of Jania pumila and 
Eucheuma edule only appeared in June 
might be due to currents that carried these 
types of seaweed from other areas and grew 
in Bama Beach. Meanwhile, ocean currents 
brought Dictyota pinnifida and Halimeda 
macroloba to Bama Beach in April. A 
previous study stated that in May and June 
(the new dry season), a southeast monsoon 
would appear in Indonesia and cause the 
macroalgae to bloom and more abundance 
(Setyawidati et al., 2018). However, when 
the southeast monsoon comes, the current 
will flow from Australia to Indonesia and 

Table 2
Macroalgae distribution at site study and habitat in the study location

Species
April 2019 May 2019 June 2019

Type of substrate 
St. I St. II St. I St. II St. I St. II

Padina australis + + + + + + Sand and coral
Sargassum aquifolium + + + + + + Sandy
Polycladia myrica + + + + + - Sandy
Jania pumila - - - - + - Coral and stone
Eucheuma edule - - - - + + Coral and stone
Dictyota pinnatifida + - - - - - Sandy
Halimeda macroloba + - - - - - The mud around the seagrass

Note. + = Present; - = Absent
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change other water quality parameters 
(temperature, DO, pH) due to upwelling so 
that it can change the abundance of aquatic 
organisms (Hasyim et al., 2022). 

DO parameters in this study were also 
low (7.33 ± 0.40 for Station I and 7.73 ± 
0.47 for Station II). It causes the presence 
of Jania pumila, Euchema edule, Dictyita 
pinnatifida, and Halimeda macrobola to be 
unstable at the study site. DO is essential 
since macroalgae will invert it as oxygen 
for life (Subur et al., 2021). DO deficiency 
can cause mortality in macroalgae (Solidoro 

et al., 1997). This case differs from Padina 
australis, which is present every month in this 
study. Previous research stated that Padina 
australis could live with a DO value of only 
3.51 ± 0.53 mg.L-1 at Lae-lae Island Makassar 
Marine Waters, South Sulawesi, Indonesia 
(Supardi & Nuhroho, 2019). Likewise, 
Sargassum aquifolium was also found in 
this study every month. Wahyuningtyas 
et al. (2020) stated that these macroalgae 
could live at DO 5.8 mg.L-1 in Sumenep, 
Madura, Indonesia. It indicated that the two 
macroalgae could be tolerant of low DO.

Table 3
Macroalgae abundance at site study and habitat in the study location

Species
April 2019 May 2019 June 2019 Total

St. I St. II St. I St. II St. I St. II St. I St. II
Padina australis 2 5 2 1 2 1 6 7
Sargassum aquifolium 0 1 1 1 0 0 1 2
Polycladia myrica 1 1 0 1 0 0 1 2
Jania pumila 0 0 0 0 1 0 1 0
Eucheuma edule 0 0 0 0 1 1 1 1
Dictyota pinnatifida 2 2 0 0 0 0 2 2
Halimeda macroloba 1 0 0 0 0 0 1 0

Figure 3. Macroalgae species discovered at the study site: a: Padina australis, b: Sargassum aquifolium, 
c: Polycladia myrica, d: Eucheuma edule, e: Dictyota pinnatifida, f: Jania pumila, g: Halimeda macroloba 
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Species succession is also related to the 
different abilities of macroalgae to adapt to 
the environment. Environmental changes 
such as climate changes, land-use changes 
in coastal areas, and pollution affect the 
distribution, abundance, and physiological 
changes in aquatic organisms, including 
macroalgae (Firth & Hawkins, 2011). 
Macroalgae are sessile organisms; thus, they 
are susceptible to environmental changes 
and have a limited distribution (Coleman et 
al., 2011; Prathep et al., 2008). Janah et al. 
(2021) explain that there were at least three 
patterns in the distribution patterns, namely 
uniform, random, and clustered patterns. 
In addition, each species of macroalgae 
has a different distribution and habitat, 
which could affect the morphological 
characteristics, such as color, the shape of 
the thallus, and holdfast (Poloczanska et 
al., 2013).

This study revealed that Sargassum 
aquifolium, Polycladia myrica, and Dicolota 
pinnatifida have the form of stolon, 
distributed in sandy substrates. Meanwhile, 
Jania pumila are disk-shaped and found on 
rocky substrates. The form of holdfast stolon 
was generally an adaptation of macroalgae 
to a sandy substrate, while the shape of a 
disc is an adaptation of macroalgae that live 
on hard substrates (Wahl et al., 2015).

Based on the important value index, 
it was found that Padina australis had the 
highest value (Figure 4). It reflects that 
Padina australis has an important role in 
the ecosystem and species that will affect 
other components. In addition, this species 
also has the highest abundance compared 

to other species. Anugrah et al. (2019) 
also found that this species dominated 
during the observation in April. Padina 
australis is an organism that has fairly high 
adaptability, grows and attaches strongly 
to rocky substrates, and survives even in 
dry conditions (Kautsari & Ardiansyah, 
2016). In contrast, Halimeda macroloba 
was the rarest species in April at Station I 
in seagrass areas with sand substrate, with 
the lowest abundance. Halimeda macroloba 
is often found on sandy substrates with a 
combination of coral fragments but not on 
dead coral substrates (Ain et al., 2014). The 
low Halimeda macrolaba found at the study 
site is influenced by the substrate available 
in the ecosystem and its relatively short life 
cycle (Nontji, 1993).

The diversity index calculation results 
of the two observation stations were 0.35 
and included in the low category (Figure 5). 
These conditions describe an imbalance in 
the ecosystem, which was characterized by 

Figure 4. The important value index of macroalgae 
on the site study
Note. Padina Australis (PA), Sargassum aquifoliu 
(SA), Polycladia myrica (PM), Jania pumila (JP), 
Eucheuma edul (EE), Dictyota pinnatifida (DP), and 
Halimeda macroloba (HM)
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the emergence of the dominance of certain 
species in the macroalgae community. 
Balanced ecosystems are characterized 
by stable community conditions and high 
species diversity (Jamilatun et al., 2020). 
The low value of the diversity of macroalgae 
might be caused by tourism activity in 
Bama Beach. The beach can attract up to 
60,000 visitors yearly (Nuzula et al., 2017), 
with activities such as traveling, diving, 
and snorkeling (Mahendra et al., 2020). 
This activity can cause pollution, affect 
ecosystems, and damage marine biodiversity 
(Sidauruk et al., 2022). A previous study 
stated that this activity destroyed Bama 
Beach’s diversity to a depth of 3 m (Fahmi 
et al., 2017).

Not only anthropogenic activity but the 
low value of the diversity of macroalgae 
species in the community is also due to 
environmental changes such as increased 
salinity, low availability of nitrates and 
orthophosphates, sunlight intensity, and the 
level of turbidity and sedimentation (Collado-
Vides et al., 2007). Environmental changes, 
such as high-temperature fluctuations, 
influence the distribution of macroalgae, 
especially Eucheuma sp. and Gracilaria sp. 
(Martínez et al., 2012). A strong correlation 
between environmental variables and 
vegetation structure was observed in Baltic 
waters (Eriksson & Bergström, 2005). 
Interestingly, no Gracilaria was found in 
this study. Gracilaria is a species that is 
easily found almost all over the coast of 
Indonesia (Pamungkas & Djonu, 2022). It 
might be due to previous reasons regarding 
environmental changes and fluctuations 
that affected the existence of Gracilaria sp. 

Figure 5. Diversity indices of macroalgae in the 
study site 
Note. Diversity Index (H’), Evenness Index (E), and 
Dominance Index (C)

It can disrupt its growth and metabolism 
(Hendri et al., 2018). Bama Beach’s 
temperature changes easily due to another 
water parameter (Anugrah et al., 2019).

Furthermore, the evenness index for 
Station I in the medium category was 0.54, 
and the low category in Station II was 0.37 
(Figure 5). One of the factors that influence 
the growth of macroalgae is the water flow 
and type of substrate, where both factors 
determine the form of the holdfast; it occurs 
due to the process of macroalgae adaptation 
to the environment (Eriksson & Bergström, 
2005; Jamilatun et al., 2020; Litaay, 2014). 
Although the type of substrate determines 
the variation of macro types of algae that 
grow, the same type of substrate tends to 
have the same diversity (Herlinawati et al., 
2017). In addition, the dominance index of 
the two stations was also included in the 
low category, which was 0.24 and 0.25, 
respectively (Figure 5). This condition 
was thought to be influenced by the basic 
characteristics of the waters in the study 
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location and biotic component fluctuations. 
The dominance of seagrass in the exact 
location as the medium category was 
found during the transition season (Ulkhaq 
et al., 2016). In addition, International 
Association for Cryptologic Research 
(IACR) 1999 macroalgae will multiply at 
temperatures above 20 oC (1–2 weeks), 
while temperatures below 10 oC require 
longer (6–8 weeks). 

Nonetheless, the overall state of the 
waters at the study site indicates that they are 
still within tolerance limits for macroalgae 
survival. Thus, the dynamics of the 
distribution and dominance of macroalgae 
on the Bama coast are likely influenced by 
environmental factors, such as nutrition and 
competition between species. Furthermore, 
environmental tolerance influences species 
distribution more strongly at high (sub-
tropical) latitudes, whereas other factors, 
such as biotic interactions, play a more 
prominent role in the tropics (Keith et al., 
2014).

CONCLUSION

Five species from the Phaeophyta group 
and one from the Chlorophyta and 
Rhodophyta groups were reported in Bama 
Beach, Baluran National Park, Situbondo, 
Indonesia. Padina australis from the class 
Phaeophyta was the highest distribution and 
abundance. However, each station’s value 
of diversity, uniformity, and dominance 
was in a low category. The distribution 
and abundance of macroalgae showed the 
highest in areas with sufficient sunlight 
intensity and coral substrates and rocks.
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ABSTRACT

In the past, the Cratoxylum genus has often been utilized as traditional medicines, culinary 
ingredients, health supplements, as well as manufacturing materials. This flowering plant 
belongs to the family Hypericaceae and is classified into six species: Cratoxylum arborescens, 
Cratoxylum cochinchinense, Cratoxylum formosum, Cratoxylum glaucum, Cratoxylum 
maingayi, and Cratoxylum sumatranum. The Cratoxylum genus is native to Asia as a 
traditional medicinal plant. It is currently being translated into conventional therapeutics as 

a preventive agent for diabetes mellitus and 
cardiovascular diseases. The phytochemical 
analysis and pharmacological investigations 
on the Cratoxylum species have unveiled 
the wide spectrum of phytoconstituents, 
including xanthones,  tr i terpenoids, 
flavonoids, and phenolic compounds. 
These compounds are attributed to their 
significant pharmacological effects, such 
as antibacterial, antifungal, antioxidant, 
antimalarial, anti-gastric ulcer, anti-HIV-1 
reverse transcriptase, antidiabetic, and 
anticancer activities. These research 
findings have strengthened the foundation 
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of the Cratoxylum genus as a traditional 
medicinal plant to be further developed and 
applied as selective therapeutic drugs for 
various ailments. This paper discusses the 
Cratoxylum genus regarding its traditional 
uses, phytochemical compounds, and 
pharmacological properties.

Keywords :  Cratoxylum genus, conventional 
therapeutics, ethnomedical uses, pharmacological 
properties, phytochemical compounds

INTRODUCTION

Cratoxylum is a genus of flowering plants 
categorized under the Hypericaceae 
family. The genus is known to be native to 
Southeast Asia, with six accepted species: 
C. arborescens, C. cochinchinense, C. 
formosum, C. glaucum, C. maingayi, and C. 
sumatranum. They are widely spread in the 
Southeast Asian region, including countries 
like Malaysia, Singapore, Indonesia, 
Vietnam, and Thailand. They are also found 
in Asian countries, such as India and China. 
Cratoxylum species have a long history in 
the traditional medicinal systems of these 
countries due to their health benefits aligned 
with proven pharmacological properties.

Over the years, several Cratoxylum 
species have been studied and were reported 
to possess various bioactivities such as 
antibacterial, antifungal, antioxidant, 
antimalarial, anti-gastric ulcer, anti-
human immunodeficiency viruses (anti-
HIV), antidiabetic, and anticancer effects. 
Furthermore, phytochemical analysis 
conducted on various Cratoxylum species 
elucidated a wide range of phytochemical 

compounds, which included flavonoids, 
xanthones, terpenoids, sterol, triterpenoids, 
benzophenone, quinone, and other phenolic 
compounds, which may contribute to its 
significant pharmacological properties. 
In this review, traditional medicinal uses, 
chemical constituents, and pharmacological 
characteristics of the Cratoxylum genus will 
be discussed systematically.

BACKGROUND

Cratoxylum is a genus of flowering plants 
that belongs to the family Hypericaceae. 
The genus is native to tropical Asia and 
distributed from India through South China 
to Malaysia. The name Cratoxylum is derived 
from the words ‘kratos’ and ‘xylon’ in 
Greek, which means strong wood, generally 
referring to its hard and durable timber 
(Soepadmo & Wong, 1995). To date, there 
are six recognized species in this genus: C. 
arborescens (Figure 1), C. cochinchinense 
(Figure 2), C. formosum (Figure 3), C. 
glaucum (Figure 4), C. maingayi (Figure 5), 
C. sumatranum; which are often integrated 
into traditional medicinal systems in the past 
(Neo et al., 2016). 

Cratoxylum species are usually shrubs 
or small to medium-sized evergreen trees 
with five-petal flowers that are white, red, 
or pink (Neo et al., 2016). They are rare 
in primary forests and usually grow in the 
lowland areas such as gaps, forest fringes, 
and disturbed habitats. However, these 
species can also be found in well-drained 
soils and swampy areas (Neo et al., 2016; 
Soepadmo & Wong, 1995).
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Figure 1. Cratoxylum arborescens (Ibrahim et al., 2015)

Figure 2. Cratoxylum cochinchinense. Photos were taken at Singapore Botanic Gardens 
(Photograph: Chui Yin Bok)

Figure 3. Cratoxylum formosum. Photos were taken at Singapore Botanic Gardens 
(Photograph: Chui Yin Bok)
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Figure 5. Cratoxylum maingayi. Photos taken at Singapore Botanic Gardens 
(Photograph: Chui Yin Bok)

Figure 4. Cratoxylum glaucum. Photos were taken at 
Bako National Park, Kuching, Sarawak (Photograph: 
Chui Yin Bok)

TRADITIONAL USES

In the past, various Cratoxylum species 
were used mainly for medicinal and 
manufacturing purposes. As a traditional 
medicine, the decoction of the bark and 
leaves of C. cochinchinense can relieve 
fever, while the decoction of roots can be 
served as a post-labor tonic for women. 
Cratoxylum formosum bark decoction and 
resin are used for colic and itch treatment, 
respectively. A pounded mixture of the bark 
and leaves of C. formosum with coconut 
oil is found to heal skin problems (Boo et 
al., 2003; Choi et al., 2012). In Thailand, 
leaves of C. formosum are used as herbal 
remedies as they are discovered to reduce 
the risk of cardiovascular diseases by 
preventing vascular dysfunction as well 
as conferring protection towards gastric 
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Table 1
Cratoxylum species and its ethnomedical usages

Plant Parts Traditional uses References
Cratoxylum 
arborescens

Leaves Treat gastric ulcer Juanda et al. (2019)

Cratoxylum 
cochinchinense

Roots and stem Function as diuretic Juanda et al. (2019)
Bark, root, and 
leaves

Treat diarrhea, itches, ulcer, abdominal 
complaints, fever, and coughs

Juanda et al. (2019)

Roots Post-labor tonic for women Boo et al. (2003)
Barks and leaves Relieve fever Boo et al. (2003)

Cratoxylum 
formosum

Leaves To remedy food poisoning, internal 
bleeding, diarrhea, and liver cirrhosis

Juanda et al. (2019)

Reduce the risk of cardiovascular diseases Kukongviriyapan et al. 
(2007)

Protective effects towards gastric mucosal Sripanidkulchai et al. 
(2010)

Barks and leaves Treatment for skin problems and wound 
healing

Juanda et al. (2019)

Flower To cure coughs Juanda et al. (2019)
Barks To treat colic Boo et al. (2003)

Cratoxylum 
glaucum

Young stem To decrease blood pressure
Use as an ingredient in culinary

Juanda et al. (2019)

Leaves, roots, and 
barks

To treat ulcers, diarrhea, itches, fever, 
cough, and abdominal complaints

Thaweboon et al. 
(2014)

Cratoxylum 
sumatranum

Decocted barks, 
leaves, and roots

To relieve cough, colds, and dysentery Dapar (2020)

Leaves Relieve toothache
To treat burns, scabies, and ulcers

Dapar et al. (2020)

Leaves and stems To relieve fever Dapar et al. (2020)
Barks To treat abdominal pain Dapar et al. (2020)

mucosal to prevent the formation of gastric 
ulcers (Kukongviriyapan et al., 2007; 
Sripanidkulchai et al., 2010). The bark, 
roots, and leaves of C. arborescens are 
widely integrated into folk medicine to 
treat fever, coughs, diarrhea, itches, ulcers, 
and abdominal complaints (Sidahmed et 
al., 2013). 

Apart from medicinal purposes, 
Cratoxylum  species are also being 
consumed in daily diets. In Vietnam, C. 
formosum serves as a vegetable side dish 
or an ingredient in soup (Choi et al., 2012). 

In China, the leaves of C. formosum ssp. 
pruniflorum are substitutes for ‘kuding tea’ 
in Yunnan Province (Xiong et al., 2014). 
Furthermore, as mentioned earlier, the 
name Cratoxylum means ‘strong wood’ in 
Greek; hence the timbers are used in the 
manufacturing of various wood products, 
especially in construction and furniture 
production. This medium-weight hardwood 
is also used as charcoal and firewood as well 
as  for carving purposes (Boo et al., 2003). A 
detailed summary of the ethnobotanical uses 
of the different species is shown in Table 1. 
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CHEMICAL CONSTITUENTS

Phytochemicals are chemical compounds 
synthesized naturally in plants. Based on 
their chemical structures and characteristics, 
these compounds can be categorized under 
six major classes: carbohydrates, lipids, 
terpenoids, phenolic acids, alkaloids, and 
other nitrogen-containing metabolites 
(Huang et al., 2016). These phytochemicals 
are also beneficial to human health. 
For example, they could function as 
antioxidant, antibacterial, antifungal, anti-
inflammatory, anti-allergic, antispasmodic, 
chemopreventive, hepatoprotective, 
h y p o l i p i d e m i c ,  n e u r o p r o t e c t i v e , 
hypotensive, immuno-modulator, and 
carminative agents. In addition, they were 
also reported to possess the ability to prevent 
the development of chronic diseases such 

as cancer, diabetes, heart disease, and 
osteoporosis (Thakur et al., 2020).  

The major compounds elucidated 
from Cratoxylum species are phenolic 
compounds, such as xanthones, flavonoids, 
isoflavonoids, phenolic acids, vismiones, 
tocotrienols, and anthraquinones. These 
bioactive could be detected in various 
parts of the plant (leaves, stems, roots, and 
fruits). For example, xanthones (Figure 
6) isolated from C. cochinchinense are 
cratoxylumxanthone B, cratoxylumxanthone 
C, and cratoxylumxanthone D, while 
1,3,5,6-oxygenated xanthones are detected 
in C. maingayi (Figure 7) (Laphookhieo et 
al., 2009; Udomchotphruet et al., 2012). 
Furthermore, flavonoids, such as quercetin, 
quercitrin, isoquercitrin, and hyperin are 
reported in C. formosum (Choi et al., 2012). 

Figure 7. 1,3,5,6-oxygenated xanthones obtained from Cratoxylum maingayi. (1) Gerontoxanthone, (2) 
macluraxanthone, and (3) formoxanthone C (Laphookhieo et al., 2009)

Figure 6. Xanthones isolated from Cratoxylum cochinchinense. (1) Cratoxylumxanthone B, (2) 
cratoxylumxanthone C, and (3) cratoxylumxanthone D (Udomchotphruet et al., 2012)
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Based on the rich phytochemical constituents 
present in the Cratoxylum genus, these 
compounds may have contributed to the 
known pharmacological activities of this 
genus, as illustrated in Table 2.

PHARMACOLOGICAL 
ACTIVITIES

Antibacterial

In the previous studies conducted on 
Cratoxylum species, it was found that 

Table 2
Cratoxylum species and its related pharmacological activities

Plant Parts Pharmacological 
activity Chemical constituents References

Cratoxylum 
arborescens

Twigs and 
leaves

Anti-HIV-1 
reverse 
transcriptase

Lup-20(29)-ene-3β,30-diol 
Betulinic acid
Euxanthone
3β-hydroxylup-20(29)-en-30-oic 
acid
1,3,7-trihydroxy-6-methoxy-4,5-
di(3-methylbut-2-en-yl)xanthone 

Reutrakul et al. 
(2006)

Stem bark Antioxidant Friedelin
β-mangostin
Vismiaquinone
Fuscaxanthone C
5-demethoxycadensin
1,8-dihydoxy-3-methoxy-6-
methylanthraquinonestigmasterol
3-geranyloxy-6-methyl-1,8-
dihydroxyanthraquinone

Thaweboon et al. 
(2014)

Anti-gastric ulcer α-mangostin Sidahmed et al. 
(2013)

Antibacterial α-mangostin Sidahmed et al. 
(2013)

Cratoxylum 
cochinchinense

Stem Antioxidant Cratoxylumxanthone A
Cratoxylumxanthone C
Cochinxanthone D
Cochinxanthone B
Dulcisxanthone B
Cudratricusxanthone E
α-mangostin
β-mangostin
2-geranyl-1,3,7-trihydroxy-4-(3-
methylbut-2-enyl)xanthone
tectochrystin

Sidahmed et al. 
(2013)

     Stem bark Antibacterial α-mangostin
β-mangostin
Cratoxylone
Garcinone B
Garcinone C
Pruniflorone Q
Pruniflorone R

Raksat et al. 
(2015)
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Plant Parts Pharmacological 
activity Chemical constituents References

Cochinchinone A
Cochinchinone M
11-hydroxy-3-O-methyl-1-
isomangostin
1,3,7-trihydroxy-2,4-
diisoprenylaxanthone
3-O-methylmangostenone D
5,9-dihydroxy-8-methoxy-2,2-
dimethyl-7-(3-methylbut-2-enyl)-
2H,6H-pyrano[3,2-b]xanthen-
6-one

Root Antimalarial 5-O-methylcelebixanthone
Celebixanthone
β-mangostin
Cochinchinone C

Maisuthisakul et 
al. (2007)

Antibacterial Cochinchinone A
Celebixanthone methyl ether
Cochinchinone L
7-geranyloxy-1,3-
dihydroxyxanthone
3-geranyloxy-1,7-
dihydroxyxanthone
1,3,7-trihydroxy-2,4-
diisoprenylxanthone

Boonnak et al. 
(2009)

Isocudraniaxanthone B 
Cudratricus-xanthone E 
Norathyriol 

Mahabusarakam et 
al. (2008)

Antioxidant Cochinchinone A
Cochinchinone B
Cochinchinone C
Cochinchinone D
Cochinchinone E
Cochinchinone F
Caged-prenylated xanthone
β-mangostin
l,3,7-trihydroxy-2,4-bis     
(3-methyl-2-butenyl)xanthone
Mangostin
Macluraxanthone
Garcinone B
Celebixanthone
Garcinone D

Mahabusarakam et 
al. (2008)
Mahabusarakam et 
al. (2006)

     Cytotoxic Cratochinone A
Cratochinone B
Pancixanthone-A 
Neriifolone A
Macluraxanthone

Natrsanga et al. 
(2020)

Table 2 (continue)



221Pertanika J. Trop. Agric. Sci. 46 (1): 213 - 241 (2023)

Comprehensive Review of Cratoxylum Genus

Plant Parts Pharmacological 
activity Chemical constituents References

10-O-methyxlmacluraxanthone
Pruniflorone G
Pruniflorone H
6-deoxyjacareubin      
9-hydroxycalabaxanthone
Cratoxylumxanthone A
Formoxanthone B
Cochinchinone J
Cochinchinone A
β-mangostin
3,8-dihydroxy-1,2-
dimethoxyxanthone
1,5-dihydroxy-6-
methoxyxanthone
1,3,7-trihydroxyxanthone

     Root bark Antidiabetic α-mangostin
ɣ-mangostin
Pruniflorone S
Cochinechinone A
Cochinchinone Q
Cochinxanthone A
Cratoxylone
Cratoxanthone E
Cratoxanthone F
Cratoxanthone A
1,3,7-trihydroxy-2,4-
diisoprenylxanthone
7-geranyloxy-1,3-
dihydroxyxanthone

Li, Lee, et al. 
(2018)
Li, Song, et al. 
(2018)

Twigs Antioxidant Dulcisxanthone B
β-mangostin
Cudratricusxanthone E
Cochinchinone B

Chailap and 
Nuanyai (2019)     

Fruits and 
leaves

Antioxidant α-tocopherol
δ-tocotrienol
γ-tocotrienol
Cochinchinone G
Fuscaxanthone E
Vismiaquinone A
7-geranyloxy-1,3-
dihydroxyxanthone

Chailap et al. 
(2017)

Resin 
extract

Antifungal α-mangostin
Macluraxanthone

Boonnak et al. 
(2009)

     Antibacterial α-mangostin
β-mangostin
Cochinchinone A
Celebixanthone methyl ether

Boonnak et al. 
(2009)

Table 2 (continue)
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Plant Parts Pharmacological 
activity Chemical constituents References

Dulxis-xanthone
Macluraxanthone
Pruniflorone G
1,3,7-trihydroxy-2,4-
diisoprenylxanthone
Caged-prenylated xanthone

Fruits Antimalarial Fuscaxanthone E
Vismione B
Vismione F
Vismione E

Maisuthisakul et 
al. (2007)

Antibacterial Cochinchinone L
7-geranyloxy-1,3-
dihydroxyxanthone
3-geranyloxy-1,7-
dihydroxyxanthon

Boonnak et al. 
(2009)

Twigs Antibacterial β-mangostin
Cochinchinone A

Mahabusarakam et 
al. (2008) 

Cratoxylum 
formosum
     

Stem bark Antibacterial Gum extract Boonsri et al. 
(2006)

Leaves Antioxidant
Anti-
inflammatory

Quercetin
Isoquercitin
Hyperin
Quercitrin

Choi et al. (2012)

Twigs Antioxidant Dulcisxanthone B
β-mangostin
Cudratricusxanthone E
Cochinchinone B

Chailap and 
Nuanyai (2019)

Cratoxylum 
glaucum

Stem bark Antioxidant β-mangostin
5-demethoxycadensin
Friedelin
Fuscaxanthone C
Vismiaquinone
3-geranyloxy-6-methyl-1,8-
dihydroxyanthraquinone
1,8-dihydoxy-3-methoxy-6-
methylanthraquinonestigmasterol

Thaweboon et al. 
(2014)

Cratoxylum 
maingayi

Stem bark Antimalarial
cytotoxic

Gerontoxanthone I
Macluraxanthone
Formoxanthone C

Maisuthisakul et 
al. (2007)

Cratoxylum 
sumatranum

Roots Antibacterial Cratosumatranone B
Cratosumatranone D 
Pruniflorone N
​​Pancixanthone B

Tantapakul et al. 
(2016)

Antioxidant Macluraxanthone Tantapakul et al. 
(2016)

Table 2 (continue)
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     Twigs Antibacterial 1,3,5,6-tetrahydroxyxanthone
1,3,6-trihydroxy-7-
methoxyxanthone
1,5-dihydroxy-6,7-
dimethoxyxanthone
1,5-dihydroxy-8-
methoxyxanthone
1,7-dihydroxyxanthone
2,4,6-trimethoxybenzophenone
2,8-
dihydroxy-1-methoxyxanthone
4-hydroxy-2,6-
dimethoxybenzophenone
Annulatomarin
Cratosumatranone F
Cratoxyarborenone F
Trapezifolixanthone

Tantapakul et al. 
(2016)

     Antioxidant 1,3,5,6-tetrahydroxyxanthone Tantapakul et al. 
(2016)

Table 2 (continue)

C. arborescens, C. cochinchinense, C. 
formosum, C. maingayi, and C. sumatranum 
possessed significant antibacterial activities 
towards Bacillus cereus (Tantapakul et 
al., 2016; Vu et al., 2015; Yahayu et al., 
2013), Bacillus subtilis (Boonnak et al., 
2009; Boonsri et al., 2006; Vu et al., 
2015; Yahayu et al., 2013), Escherichia 
coli (Ngamsurach & Praipipat, 2021; 
Vu et al., 2015), Enterococcus faecalis 
(Boonnak et al., 2009), vancomycin-
resistant Enterococcus faecalis (Boonnak et 
al., 2009), Micrococcus luteus (Tantapakul 
et al., 2016), Pseudomonas aeruginosa 
(Boonnak et al., 2009; Boonsri et al., 2006; 
Tantapakul et al., 2016; Vu et al., 2015), 
Salmonella typhimurium (Boonsri et al., 
2006; Tantapakul et al., 2016; Yahayu et 
al., 2013), Staphylococcus aureus (Boonsri 
et al., 2006; Enggiwanto et al., 2019; 

Mahabusarakam et al., 2008; Ngamsurach & 
Praipipat, 2021; Tantapakul et al., 2016; Vu 
et al., 2015; Yahayu et al., 2013), methicillin-
resistant Staphylococcus aureus (MRSA) 
(Boonnak et al., 2009; Mahabusarakam 
et al., 2008), Staphylococcus epidermis 
(Tantapakul et al., 2016), Streptococcus 
mutans (Suddhasthira et al., 2006), and 
Streptococcus faecalis (Boonsri et al., 2006).

The α-mangostin isolated from the 
stem bark of C. arborescens had shown 
potent reactivity against B. cereus, B. 
subtilis, S. typhimurium, and S. aureus, 
with the diameter of inhibition zones 
ranging from 16 to 20 mm, as compared 
to the standard drugs, tetracycline, and 
ampicillin (Yahayu et al., 2013). In the 
same study, β-mangostin was also isolated 
but demonstrated moderate antibacterial 
activity towards similar bacterial strains, 
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with the diameter of inhibition zones from 
7 to 11 mm, which could be due to the loss 
of a hydroxyl group in its chemical structure 
compared to α-mangostin. 

The antibacterial activities of C. 
cochinchinense were tested against Gram-
positive and Gram-negative bacteria using 
the xanthones isolated from its green fruits 
and resin. The majority of the xanthones 
isolated possessed strong antibacterial 
effects against the tested Gram-positive 
bacteria (B. subtilis, S. aureus, E. faecalis 
TISTR 459, methicillin-resistant S. aureus 
(MRSA) ATCC 43300, vancomycin-
resistant E. faecalis (VRE) ATCC 51299). 
However, among all the Gram-negative 
bacteria examined, xanthones, such as 
α-mangostin, β-mangostin, caged-prenylated 
xanthone, celebixanthone methyl ether, 
cochinchinone A, cochinchinone L, dulxis-
xanthone, macluraxanthone, pruniflorone G, 
1,3,7-trihydroxy-2,4-diisoprenylxanthone, 
3-geranyloxy-1,7-dihydroxyxanthone, and 
7-geranyloxy-1,3-dihydroxyxanthone, did 
not show significant activities against S. 
typhimurium and Shigella sonei but were 
found to have strong antibacterial activities 
against P. aeruginosa (Boonnak et al., 
2009). Interestingly, the compounds that 
showed inhibition towards P. aeruginosa 
were mostly 1,3,7-trihydroxy xanthones 
(cochinchinone A and 1,3,7-trihydroxy-2,4-
diisoprenylxanthone) or 1,3,7-trioxygenated 
xanthones that have dihydroxyl groups and 
an oxygeranyl side chain either at C-3 or C-7 
(7-geranyloxy-1,3-dihydroxyxanthone and 
3-geranyloxy-1,7-dihydroxy- xanthone).

B e s i d e s ,  v a r i o u s  x a n t h o n e s 
(isocudraniaxanthone B, cudratricusxanthone 

E,  no ra thyr io l ,  β-mangso t in ,  and 
cochinchinone A) isolated from the fruits, 
roots, and twigs of C. cochinchinense 
exhibited strong antibacterial activities 
towards S. aureus and methicillin-resistant 
S. aureus (MRSA SK1) with minimum 
inhibitory concentration (MIC) values 
ranging from 16 to 128 µg mL–1. In this 
study, isocudraniaxanthone B was found to 
possess the strongest antibacterial activities 
towards S. aureus and MRSA SK1 with a 
MIC value of 16 µg mL–1 compared with 
other xanthones (Mahabusarakam et al., 
2008).

Antibacterial investigations using the 
crude hexane extracts from the roots of 
C. formosum were also conducted against 
B. substilis, S. aureus, P. aeruginosa, 
S. faecalis, and S. typhimurium. It was 
revealed that xanthone V1, gerontoxanthone 
I, formoxanthone C, and macluraxanthone 
isolated from the crude roots extract of 
C. formosum were able to inhibit the 
growth of these bacteria (Boonsri et al., 
2006). Besides, the gum extract from the 
stem bark of C. formosum was reported 
to exhibit antibacterial activities towards 
S. mutans based on the agar diffusion 
method. Inhibition zones were formed with 
a diameter ranging from 9.5 to 11.5 mm, 
and MIC values were between 48 mg mL–1 
and 97 mg mL–1 (Suddhasthira et al., 2006). 
Another study by Ngamsurach and Praipipat 
(2021) used similar procedures to investigate 
the antibacterial potential of C. formosum 
leaves extract by synthesizing it into beads 
using sodium alginate. The study revealed 
that C. formosum beads (CFB) possessed 
antibacterial properties against S. aureus and 
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E. coli. CFB demonstrated a dose-dependent 
antibacterial potential indicating more 
effective results at a higher concentration 
range. As a result, the diameter of the 
inhibition zones on S. aureus was between 
6.0 to 8.3 mm, while the diameter of the 
inhibition zones on E. coli was between 6.1 
to 8.8 mm, with the increasing concentration 
of CFB from 100 to 400 mg mL–1. Vu et al. 
(2015) also investigated the antibacterial 
activities of the leaf extracts of C. formosum 
by using the broth microdilution method. 
Three Gram-positive strains (B. cereus 
ATCC 21768, B. subtilis ATCC 6633, and 
S. aureus ATCC 6538) and two Gram-
negative bacterial strains (E. coli American 
Type Culture Collection, ATCC 25922 
and P. aeruginosa ATCC 9027) were used 
to test the antibacterial activities of the 
leaf extracts. The extracts were a potent 
antibacterial agent against all five strains, 
with the MIC concentration ranging from 
125 to 2000 μg mL–1 (Vu et al., 2015).

Cratoxylum glaucum was also tested 
for its antibacterial activity toward S. 
aureus, as reported by Enggiwanto et al. 
(2019). The researchers emulsified the 
extracts into nanoemulsion, an effective 
drug delivery system for bacterial cells. 
The agar diffusion results showed inhibition 
zones with diameters ranging from 14.03 
to 15.22 mm when the concentration of the 
extracts increased from 20 to 80%.

In another research conducted by 
Tantapakul et al. (2016), the roots and twigs 
of C. sumatranum ssp. neriifolium were 
found to consist of chemical constituents, 
such as benzophenones and xanthones. 

These chemical constituents were believed 
to have contributed to the antibacterial 
potentials of C. sumatranum towards M. 
luteus, B. cereus, S. epidermis, S. aureus, S. 
typhimurium, and P. aeruginosa.

Antifungal

The gum extract of C. formosum was 
tested against Candida albicans using disk 
diffusion and broth dilution assays. It was 
found that the gum extract demonstrated 
antifungal activity with MIC values 
between 0.50 and 1.25 mg mL–1 towards 
reference and clinical strains of C. albicans 
(Thaweboon et al., 2014). Another study 
by Boonnak et al. (2009) concluded that 
macluraxanthone and α-mangostin isolated 
from the resin of C. cochinchinense 
exhibited strong antifungal activity against 
the same fungus with MIC values of 2.4 
and 4.7 µg mL–1, respectively.

Antioxidant

Many antioxidant studies have been 
conducted over the years on Cratoxylum 
species. Phytochemicals confer human 
health benefits due to their antioxidative 
properties (Thakur et al., 2020). Cratoxylum 
arborescens ,  C. cochinchinense ,  C. 
formosum, C. glaucum, and C. sumatranum 
were found to be effective antioxidants as 
they have high contents of phytochemicals, 
such as anthraquinones, flavonoids, 
polyphenols, and triterpenoids.

Sim et al. (2010) reported that C. 
arborescens and C. glaucum possessed 
antioxidant properties as they effectively 
scavenged DPPH (2,2-diphenyl-1-
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picrylhydrazyl) free radicals. These strong 
radical scavenging effects could be correlated 
to their high phenolic contents. In addition, 
the presence of xanthones and triterpenoids 
in the stems and leaves of C. cochinchinense 
also contributed to its antioxidant properties. 
Four xanthones isolated from the stem 
possessed potent activities in both DPPH 
radical scavenging and lipid peroxidation 
inhibition assays (Udomchotphruet et 
al., 2012). Furthermore, the leaves of 
C. cochinchinense also demonstrated 
antioxidant properties in ABTS [2,2’-azino-
bis(3-ethylbenzothiazoline-6-sulfonic 
acid)] radical scavenging assay, recording 
the highest antioxidant activity in trolox 
equivalent antioxidant capacity (TEAC) 
values as well as total phenolic content 
(Tang, Whiteman, Peng, et al., 2004). 

Our group evaluated the antioxidant 
activities of the methanolic leaf extracts 
of C. cochinchinense by using various 
antioxidant assays (Tan et al., 2021). The 
leaves were found to be antioxidant rich 
as they consisted of high phenolic and 
flavonoid contents, with the recorded values 
of 129.0 ± 2.55 mg GAE g–1 crude extract 
and 159.0 ± 2.15 mg QE g–1 crude extract, 
respectively. Expectedly, the leaves were 
reported to have strong dose-dependent 
radical scavenging activities towards 
both DPPH and ABTS free radicals. In 
addition, the extract also exerted its ability 
to reduce ferric ions with the ferric reducing 
antioxidant power (FRAP) value of 99.33 
± 13.28 mg Fe (II) g–1 crude extract, which 
could be due to the presence of reducing 
agents converting ferric ions to ferrous ions. 
However, the leaf extracts showed weak 

metal chelating activity at 31%, even though 
the extract concentration had been increased 
to 5 mg mL–1. 

Tea  sample  p roduced  f rom C. 
cochinchinense was also tested using 
DPPH radical scavenging assay for its 
antioxidant activity, compared with the 
Camellia teas (green tea, pu-erh tea, and 
black tea) used. The tea sample possessed 
total phenolic content of 51.14 mg GAE g–1 
dry weight, which was relatively lower than 
pu-erh tea (67.82 mg GAE g–1) and green 
tea (80.07 mg GAE g–1) but higher than 
black tea (39.77 mg GAE g–1). In addition, 
the sample charted a half maximal effective 
concentration (EC50) value of 294.73 
μg mL–1, which showed intermediate 
antioxidant activity as compared to trolox 
(17.67 μg mL–1), green tea (44.23 μg mL–1), 
pu-erh tea (108.10 μg mL–1), and black tea 
(176.23 μg mL–1) (Bi et al., 2016).

Antioxidant investigations were also 
conducted on C. glaucum recently. For 
example, Juanda et al. (2021) reported that 
the leaves, stems, and cortex extracts of C. 
glaucum contained phytochemicals, such 
as flavonoids, quinones, phenols, tannins, 
saponins, and steroids/triterpenoids. Three 
different solvents (n-hexane, ethyl acetate, 
and ethanol) were used to extract the plant, 
revealing total phenolic contents ranging 
from 6.62 to 48.77 g GAE 100 g–1 extract 
and total flavonoid contents ranging from 
1.54 to 25.96 g QE 100 g–1 extract. Ethanol 
extracts possessed the highest total phenolic 
contents, ranging from 29.51 to 48.77 g 
GAE 100 g–1 extract. For total flavonoid 
contents, ethyl acetate stem extract had the 
highest content (25.96 g QE 100 g–1 extract), 
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while ethanol cortex extract reported the 
lowest content (1.54 g QE 100 g–1 extract). 
The plant contained phenolic and flavonoid 
compounds, so the extracts could scavenge 
DPPH free radicals and inhibit xanthine 
oxidase activities.

Xanthone is an abundant secondary 
plant metabolite in the twigs of C. 
cochinchinense and C. formosum. Chailap 
and Nuanyai (2019) successfully isolated 
and identified seven xanthones present in 
C. cochinchinense and C. formosum, which 
were β-mangostin, cudratricusxanthone 
E, cochinchinone A, cochinchinone B, 
1,3,7-trihydroxy-2,4-di-(3-methylbut-
2-eyl)-xanthone, dulcisxanthone B, 
and 2-geranyl-1,3,7-trihydroxy-4-(3,3-
dimethylallyl)-xanthone. Meanwhile, 
xanthones with a hydroxyl group at C-6, 
such as dulcisxanthone B, β-mangostin, 
cudratricusxanthone E, and cochinchinone 
B, exhibited strong free radicals scavenging 
activities and low potential of oxidation 
peaks, in DPPH radical scavenging activity 
assay and cyclic voltammetry, respectively. 
Therefore, the hydroxyl moiety at the C-6 
position could be concluded to play a crucial 
role in the antioxidant power of xanthone 
(Chailap & Nuanyai, 2019).

The C. formosum leaf extract contained 
chlorogenic acid (main phenolic acid), 
dicaffeoylquinic acid, and two ferulic acid 
derivatives. Antioxidant activities of the 
extract were assessed using DPPH and 
ABTS free radical scavenging assays. It 
was found that chlorogenic acid and another 
minor compound, dicaffeoylquinic acid, 
contributed to the antioxidant potential of the 

extract by demonstrating strong scavenging 
activities in both assays (Maisuthisakul et 
al., 2007).

In the past years, very few studies have 
been conducted on C. sumatranum. However, 
according to Tantapakul et al. (2016), 
C. sumatranum possessed antioxidant 
activities. The compounds elucidated from 
the ethanolic extract were evaluated using 
DPPH radical scavenging activity assay. 
Among all isolated compounds, it was found 
that only two compounds (macluraxanthone, 
1,3,5,6-tetrahy-droxyxanthone) exhibited 
potent antioxidant activities, while the 
remaining compounds showed weak 
activities. 

Antimalarial

Several studies had been conducted on 
C. cochinchinense to test its antimalarial 
effects against Plasmodium falciparum. 
Roots of C. cochinchinense were extracted, 
and prenylated xanthones were isolated. 
Among the isolated prenylated xanthones, 
5-O-methylcelebixanthone, celebixanthone, 
β-mangostin, and cochinchinone C were 
found to be effective in inhibiting malarial 
activities, with half maximal inhibitory 
concentration (IC50) values of 3.2 µg 
mL–1, 4.9 µg mL–1, 7.2 µg mL–1, and 2.6 
µg mL–1, respectively, while the rest of the 
isolated compounds were shown inactive 
(Laphookhieo et al., 2006). Five phenolic 
compounds were also detected in the fruits 
of C. cochinchinense, and their antimalarial 
activities were determined. Among the 
five phenolic compounds identified, 
fuscaxanthone E, vismione B, vismione 
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F, and vismione E showed significant 
antimalarial effects. Vismione B showed the 
strongest activity at the IC50 value of 0.66 µg 
mL–1, while vismione F and E recorded IC50 

values of 2.02 µg mL–1 and 3.91 µg mL–1, 
respectively. The structural variations of the 
vismione derivatives influenced antimalarial 
properties. As reported by Laphookhieo et 
al. (2009), a chromene ring was seen in 
the structure of vismione B at C-1 and C-2 
positions, while in the chemical structure of 
vismione E and F, hydroxyl and isoprenyl 
groups were present at C-1 and C-2 instead 
of the chromene ring.

Three 1,3,5,6-oxygenated xanthones 
i d e n t i f i e d  a s  f o r m o x a n t h o n e  C , 
gerontoxanthone I, and macluraxanthone 
were isolated from C. maingayi stem 
bark. All three xanthones exhibited strong 
antimalarial properties against P. falciparum 
with a low IC50 value of below 2 µg mL–1. The 
strong antimalarial activity was observed 
among these 1,3,5,6-oxygenated xanthones 
because of two hydroxyl groups at C-5 and 
C-6 positions (Laphookhieo et al., 2009).

Anti-Gastric Ulcer

Cratoxylum arborescens exhibited anti-
gastric ulcer properties due to its potential as 
an anti-Helicobacter pylori agent. This plant 
possessed high phytochemical contents 
consisting of xanthones, α-mangostin, and 
β-mangostin (Sharifi-Rad et al., 2018). 
Sidahmed et al. (2013) mentioned that 
α-mangostin isolated from the stem bark of 
C. arborescens demonstrated antibacterial 
proper t ies  towards  H. pylor i .  The 
compound α-mangostin had shown a dose-

dependent activity and was certainly able 
to protect the gastric mucosa from bacterial 
infection. Furthermore, it was revealed that 
α-mangostin interfered with the release of 
nitric oxides as well as the inhibition of 
cyclooxygenases (COX), thus validating the 
gastroprotective potential of C. arborescens 
to prevent the formation of gastric ulcers. 
In another study by Sidahmed et al. (2016), 
the stem bark of C. arborescens was found 
to contain β-mangostin, demonstrating 
gastroprotective activity by inducing the 
secretion of gastro-adherent mucus in the 
Sprague Dawley rats against the ethanol 
ulcer model system. Besides, this compound 
also exhibited antioxidant, anti-apoptotic, 
and anti-H. pylori effects strengthening its 
potential as an anti-gastric ulcer agent.  

Anti-HIV-1 Reverse Transcriptase

Pentacyclic triterpenoids derivatives are 
one of the naturally occurring triterpenoids 
conferring anti-HIV potential. Lupanes, such 
as betulinic acid and lupene derivatives, are 
active in the inhibition activity of HIV-1 
reverse transcriptase (Cassels & Asencio, 
2010; Chinsembu, 2019). The leaves and 
twigs of C. arborescens were extracted and 
tested using the HIV-1 reverse transcriptase 
assay. Among the isolated compounds, 
betulinic acid and the lupene derivatives (lup-
20(29)-ene-3β,30-diol and 3β-hydroxylup-
20(29)-en-30-oic acid) were identified, 
along with other compounds, which 
were euxanthone and 1,3,7-trihydroxy-
6-methoxy-4,5-di(3-methylbut-2-en-yl) 
xanthone. These compounds possessed 
IC50 values ranging from 8.7 µg mL–1 
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to 84.9 µg mL–1, indicating moderate to 
strong activities in the inhibition of HIV-1 
reverse transcriptase. The result showed 
that 3β-hydroxylup-20(29)-en-30-oic acid 
exhibited the strongest inhibition activity 
towards HIV-1 reverse transcriptase with 
an IC50 value of 8.7 µg mL–1. The isolated 
compounds were also tested using the 
syncytium assay that utilized ΔTat/RevMC99 
virus and 1A2 cell line system. It was reported 
that lup-20(29)-ene-3β,30-diol, betulinic 
acid, euxanthone, 1,3,8-trihydroxy-2,4-
dimethoxyxanthone, 3,4-dihydroxybenzoic 
acid, and 3β-hydroxylup-20(29)-en-30-oic 
acid possessed anti-HIV-1 activity based on 
the assay with the EC50 values ranging from 
below 3.9 to 32.2 µg mL–1 in which betulinic 
acid recorded the lowest EC50 value lesser 
than 3.9 µg mL–1 (Reutrakul et al., 2006).

In addit ion,  a recent study was 
conducted on the stem bark of C. formosum 
ssp. pruniflorum for its anti-HIV-1 reverse 
transcriptase activity. Crude methanol 
extract and five fractions (CFA, CFB, 
CFC, CFD, and CFE) obtained from crude 
chloroform extract were tested. One of 
the chloroform fractions, CFE, exhibited 
effective anti-HIV-1 reverse transcriptase 
activity, similar to the positive control, 
Nevirapine, while the rest of the samples 
showed low inhibition (Srisombat et al., 
2019).

Antidiabetic

The root bark of  C. cochinchinense 
was reported to inhibit the activities of 
protein tyrosine phosphatase 1B (PTP1B) 
and α-glucosidase, which were the key 

target enzymes for the treatment of non-
communicable chronic diseases such as 
obesity and diabetes mellitus. The isolated 
alkylated xanthones from C. cochinchinense 
demonstrated significant inhibitory activity 
with IC50 values ranging from 1.7 to 72.7 
µM for α-glucosidase and 2.4 to 52.5 µM 
for PTP1B. Cratoxanthone A (IC50 = 4.8 
µM), α-mangostin (IC50 = 5.7 µM), and 
ɣ-mangostin (IC50 = 1.7 µM) were the 
xanthones identified as the most active 
α-glucosidase inhibitors with IC50 values 
less than 10 µM. Li, Lee, et al. (2018) 
mentioned that subtle structural changes 
in the relevant compounds contributed 
to the α-glucosidase inhibitory potencies 
of xanthones. Xanthones with prenyl 
group on A-ring that bore free hydroxyl 
groups, such as cratoxanthone A, showed 
better inhibition towards α-glucosidase 
as  compared  to  cochinchinone  A. 
Furthermore, cratoxanthone A (IC50 = 2.4 
µM), cochinchinone A (IC50 = 5.2 µM), 
and α-mangostin (IC50 = 5.5 µM) were the 
most active PTP1B inhibitors. Among the 
isolated alkylated xanthones, cratoxanthone 
A, and α-mangostin were the most potent 
inhibitors for α-glucosidase and PTP1B. In 
addition, two new xanthones, cratoxanthone 
E and F, were also identified from the C. 
cochinchinense root bark, demonstrating 
inhibition towards α-glucosidase and 
PTP1B (Li, Song, et al., 2018).

Besides,  caged xanthones were 
also elucidated from the root bark of 
C. cochinchinense .  As a result,  six 
caged xanthones were isolated, and 
these compounds were studied for their 
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PTP1B inhibitory potentials. Among the 
isolated compounds, cochinchinoxanthone 
C ,  c o c h i n c h i n o x a n t h o n e  D ,  a n d 
cochinchinoxanthone recorded significant 
PTP1B inhibitory activities with IC50 values 
of 76.3, 46.2, and 6.6 µM, respectively. As 
such, cochinchinoxanthone was reported to 
be the most potent PTP1B inhibitor among 
the isolated caged xanthones (Li, Lee, et 
al., 2018). 

Anticancer

The 1,3-dihydroxy-6,7-dimethoxy-2,8-
diprenylxanthone and 2-geranylemodin 
were the xanthones compounds obtained 
from the C. arborescens  stem bark 
with moderate cytotoxic effect towards 
NCI-H187 (lung cancer cell line) at IC50 
values of 3.69 ± 1.27 and 3.08 ± 0.73 µg 
mL–1, respectively (Pattanaprateeb et al., 
2005). Besides, α-mangostin as the major 
bioactive compound in C. arborescens, was 
cytotoxic towards human cervix carcinoma 
cells (WRL-68) with  IC50 value of 65 μg 
mL–1 but did not have any cytotoxic effect on 
normal kidney and liver cells as determined 
using in vivo mice model after 14 days of 
oral gavage with 100 mg kg–1, 500 mg kg–1, 
and 1000 mg kg–1 of compound (Ibrahim 
et al., 2015). Moreover, α-mangostin also 
showed a remarkable cytotoxic effect on 
the HeLa cancer cell line with an IC50 
value of 24.53 ± 1.48 µM. However, no 
significant cytotoxic effects were shown 
towards normal human epithelial ovarian 
cells (SV40), where the IC50 value of 
93.26 ± 3.92 µM was recorded after 24 
hours of incubation. The proliferation and 

colony-forming capabilities of HeLa cells 
were significantly reduced and inhibited 
after treatment with α-mangostin isolated 
from C. arborescens in a dose and time-
dependent manner. It was reported that 
the apoptosis in HeLa cells was induced 
by α-mangostin via the mitochondrial-
dependent pathway. First, it disrupted the 
mitochondrial membrane potential with 
reactive oxygen species (ROS) due to high 
oxidative stress. It triggered the release 
of cytochrome C into the cytosol, which 
marked the early apoptosis process. Then, 
the free cytochrome C activated caspases 
(caspase-3, caspase-7, and caspase-9), 
which eventually led to apoptosis (El 
Habbash et al., 2017). In addition, Yahayu 
et al. (2013) showed that the α-mangostin 
and β-mangostin extracted from the C. 
arborescens stem bark exhibited high 
cytotoxicities against estrogen receptor-
positive human breast adenocarcinoma 
cells (MCF-7) with IC50 values of 12.48 
µg ml–1 and 28.42 µg ml–1, respectively. 
The high cytotoxicity of α-mangostin 
towards MCF-7 cells was associated 
with the prenyl groups that affected the 
mitochondrial signal transduction pathway, 
which was responsible for the mitochondria 
permeability. In contrast, β-mangostin 
demonstrated a slightly lower cytotoxic 
effect on MCF-7 cells due to the loss of one 
hydroxyl group (Yahayu et al., 2013).

The cytotoxic effect of the less potent 
β-mangostin of C. arborescens isolated 
from stem bark was further studied by Syam 
et al. (2014) against the estrogen receptor-
positive human breast adenocarcinoma 
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cells (MCF-7), estrogen receptor-negative 
human breast adenocarcinoma cells (MDA-
MB 231), human liver hepatocellular cells 
(HepG2), human lung cancer cells (A-549), 
and human prostate cancer cells (PC3). 
This phytocompound exhibited a selective 
cytotoxic effect as the most significant 
cytotoxicity was observed for the two breast 
cancer cell lines, MCF-7 and MDA-MB-231. 
The MCF-7 and MDA-MB-231 cells showed 
prominent growth inhibition and cellular 
shrinkage after 24 hours post-treatment 
with β-mangostin. Meanwhile, animal 
experiments also validated that β-mangostin 
was non-hepatotoxic and nephrotoxic, with 
no significant changes in the body weight 
of mice models after treatment (Syam 
et al., 2014). Besides, β-mangostin also 
showed a significant antiproliferative effect 
on human promyelocytic leukemia cells 
(HL60) at a concentration of 58 µM post-
treatment, with a 70% reduction in cellular 
viability. A similar apoptotic pathway was 
observed after induction with β-mangostin, 
which exhibited adverse effects on the 
mitochondrial membrane potential through 
the generation of an excessive amount 
of reactive oxygen species that led to the 
release of cytochrome C into the cytosol. 
Then, the free cytochrome C triggered 
the caspase-3 and caspase-9 activities, 
causing cell apoptosis. β-mangostin reduced 
the transcription of the mRNA of the 
apoptosis repressor genes Bcl-2 and HSP70 
while upregulating the gene expression of 
caspase-9 as observed in quantitative real-
time polymerase chain reaction (qPCR) 
reaction in a dose-dependent manner (Omer 
et al., 2017).

Hexane fraction of xanthones extracted 
from the roots of C. cochinchinense was 
significantly cytotoxic towards human lung 
cancer cells (NCI-H187) but demonstrated 
no antiproliferative effect on human mouth 
epidermoid carcinoma cells (KB) and 
breast cancer cells (BC-549). The geranyl 
moiety on the xanthones isolated from C. 
cochinchinense was considered responsible 
for its remarkable anticancer activity 
(Laphookhieo et al., 2006). Meanwhile, 
Mahabusarakam et al. (2008) reported that 
the dichloromethane fraction and methanolic 
fraction of xanthones from the roots of a 
similar plant consisting of 7-geranyloxy-
1,3-dihydroxyxanthone and celebixanthone 
had strong cytotoxic effect towards MCF-7, 
HeLa, HT-29, and KB cancer cell lines, 
with IC50 values in the range of 0.32 to 0.45 
mg mL–1. The contradicting results for KB 
cancer cells may be due to the difference in 
the phytochemical contents in the various 
fractions tested by the researchers.

Laphookhieo et al. (2009) isolated 
formoxanthone C, gerontoxanthone I, 
and macluraxanthone from the bark of C. 
cochinchinense; vismione E and vismione 
F from the fruits of C. cochinchinense and 
these compounds were found to exhibit 
cytotoxic effects towards NCI-H187 cancer 
cells. Interestingly, formoxanthone C 
demonstrated the highest cytotoxic effect 
on NCI-H187 cancer cells with an IC50 

value of 0.22 μg mL–1 compared to other 
isolated compounds and elliticine (IC50 

= 0.45 μg mL–1), a standard drug used in 
the sulforhodamine B (SRB) colorimetric 
cytotoxicity assay. In addition, pruniflorone 
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M, pruniflorone N, and 6-deoxyisojacareubin 
had been identified from the barks of 
C. cochinchinense with their significant 
antiproliferative effects on human breast 
cancer cells (MCF-7 and SKBR3), Ishikawa 
endometrial adenocarcinoma, ovarian 
carcinoma (BG-1), mesothelioma (IST-
MES1), and human liver cancer cells 
(HepG2) based on MTT assays (Thu et 
al., 2017). Furthermore, fruits and leaves 
of C. cochinchinense also contained 
cochinchinone G, which showed a strong 
cytotoxic effect on the breast (BT474), 
lung (ChaGO-K-1), liver (HepG2), gastric 
(KATO-3), and colon (SW-620) cancer 
cell lines in MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5 diphenyl tetrazolium bromide] 
assays at IC50 values of 5.25 μg mL–1, 5.44 
μg mL–1, 5.74 μg mL–1, 5.32 μg mL–1, and 
4.64 μg mL–1, respectively (Chailap et al., 
2017).

On the other hand, Ren et al. (2011) 
identified α-mangostin as the most 
potent cytotoxic xanthone from the C. 
cochinchinense methanolic stem extract 
against the human colon cancer cell line 
(HT-29) with a median effective dose (ED50) 
value of 4.1 µM. Meanwhile, the semi-
synthetic derivatives of 6-O-benzoyl-α-
mangostin and 3,6-di-O-acetyl-α-mangostin 
obtained from the chemical modification 
of α-mangostin were shown to be highly 
cytotoxic towards the HT-29 human colon 
cancer cells with ED50 values of 1.0 and 1.9 
µM, respectively. This study discovered that 
the carboxyl group at C-18 and the prenyl 
groups at C-2 and C-4 were not responsible 
for the cytotoxicity of the xanthone 

compounds. The chemical modification of 
α-mangostin revealed that 3,6-diacetylation 
and 6-benzoylation could improve the 
cytotoxicity; at C-2 and C-3, the cyclization 
had retained the initial cytotoxicity, 
while at C-1, C-2, the cyclization, and 
3,6-dimethylation would decrease the 
xanthone cytotoxicity. Besides, Ren et al. 
(2011) also found that 1,3,7-trihydroxy-
2,4-diisoprenylxanthone isolated from the 
C. cochinchinense stem extracts possessed 
the highest inhibitory effect (IC50 value of 
2.9 µM) on the nuclear factor-κB (NF-κB) 
p65. The transcriptional factor p65 plays a 
key role in the inflammatory responses on 
the NF-κB signaling pathway. Stimulation 
of the p65 transcriptional factor at aberrant 
levels would induce the canonical NF-κB 
signaling pathway above basal levels and 
indirectly trigger the development of tumors 
(Giridharan & Srinivasan, 2018).

In a study by Tang, Whiteman, Jenner, 
et al. (2004), a semipurified extract (YCT) 
containing at least 90% mangiferin was 
obtained from C. cochinchinense. This 
extract had induced a selective cytotoxic 
effect towards Jurkat T cells (T cell 
leukemia) by reducing 60% of cellular 
viability at 63.35 µg mL–1 after 48 hours 
of treatment but no significant effect on 
normal cell lines (Chang’s liver cell (CL), 
Madin–Darby canine kidney (MDCK), 
human articular chondrocytes (HAC), 
rat pheochromocytoma cells (PC12), and 
human chondrosarcoma cells (HTB94)). 
It was postulated that YCT acted on the 
plasma membrane redox system (PMRS), 
such as cNOX (constitutive) and tNOX 



233Pertanika J. Trop. Agric. Sci. 46 (1): 213 - 241 (2023)

Comprehensive Review of Cratoxylum Genus

(tumor-associated) plasma membrane 
oxidases that were active on T cell leukemia 
but inactive on normal lymphocytes. At 
first, YCT induced high oxidative stress by 
accumulating radical oxygen species (ROS) 
in the mitochondria. This action depolarized 
the mitochondrial membrane causing a rapid 
influx of calcium ions (Ca2+) through the 
membrane’s non-selective cation channel. 
Excessive Ca2+ led to a fall in mitochondria 
membrane potential, ultimately leading to 
cell death. Hepatotoxicity was observed in 
this experiment despite the positive effect 
of YCT on T cells. Human fetal liver cells 
(HFL) and human liver cancer cells were 
most susceptible to YCT, with reduced 
viability to 10% and 20%, respectively, 
after 48 hours of exposure at 63.35 µg mL–1 
(Tang, Whiteman, Jenner, et al., 2004).

The anticancer properties of C. 
cochinchinense were mainly attributed 
to the xanthone compounds present in 
different parts of the plant. Studies have 
suggested that the selective cytotoxic effects 
of different xanthones on cancer cell lines 
largely depended on the molecular moiety 
present in the xanthones. For example, 
the hydroxyl moiety presents at C-5 of 
celebixanthone and the geranyl group at 
C-4 of cochinchinone A were responsible 
for the high cytotoxic effect towards human 
lung cancer cell (NCI-H187), but the 
opposite was observed for the methoxyl 
group at 5-O-methylcelebixanthone and 
prenyl group at 1,3,7-trihydroxy-2,4-di(3-
methylbut-2-enyl) xanthone (Laphookhieo 
et al., 2006). This finding was supported 
by Chailap et al. (2017), who reported 

that cochinchinone G, which possessed 
two hydroxyl groups, expressed a high 
cytotoxic effect towards breast (BT474), 
lung (ChaGO-K-1), liver (HepG2), gastric 
(KATO-3), and colon (SW-620) cancer 
cell lines. Meanwhile, α,α,β-trimethylfuran 
ring on C-3/C-4 of formoxanthone C also 
contributed to the high cytotoxic effect 
towards NCI-H187. On the other hand, at 
C-4, the 1,1-dimethyl-2-propenyl moiety 
of gerontoxanthone I and macluraxanthone 
were reported to reduce the cytotoxic effect 
on NCI-H187 (Laphookhieo et al., 2009). 
Xanthone with an additional oxygenated 
heterocyclic ring fused with the xanthone 
nucleus at C-3/C-4 showed a high cytotoxic 
effect towards human breast cancer cells 
(MCF-7 and SKBR3), Ishikawa endometrial 
adenocarcinoma, ovarian carcinoma (BG-1), 
mesothelioma (IST-MES1), and human liver 
cancer cells (HepG2). However, an isoprenyl 
moiety in xanthone V1 and macluraxanthone 
reduced the cytotoxic effect (Takamatsu et 
al., 2003). Chemical modifications, such as 
3,6-diacetylation and 6-benzoylation, were 
reported to have improved the cytotoxicity 
towards cancer cell lines while cyclization 
at C-2 and C-3 on α-mangostin retained 
the initial cytotoxicity and cyclization at 
C-1 and C-2 and 3,6-dimethylation greatly 
reduced the cytotoxicity (Ren et al., 2011).

The crude methanol extracts (CME) of 
C. formosum ssp. pruniflorum (Teawdang) 
edible parts were found to be cytotoxic 
towards several cervical cancer cell lines, 
including HeLa (adenocarcinoma with 
HPV 18 positive), SiHa (squamous cell 
carcinoma grade II with HPV 16 positive), 



234 Pertanika J. Trop. Agric. Sci. 46 (1): 213 - 241 (2023)

Chui Yin Bok, Eric Kat Jun Low, Digsha Augundhooa, Hani’ Ariffin, Yen Bin Mok, Kai Qing Lim, Shen Le Chew, Shamala Salvamani, 
Khye Er Loh, Chui Fung Loke, Baskaran Gunasekaran and Sheri-Ann Tan

and C-33A (carcinoma with non-HPV 
infection) cell lines, with IC50 of 208.32, 
338.06, and 107.74 µg mL–1, respectively. 
The crude methanol extract was reported to 
have phenolic contents, such as gallic acid, 
caffeine, caffeic acid, ferulic acid, quercetin, 
and resveratrol. Gallic acid was already 
proven to be cytotoxic to the hepatitis 
B virus as well as liver cancer cell lines 
(Promraksa et al., 2015; Waiyaput et al., 
2012). Besides, the growth of HepG2 cancer 
cells was inhibited by 50% hydroethanolic 
extracts of C. formosum ssp. pruniflorum 
with the phytoconstituent of xanthones, 
terpenoids, tannin, saponin, alkaloids, and 
reducing sugars (IC50 value = 55.9 ± 10.6 μg 
mL–1), as compared to non-cancerous vero 
cells (IC50 value more than 500 μg mL–1) 
(Nonpunya et al., 2018). The cellular effect 
of C. formosum ssp. pruniflorum extracts 
towards HepG2 was apoptosis by activating 
caspase enzymes (Nonpunya et al., 2018).

In a study conducted by Senggunprai 
et al. (2016), the cytotoxic effect of the 
aqueous and ethanolic leaf extracts of C. 
formosum (Jack) Dyer towards human 
cholangiocarcinoma (KKU-M156) cells 
was shown in a concentration-dependent 
manner with the IC50 values ranging from 
11.3 to 12.1 mg mL–1. Apoptosis was 
observed in most cells, and necrosis was 
also seen in a small proportion of the cells 
after 24 hours of treatment. The percentage 
of apoptotic and necrotic cells increased 
dose-dependent for both aqueous and 
ethanolic extracts. In addition, the cells 
were arrested at the G2/M phase of the cell 
cycle, and the expression of cyclin A and 

Cdc25A, which were responsible for cell 
cycle regulation, were down-regulated. In 
another study by Putthawan et al. (2018), 
ethanolic leaf extracts of C. formosum 
exhibited a significant cytotoxic activity on 
human colorectal adenocarcinoma cell line 
(HT-29) and human liver cancer cell line 
(HepG2 cells) at 35.25 ± 5.95% and 17.13 
± 0.58%, at the concentration of 2000 µg 
mL–1, respectively. 

The ethanolic leaf extract of C. formosum 
(collected at Udon Thani province) showed 
significant cytotoxic effects on human 
breast cancer cells MCF-7 cells, as reported 
by Buranrat et al. (2017). The extract 
decreased the MCF-7 cell viability dose-
dependently without altering the cellular 
morphology (IC50 values of 85.70 ± 4.52 
mg mL–1 at 24 h and 53.74 ± 3.02 mg mL–1 
at 48 h). Besides, this extract also lowered 
the colony-forming ability of the MCF-7 
cell line with concentration (IC50 values 
of 36.37 ± 1.80 mg mL–1) by reducing its 
cyclin D1 (cell cycle protein) expression. 
Furthermore, it potentiated the activity of 
anticancer drugs [5-fluorouracil (5-FU), 
cisplatin, doxorubicin, and gemcitabine] 
inducing MCF-7 cell death as compared to 
treatment groups with ethanolic leaf extract 
or anticancer drugs alone. Furthermore, 
the C. formosum ethanolic leaf extract 
significantly increased the intracellular ROS 
formation and caspase-3 activity, which led 
to mitochondrial membrane dysfunction, 
resulting in the apoptosis of cancer cells. It 
was found that 100 mg mL–1 of the leaf extract 
could reduce the mitochondrial function of 
MCF-7 cancer cells by 80% compared to 
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the untreated cell groups. In addition, this 
extract inhibited the MCF-7 cell migration 
by reducing the protein expression of matrix 
metalloproteinases MMP-2 and MMP-9, 
major proteins involved in the metastasis, 
migration, and invasion processes in tumor 
cells. It also interfered with the mevalonate 
pathway (cancer cell proliferation pathway) 
by significantly downregulating the gene 
expression of Rac1 and cdk6, which 
were responsible for breast cancer cell 
proliferation. 

Ahn et al. (2019) synthesized C. 
formosum silver nanoparticles (AgNPs) 
with 0.25 mM silver nitrate and 0.02% of C. 
formosum ethanolic leaf extract. The result 
demonstrated high cytotoxicity against the 
human lung cancer cells (A549) compared 
to the C. formosum ethanolic leaf extracts 
alone. However, the cytotoxicity of C. 
formosum AgNPs towards the A549 cancer 
cell line was found to be greatly affected 
by the presence of fetal bovine serum 
(FBS). The viability of cancer cells treated 
by AgNPs was 49.9% in the presence of 
FBS, whereas, in the absence of FBS, it 
was 65.4%. Furthermore, the annexin V/
propidium iodide staining method used in 
the study suggested that the C. formosum 
AgNPs was a potential anticancer agent by 
inducing early apoptosis (21.36%) in A549 
human lung cancer cells (Ahn et al., 2019).

Formoxanthone C was one of the 
bioactive compounds isolated and identified 
from the roots of C. formosum ssp. 
pruniflorum (Jack) Dyer. It exhibited a 
significant cytotoxic effect towards MCF-7, 
HeLa, HT-29, and KB cancer cell lines at 

IC50 values of 4.9, 3.7, 5.3, and 3.3 µg mL–1, 
respectively. Meanwhile, it was determined 
that the catechol unit in the xanthone 
increased the cytotoxic effect (Boonsri et 
al., 2006). 

Laphookhieo et al. (2009) characterized 
the three 1,3,5,6-oxygenated xanthones 
from the stem barks of C. maingayi as 
gerontoxanthone I, macluraxanthone, 
and formoxanthone C, as well as their 
cytotoxicities against NCI-H187, small 
cell lung carcinoma. It was found that 
all three 1,3,5,6-oxygenated xanthones 
exhibited a significant cytotoxic effect 
towards NCI-H187 at IC50 values of 6.63 
μg mL–1 (gerontoxanthone I), 3.42 μg 
mL–1 (macluraxanthone), and 0.22 μg mL–1 
(formoxanthone C). The highest cytotoxic 
effect of formoxanthone C was found to 
be associated with the α,α,β-trimethylfuran 
ring on C-3/C-4 as compared to the less 
potent gerontoxanthone I, which had only 
isoprenyl and hydroxyl groups at C-1 and 
C-2, respectively (Chailap et al., 2017).

New xanthones of cratoxyarborenones 
A-F and the four known compounds, 
vismione B, 2,4,6-trihydroxybenzophenone 
4-O -geranyl  e ther,  be tu l in ic  ac id , 
and  δ - toco t r i eno l  a s  we l l  a s  two 
novel  an thraquinobenzophenones , 
cratoxyarborequinones A and B were 
found in the leaves, stem bark, and twigs 
of C. sumatranum using bioassay directed 
fractionation. Their cytotoxic effects 
were evaluated against the human oral 
epidermoid carcinoma (KB) cell line. The 
new xanthones of cratoxyarborenones 
A-F were all cytotoxic towards the KB 
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cell, with the highest being observed for 
cratoxyarborenones B at EC50 of 1.0 ± 
0.1 µg mL–1 in comparison to vismione 
B (EC50 = 1.3 ± 0.1 µg mL–1). In contrast, 
the two novel anthraquinobenzophenones, 
cratoxyarborequinones A and B, were 
inactive against the KB cell (Seo et al., 
2002).

CONCLUSION

This review highlighted the vast bioactivities 
of the flowering plant, Cratoxylum genus,      
especially in the traditional medicinal 
system and as proven scientifically in many 
studies. Various parts of the plants are 
found to contain distinctive phytochemical 
compounds which may contribute to their 
observed pharmacological activities, 
such  as  an t ibac te r i a l ,  an t i funga l , 
antioxidant, antimalarial, antiulcer, anti-
HIV, antidiabetic, and anticancer effects. 
Nonetheless, there are still other novel 
bioactive molecules yet to be discovered 
from this plant species, thus, warrants 
further investigation. Furthermore, more 
in-depth research on the mechanistic 
actions of the plant extracts or their specific 
phytoconstituents towards the reported 
pharmacological actions should also be 
carried out to provide a better perspective 
on their bioactivities. In addition, in vivo 
model systems are highly recommended 
to be integrated into biological testing to 
validate results from in vitro studies. Pre-
clinical and clinical trials are vital to further 
develop  Cratoxylum species as a potent 
therapeutic agent for many ailments. 
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ABSTRACT

Development of broodstock, spawning, and early rearing of the hybrid clownfish, 
Amphiprion ephippium (♂) × Amphiprion melanopus (♀), was studied under captive 
conditions. The fishes were successfully paired after being together for over a year. 
Spawning occurred between 0700 to 1000 hours every 3 weeks. More than 200 eggs were 
spawned each time, with an egg size of 1.5 ± 0.5mm. Fertilized eggs turned from bright 
orange to black to silvery before hatching after being incubated for 7–9 days. Out of 20 
batches of eggs spawned, 5 batches were successfully hatched, with only 2 batches surviving 
to adulthood. The average survival rate for all the batches hatched was 21.16%. Newborn 
larvae measured about 3–4 mm long, with transparent fins that fused, forming a single fin 
fold. Larvae underwent metamorphosis on day 10 post hatched, where the fins started to 
separate, form, and develop body colorations. Two clear and thick bands were observed on 
the body (head and middle) as early as 14-day post hatched to 90-day post-hatched, where 
the banding reached its peak. The middle band then began fading as the juveniles grew. 
By 130-day post-hatched, the juveniles became adults with unique coloration featuring a 
headband and a black blotch, reaching the maximum size of 34 mm. The hybrid clownfish 
underwent metamorphosis earlier and reached marketable size much sooner compared 

to its parent species, making it a suitable 
candidate for ornamental fish culture. It is 
the first documentation on the production 
of hybrid clownfish A. ephippium and A. 
melanopus both in Malaysia and worldwide.

Keywords: Captive breeding, hybrid clownfish, 
juvenile rearing, Malaysia, marine ornamental



244 Pertanika J. Trop. Agric. Sci. 46 (1): 243 - 252 (2023)

Mohamad Saupi Ismail, Mei Ling Khoo, Baitul Ma’mor Dzulfikkar and Annie Christianus

INTRODUCTION

Aquaculture has been identified as a priority 
sector in the development of Malaysia’s 
economy (Jumatli & Ismail, 2021). Its 
ornamental fish industry also played a 
significant role in the national economy, and 
this industry is now enjoying rapid growth 
(Othman et al., 2017). One of the most 
demanding marine fish in the aquarium 
trade is the clownfish or anemonefish 
(Amphiprion spp.). However, most of 
these species are wild-caught, increasing 
the chance or potential for the fish to be 
overharvested (Dhaneesh et al., 2012; 
Domínguez & Botella, 2014). One way to 
reduce the pressure on the ecosystem and 
meet the increasing demands for marine 
ornamentals is to improve the efficiency 
of the capture and the culture system for 
desirable marine species (Domínguez & 
Botella, 2014; Noh et al., 2013). Rearing 
fish in closed systems reduces pressure on 
wild populations and is likely to produce 
harder species that are far better in captivity 
and survive longer (Wittenrich, 2007). 
Today, as many as 18 clownfish from 
Amphiprion have been reared in captivity. 
However, their larvae rearing is still time-
consuming and expensive (Arvedlund et 
al., 2000). Hence, knowledge of the life 
history of the species under study is crucial 
to the success of captive breeding (Olivotto 
et al., 2011).

Hybridization or crossbreeding has 
been a powerful tool to improve production 
and breeding qualities in fish (Chapman & 
ZoBell, 2010). Hybridization in ornamental 
fish was mostly performed on freshwater 

fish, although recently, there has been an 
attempt to crossbreed different species 
of clownfish (Amphiprion percula × 
Amphiprion ocellaris) and has been proven 
successful (Balamurugan & Kathiresan, 
2018). Hence, there is a potential to develop 
hybrids with other clownfish species. Red 
saddleback anemonefish (A. ephippium) 
and fire clownfish (A. melanopus) are 
potential candidates. These two species can 
be found in Malaysian waters (Department 
of Fisheries Malaysia, 2009), while A. 
ephippium is considered a native species in 
Malaysia (Jenkins, Carpenter, et al., 2017). 
Both species were collected in the aquarium 
trade (Jenkins, Allen, et al., 2017; Jenkins, 
Carpenter, et al., 2017), causing the species 
to be overfished in localized areas and 
potentially endanger the local population 
(Domínguez & Botella, 2014).

Nowadays, clownfish breeding and 
conservation are very important to cater to the 
increasing demand in the ornamental trade. 
However, to our knowledge, the culture of 
hybrid clownfish has not yet been reported 
in Malaysia, despite Malaysia being one of 
the main exporters of marine ornamental 
fish (Rhyne et al., 2017). Furthermore, there 
is no report on the embryo development, 
larval-rearing methods, and production of 
any clownfish juveniles in Malaysia. Thus, 
this study will likely be the first documented 
nursery culture of hybrid clownfish of A. 
ephippium (♂) and A. melanopus (♀). This 
study was designed to determine the larval 
development and survival rate of hybrid 
clownfish of A. ephippium (♂) and A. 
melanopus (♀).
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MATERIALS AND METHODS

Attaining Fish Samples and Holding 
Tank

Live juveniles of A. ephippium and A. 
melanopus bought from a local aquarium 
shop were used in this study. Experiments 
were conducted at an indoor and outdoor 
nursery of Fisheries Research Institute (FRI) 
Batu Maung in Pulau Pinang, Malaysia, 
from August 2017 to March 2020. The tanks 
were supplied with filtered seawater drawn 
from the treated reservoir tank. Continuous 
aeration was supplied, and 10–20% water 
exchange was done on alternate days. 
Water quality parameters such as dissolved 
oxygen (DO), pH, ammonia (NH3), nitrate 
(NO3

–), phosphate (PO4
3–), and salinity 

were maintained and measured every 2 
weeks (Table 1). For indoor tanks, the water 
temperature was kept at 28 oC and controlled 
by a 200 W submersible thermostat heater. 
A photoperiod of 10 h light and 14 h dark 
(lights on at 7 a.m. and lights off at 5 p.m.) 
were maintained throughout the study. For 
outdoor tanks, room temperature and natural 
photoperiod were provided. Both juveniles 
were reared and kept together in the same 
nursery tank (92 cm L × 46 cm W × 46 cm 
H) until pairs were formed. 

Table 1
Water parameters maintained in the tanks

Parameter Range
Dissolved oxygen (mg L–1) 5.78–6.12

pH 8.0
Ammonia (mg L–1) 0–0.5

Nitrate (mg L–1) 0
Phosphate (mg L–1) 0–0.5

Salinity (ppt) 31–35
Temperature (oC) 27–29

Experimental Design – Breeding Tank

Fish-forming pairs were transferred to a 
breeding glass tank (61 cm L × 46 cm W 
× 46 cm H). Substrates of dead coral chips 
and live rocks were provided at the bottom 
of the tank to mimic the reef environment. 
Flat rocks were used as a substrate on which 
the fish could attach their eggs to the surface. 
The pair was fed a combination of live adult 
Artemia, live mysids, and pellet marine food 
twice a day. Light emitting diode (LED) 
light was fixed on top of the tank to provide 
a light intensity of 3,000–4,000 lux for 10 h 
daily. After the pair deposited their eggs on 
the rock substrate, the rock with egg clutches 
will be removed into the rearing tanks one 
day before hatching. 

Experimental Design – Rearing Tank

For the first 17 hatching events, the hatching 
tank used was an indoor squared glass tank 
(25 cm L × 25 cm W × 25 cm H) before 
changing to an outdoor cylindrical fiber tank 
(80 cm in diameter). The rock with the egg 
clutch was propped diagonally against the 
tank wall, with an air stone placed directly 
under the rock to aerate and agitate the eggs 
to aid in hatching. No other substrate was 
added inside the tank. All live newborns that 
hatched were then collected, counted, and 
transferred to a rearing tank (batches 1 to 
17 in an indoor rectangular glass of 40 cm 
× 25 cm × 25 cm in size: batches 18–20 in 
an outdoor rectangular fiber tank of 2 m L × 
0.5 m W × 0.5 m H in size). The sides of the 
indoor tank are covered with black panels 
to reduce light reflection. All tanks were 
aerated gently. Feeding began on the first 
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day of hatching, starting with green algae 
of Nannochloropsis sp. The juveniles were 
fed different types of diets, as in Table 2. 

Table 2
Type of diets for hybrid clownfish according to days 
after hatching

Day Food
1 Green algae (Nannochloropsis sp.)

2–10 Rotifer
11–30 Enriched rotifer + newly hatched 

Artemia
31–60 Enriched Artemia + small-sized 

pellet food
60 onwards Marine pellet food

During the study, conditions in all tanks 
were kept the same. No substrate was used 
in the rearing tanks. The bottom of the tanks 
was cleaned, dead juveniles were removed, 
and 20-25% water exchange was carried 
out daily. A minimum of ten juveniles was 
randomly selected, and their total length and 
wet weight were measured. Measurements 
were made every 30 days for 6 months. 
Days of metamorphosis were noted. A gross 
estimate of the survival rate in all batches 
was made by counting the fish larvae in each 
batch at the time of hatching and the end of 
the experiment using the following formula:

Survival rate (%) = (Number of larvae 
surviving/Number of larvae hatched) 
× 100%

RESULTS AND DISCUSSION

Spawning and Broodstock Development

After a year in captivity, the two fish began 
to form a pair bond. A. melanopus developed 
into a functional female, while A. ephippium 

Figure 1. Amphiprion melanopus laying eggs on a 
flat rock

became the functional male. Within a few 
months, the pair began to spawn. A day or 
two before spawning, the male A. ephippium 
cleaned the nest area. Spawning occurred 
approximately every two weeks and was 
observed to take place mostly between 
0700 to 1000 hours. More than 200 eggs 
were spawned at a time, with an initial size 
of about 1.5 ± 0.5 mm in length, and were 
usually deposited on the flat rock (Figure 1). 
The male A. ephippium played an important 
role in the incubating stage, where it was 
observed to be aerating and guarding the 
eggs until they hatched. The eggs were 
initially bright orange before eventually 
turning transparent, where the eyes of the 
larvae can be seen developing within the egg 
case. The eggs normally hatched between 
days 7 to 9.  

The pair spawned every month and 
produced an average of 2.2 egg clutches 
per month. A total of twenty batches of eggs 
from the same broodstock were obtained 
within 9 months (December 2018 to August 
2019). However, only five batches of eggs 
managed to hatch successfully, and three 
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had fewer hatchlings (less than 10). Only 
two batches survived and reached adult size 
(Table 3). The average survival rate for all 
the batches that hatched was 21.16%, with 
only batch 18 reaching 84.62%, while the 
rest (batches 3, 9, 20, and 19) were 0% and 
4%, respectively.

Hybrid Larval Development 

It is well established that the life cycle 
of most reef fishes can be divided into 
three distinct biological/ecological phases: 
larvae, juvenile, and adult (Olivotto et 
al., 2011). In this study, the larvae phase 
started after 7 days of incubation, which 
is the same case for most species of 
clownfish, such as Amphiprion ocellaris 
(7 days) (Balamurugan & Kathiresan, 
2018), Amphiprion melanopus (7–8 days) 
(Uthayasiva et al., 2014), and Amphiprion 
akallopisos (7–9 days) (Dhaneesh et al., 
2012). However, Rohini Krishna et al. 
(2018) reported that the hatching of A. 
ephippium’s eggs occurred as early as the 
sixth day of incubation.

The first batch of newborn hybrid 
clownfish was hatched in early January 
2019. The larval was measured about 
3–4 mm long. Its large dark eyes, open 

Table 3
Survival rates for batches that are successfully hatched

Batch Date of 
laying eggs

Date of 
hatching

Incubation 
(days)

No. of 
hatchlings

No. of hatchlings 
survived

Survival rate 
(%)

3 18/01/19 27/01/19 9 1 0 0
9 10/04/19 19/04/19 9 1 0 0
18 12/07/19 19/07/19 7 52 44 84.62
19 22/07/19 29/07/19 7 61 3 4.92
20 16/08/19 22/08/19 7 7 0 0

Figure 2. Microscopic observation (× 4.5) of 
ten-day-old larvae of hybrid A. ephippium and A. 
melanopus

mouth, and internal organs can be seen 
through its transparent body. The fins were 
transparent and fused, forming a single fin 
fold. High initial mortality was commonly 
observed before the metamorphosis phase. 
Metamorphosis of the larvae started at day 
10 post hatched when the fins started to 
separate and form as well as develop colors 
(Figure 2). 

The newly hatched larvae were fed with 
algae as first feed and later with rotifers and 
finally Artemia nauplii. Rohini Krishna et al. 
(2018) reported that larvae of A. ephippium 
started feeding actively from the first day 
onwards. The given diets included rotifers, 
Artemia, and pellet feed. Algal-enriched 
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rotifers and Artemia nutrition represent the 
underlying foundation for successful larval 
rearing. The difference in food quality may 
also play a role (Arvedlund et al., 2000). 
High survival rates were observed in 
larvae fed exclusively on enriched rotifers 
and Artemia (Olivotto et al., 2011), the 
same proven in this study for the hybrid 
clownfish larvae. After the metamorphosis 
stage, juvenile rearing was generally non-
problematic if live feeds were enriched 
properly and good water quality was 
maintained.

The transformation of clownfish 
juveniles can be quite abrupt, with most 
clownfish species larvae starting to 
metamorphose 14 days after hatching 
(Wilkerson, 2001). However, the hybrid 
clownfish larvae started metamorphosis as 
soon as day 10 after hatching. The juveniles 
were observed to have developed well-
defined fins (dorsal, pelvic, and caudal 
fins) their bodies turned dark. These results 
were also seen in reports by Rohini Krishna 
et al. (2018) on one of its parent species, 
A. ephippium (10 days after hatching). Its 
other parent species, A. melanopus, also 
reported undergoing a metamorphosis as 
early as day 8 after hatching (Arvedlund 
et al., 2000; Green & McCormick, 2001), 
which might contribute to the hybrid 
larvae starting to change faster than other 
species of clownfish, such as Premnas 
biaculeatus (11–12 days) (Madhu et al., 
2006), Amphiprion chrysogaster (12–15 
days) (Gopakumar et al., 2001), Amphiprion 
sebae (12–15 days) (Ignatius et al., 2001), 
Amphiprion percula (13-15 days) (Dhaneesh 

et al., 2009), and Amphiprion akallopisos 
(15–16 days) (Dhaneesh et al., 2012).

On day 15, post-hatched, the headband 
was visible with the fins, and body coloration 
turned red, resembling Amphiprion frenatus. 
At day 30 post-hatching, the headband was 
very clear, and the middle band could be 
seen from the dorsal part of the body, which 
was starting to take shape. The middle band 
has formed and reached half of the middle 
body at day 60 post-hatching. Two clear 
and thick bands were observed on the body 
(head and middle) at 90 days post-hatched, 
where the banding peaked. After that, the 
middle band began fading as the larvae 
grew, leaving only a white spot at the middle 
dorsal body by 120 days post-hatching. 
After that, the body color changed to dark 
red, resembling the color of an adult A. 
melanopus. The middle band completely 
disappeared by 130 days post-hatched, and 
a black blotch was seen at the sides when 
transitioning to adults with a maximum size 
of 34 mm. The adult hybrid clownfish has 
a clear headband resembling A. melanopus 
and a black blotch on the side and fin colors 
resembling A. ephippium, creating a new 
body pattern and coloration different from 
its parents (Figure 3).

The body transformation of the hybrid 
clownfish larvae closely followed the 
transformation of A. ephippium as reported 
by Rohini Krishna et al. (2018) in the early 
stages, whereby day 14 after hatching, 
larvae of hybrid clownfish and clownfish A. 
ephippium had the adult body coloration and 
clear headbands. Both also showed a clear 
middle band forming at day 30 post-hatched. 
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However, the peak banding for A. ephippium 
was reported at day 45 post hatched, much 
earlier than the peak banding of the hybrid 
clownfish 90 days post-hatch. Moreover, 
the middle band completely disappeared 
in A. ephippium, resembling the adult A. 
frenatus by 120 days after hatching. In 
contrast, remnants of the middle band were 
still present in the hybrid clownfish, and its 
body coloration turned darker, resembling 
A. melanopus 120 days post-hatch.

The headband in  A .  ephippium 
continued to fade as the larvae grew until 
it disappeared 310 days after hatched. 
Compared to its parent species, the hybrid 
clownfish larvae did not lose the headband 
as it grew and developed the black blotch on 
the side instead (a feature that distinguished 
the parent species A. ephippium) by day 130 
post hatched. The transition from juvenile 
to adult body coloration in the hybrid 
clownfish was achieved within 130 days 

post hatched, much sooner than its parent 
species, A. ephippium, which takes 310 
days to transform completely. The hybrid 
clownfish’s final body pattern is unique; 
it consists of a white band near the head 
(resembling one of the parent species, A. 
melanopus) and a black blotch at the side 
(resembling the other parent species, A. 
ephippium).

The length of the hybrid larvae showed a 
substantial increase from day 20 post-hatch 
(8.60 ± 0.34 mm) to 130 days post-hatch 
(34.30 ± 1.63 mm) (Figure 4). Compared 
to its parent species, A. ephippium, the 
growth in the size of the larvae of the hybrid 
clownfish was much bigger and faster. 
Amphiprion ephippium is reported (Rohini 
Krishna et al., 2018) to reach its maximum 
length of 22.62 mm in 6 months, while 
the hybrid clownfish almost reached its 
maximum length of 34.30 mm in 130 days 
post hatched. In 6 months after hatching, 

A B C

D E F

Figure 3. Larval development of hybrid A. ephippium♂ and A. melanopus♀. A: day 15 post-hatch; B: day 
30 post-hatch; C: day 60 post-hatch; D: day 90 post-hatch; E: day 120 post-hatch; F: day 150 post-hatch. 
Each grid box represents 2mm in length
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the hybrid clownfish juveniles reached the 
maximum length of 36.90 ±1.32 mm, almost 
14 mm larger than its parent species, A. 
ephippium. Therefore, the hybrid clownfish 
(Amphiprion ephippium ♂ × Amphiprion 
melanopus ♀) is a suitable candidate as 
a marine ornamental fish culture for the 
ornamental trade due to its unique body 
coloration and pattern that it inherited from 
both its parent species.

CONCLUSION

Compared to its parent species, A. ephippium, 
the hybrid clownfish (Amphiprion ephippium 
♂ × Amphiprion melanopus ♀) larvae 
underwent metamorphosis earlier and 
reached the marketable size much faster. 
The body coloration is also unique, where 
the features from both parent species 
were inherited and expressed. The most 
remarkable finding in this study is that a 
clownfish can establish a sexual relationship 

with other clownfish species, and their 
offspring can indeed be successfully reared 
in captivity.
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ABSTRACT 

This study measured the accumulation of cadmium (Cd), lead (Pb), and copper (Cu) in 
Brassica juncea grown using the hydroponic method in a water environment contaminated 
with these heavy metals. The accumulated metal content in each part of the plant was 
monitored after one, three, and six weeks of exposure. The concentrations of Cd, Cu, and 
Pb in the biomass of B. juncea were determined using atomic absorption spectroscopy. 
The results showed that heavy metal pollution in water caused heavy metal accumulation 
in vegetable biomass. Pb tended to accumulate lower vegetable biomass than Cu and Cd. 
The metal accumulation level in Cu and Cd was in the order of roots > stems > leaves, 
while with Pb, the concentration accumulated in roots > leaves > stems. The translocation 
factors of Cu, Cd, and Pb from shoots to stems and shoots to leaves were less than 1.

Keywords: Accumulation, Brassica juncea, cadmium, copper, lead, translocation factor

INTRODUCTION

The contamination of heavy metals from the environment into food can result from industrial 
or agricultural activities, vehicle exhaust, or contamination during food processing and 

storage. Such contamination and its effects 
on human health are major challenges 
in many countries (Anwar et al., 2016). 
Vegetables have high amounts of vitamins, 
minerals, fibers, and antioxidants, making 
them valuable human food (Gupta et al., 
2021). The quality of vegetables is highly 
dependent on the quality of the growing 
environment. Heavy metal contamination of 
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vegetables may also occur due to irrigation 
in environments with heavy metal pollution. 

Hydroponic vegetable cultivation is 
growing in interest worldwide due to 
the high quality of vegetables grown in 
this manner and the ability to control the 
vegetables’ composition. The hydroponic 
technique involves soil-free gardening in 
which plants grow in nutrient-rich water 
without soil, gravel, rockwool, coconut 
fiber, or sawdust base (Sharma et al., 2018). 
The hydroponic technique is a relatively 
easy and clean method that reduces or 
eliminates pesticide use because crops do 
not incur soil-borne diseases or insect and 
pest infestations (AlShrouf, 2017; Wang 
et al., 2017). However, the quality of 
hydroponic vegetables depends largely on 
water quality. If the water is contaminated, 
pollutants can accumulate in agricultural 
products. Other factors include vegetable 
species, soil composition, growth stages, 
atmospheric and geographic conditions, and 
the types of metals present (Dulama et al., 
2012; Radulescu et al., 2010, 2013).

Previous studies have documented 
that heavy metals are toxic and persistent 
and have the ability to bioaccumulate in 
aquatic atmospheres (Bai et al., 2018). 
Agriculture’s increasing demand for water 
requires research on how to use other water 
sources and treated wastewater (TWW). 
TWW is rich in nutrients but may also 
contain various heavy metals (Mourato et 
al., 2015). Plants can uptake, transfer, and 
accumulate heavy metals in the growth stage 
because plants have a higher absorption 
capacity than mature plants (Souri et al., 

2019). Additionally, roots have a higher 
concentration of heavy metals than other 
tissues of plants due to their direct contact 
with heavy metals in the environment 
(Mohtadi et al., 2012). 

This study aimed to evaluate the 
effects of the accumulation of copper (Cu), 
cadmium (Cd), and lead (Pb) in the leaves, 
stems, and roots of Brassica juncea grown 
using the hydroponic technique.

MATERIALS AND METHODS

Vegetable and Conditional Experiments

In this study, young B. juncea were collected 
from a vegetable farm in the VI district of 
Ho Chi Minh City, Vietnam. The vegetables 
selected were 5.0 ± 0.5 cm in height and 
4.0 ± 0.2 g in weight. First, 192 individual 
young B. juncea were kept under static 
hydroponic conditions in 48 tanks (30 cm 
× 20 cm × 16 cm = 9.6 L). Every tank 
contained four individual young B. juncea. 
The nutrient solution was purchased from 
Hydroponic Garden Company Limited 
(Vietnam), which composition was as 
follows: 2 mM calcium nitrate [Ca(NO3)2], 
3 mM potassium nitrate (KNO3), 0.50 
mM magnesium nitrate (MgSO4), 1 
mM ammonium dihydrogen phosphate 
(NH4H2PO4), 1 μM potassium chloride 
(KCl), 25 μM boric acid (H3BO3), 20 μM 
sodium ferric ethylenediaminetetraacetate 
[Fe(Na)-EDTA], 2 μM zinc sulfate (ZnSO4), 
2 μM manganese(II) sulfate (MnSO4), 
and 0.1 μM ammonium heptamolybdate 
[(NH4)6Mo7O24] .  After f ive days of 
acclimation, each tank was exposed to one 
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of four simulated heavy metal contamination 
levels. All experiments were triplicated (n = 3).

•	 Control sample: Only nutrient 
solution 

•	 EXP 5 sample: Add 5 mg L-1 each 
of Cd, Pb, and Cu into the nutrient 
solution

•	 EXP 10 sample: Add 10 mg L-1 each 
of Cd, Pb, and Cu into the nutrient 
solution

•	 EXP 20 sample: Add 20 mg L-1 each 
of Cd, Pb, and Cu into the nutrient 
solution 

Figure 1. The tank of the experiment

The tanks were in a room with the 
temperature set at 30 ± 2°C by an air 
conditioner, and they received sunlight all 
day (Figure 1). Every six days, 100% of 
each tank’s water was replaced to ensure 
consistency and that the nutrient solution’s 
acidity remained at 5.5. Hydroponics 
experiments solution samples for total Cd, 
Pb, and Cu analysis were collected twice 
a week and analyzed by flame atomic 

absorption spectroscopy (ZA–3000, Hitachi, 
Japan) to check nominal concentrations of 
solutions. If the three metals measured and 
nominal concentrations were significantly 
different, the experiment solutions were 
adjusted to match the nominal concentration.

Sampling and Measurements
Sampling. On days 7, 21, and 42 of exposure, 
20 plants from each treatment were randomly 
harvested and washed carefully in bidistilled 
water. All harvested plants were drained 
in room temperature for 2 hours and were 
weighed to determine the mass of plant. And 
then, all harvested plants were separated 
into roots, stems, and leaves. The roots 
were rinsed carefully for 15 min to remove 
the adsorbed metals on the surfaces of 
the root using a 10 mmol L-1 disodium 
ethylenediaminetetraacetate solution (Merck, 
Germany), followed by washing them again 
in bi-distilled water. The collected vegetable 
tissue samples were dried in an oven at 105°C 
for 24 h and then ground into a fine powder in 
a coffee grinder (HC-600, HeyCafé, Taiwan) 
before the Cd, Pb, and Cu concentrations 
were analyzed. Changes in the studied heavy 
metals content in the roots, stems, and leaves 
within six weeks from the time the vegetables 
were grown in contaminated water were 
monitored.

Cd, Pb, and Cu Analysis. To determine 
the concentrations of Cd, Pb, and Cu, a 
wet digestion method was used to digest 
1 g of the powdered sample in a closed 
vessel using 4 ml of concentrated nitric 
acid  (HNO3, Merck, Germany) and 2 ml 
of concentrated hydrogen peroxide (H2O2, 



Thang Quoc Nguyen, Tan Van Le and Tran Thanh Thi Le

256 Pertanika J. Trop. Agri. Sci. 46 (1): 253 - 264 (2023)

Merck, Germany). The closed vessels 
were then heated to 85ºC for 30 min until 
preliminary mineralization was achieved. 
Next, the obtained solution was diluted to 
25 mL using deionized water. Cd, Pb, and 
Cu concentrations were assayed using flame 
atomic absorption spectroscopy (ZA–3000, 
Hitachi, Japan). The method’s detection 
limits were 3.6 µg kg-1 for Cd, 25 µg kg-1 
for Pb, and 3.5 µg kg-1 for Cu. The method’s 
quantification limits were 11.8 µg kg-1 for 
Cd, 83 µg kg-1 for Pb, and 11.8 µg kg-1 for 
Cu. The assay recovery was approximately 
92.3% for Cd, 92.6% for Pb, and 97.1% for 
Cu. The relative standard deviation (RSD) 
was approximately 0.79% for Cd, 0.54% for 
Pb, and 3.55% for Cu.

Calculation and Statistical Analysis
The translocation factor (TF) indicates the 
ability to transfer metals in a plant from 
its roots to its stems and leaves. Following 
Deng et al. (2007), the TF of metal from 
a plant’s roots to stems or leaves was 
calculated as follows: TF = leaves’ or 
stems’ metal concentration/roots’ metal 
concentration.

The rootly, leafy, and stemly vegetable 
Cu, Cd, Pb concentrations were plotted 
against the Cu, Cd, Pb concentrations in 
nutrient solution, and a linear regression 

analysis was performed on the data to 
obtain the linear regression equation and 
R-squared.

All experiments were triplicated (n = 3), 
and the experimental data were presented 
in average ± standard deviation (SD). The 
analytical procedure was validated based 
on the Certified Reference Materials (white 
cabbage - trace elements, BCR®-679). 
The RSD of each analysis was found 
within ± 2.4% of the certified values. The 
one-way analysis of variance (ANOVA) 
was utilized to evaluate the significant 
differences between the lead content in 
particular vegetables and contaminated 
soil. Statistical significance was evaluated 
via the student’s t-test with a p-value < 
0.005.

RESULTS AND DISCUSSION

Effect of Cd, Pb, and Cu Concentration 
in the Nutrient Solution on the Growth 
Rate of Brassica juncea

The plant mass of the control and treatment 
plants is shown in Table 1. The toxicity of 
Cd, Pb, and Cu metals affected exposure 
plants’ growth, and the absorption of these 
metals consequently depends on metabolic 
needs. The group of plants exposed to heavy 
metal showed clearly the changed metabolic 

Treatments Mass of plant (g)
Day 7th Day 21st Day 42nd 

Control 10.94 ± 0.35 25.29 ± 0.69 41.45 ± 0.49
EXP 5 treatment 10.25 ± 0.39 24.35 ± 0.85 40.89 ± 0.82

EXP 10 treatment 9.95 ± 0.31 21.04 ± 0.74 34.99 ± 0.87
EXP 20 treatment 9.88 ± 0.36 18.73 ± 0.76 27.01 ± 0.69

Table 1
Effect of Cd, Cu, and Pb on the growth of B. juncea over time



The Effect of Cadmium, Copper, and Lead on Brassica juncea

Pertanika J. Trop. Agri. Sci. 46 (1): 253 - 264 (2023) 257

demands compared to the control group 
plants. As a result, the treatment plants 
reduced biomass yields compared to the 
control plants (Figure 2). For example, after 
42nd days of treatment, the biomass yields 
of the EXP 5 sample, EXP 10 sample, and 
EXP 20 sample treatments were reduced by 
88.3, 71.7, and 63.2% compared to control 
plants (Table 1).

The Accumulate Level of Cd, Cu, and Pb 
in the Biomass of Brassica juncea

The contents of Cu, Cd, and Pb accumulated 
in the biomass of B. juncea collected from 
each field after each week are presented in 
Figures 3, 4, and 5. Over time, the extent 
of accumulated studied metals in the roots, 
stems, and leaves of B. juncea increased.

Copper, this metal tends to accumulate 
in roots higher than in stems and leaves 
(Figure 3). In general, the copper content in 
the roots was, on average, 12.49 times higher 
than the copper in the stems and 16.59 times 
higher than the copper in the leaves. This 
result is consistent with the judgment of 
Feigl et al. (2013), under the stress of Cu, 
B. juncea and Brassica napus accumulated 
more Cu in roots than in shoots for 7 and 
14 days in hydroponic solution when the 
amount of copper in the nutrient solution 
increased the amount of copper accumulated 
in the parts of B. juncea. On average, when 
doubling and quadrupling the amount of 
copper in the nutrient solution, the copper 
amount in the roots increased by 2.78 and 

Figure 2. Effect of Cu, Cd, and Pb to plant experiment

Figure 3. The accumulation of copper in the biomass of B. juncea
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7.01 times, respectively. Meanwhile, the 
copper content in the stems increased by 
1.22 and 2.92 times, respectively, and the 
content of this metal in the leaves increased 
by 2.77 and 4.71 times, respectively.

The accumulation of Cd in parts of B. 
juncea is lower than that of copper. When 
the Cd content in the nutrient solution was 
5 mg/L, the amount of Cd accumulated 
in the roots was 18.15 times higher than 
its content in the stems and 15.24 times 
higher than in the leaves. At a content of 
10 mg L-1 and 20 mg L-1 Cd in a nutrient 

solution, the amount of Cd in the roots 
was, on average, 6.59 times higher than 
the amount of Cd in the stems and 6.1 
times higher than its content in the leaves 
(Figure 4). Jiang et al. (2001) reported 
that cadmium could accumulate in Allium 
sativum by hydroponically cultivated. In 
the group exposed to Cd at 0.01 M, Cd 
accumulation in plants was 1,826-fold 
higher than in the control group. Later, 
Barazani et al. (2004) reported that Cd was 
tolerant and hyperaccumulation in Allium 
schoenoprasum.

Figure 4. The accumulation of cadmium in the biomass of B. juncea

Unlike Cu and Cd, the amount of Pb 
accumulated in the roots of B. juncea is 
relatively large and much higher than the 
amount of lead in the stems and leaves. 
The heavy metals concentrations in the B. 
juncea tissue in this research were similar 
to the Zhou et al. (2016) reported that heavy 
metals concentrations in the edible tissue of 
different vegetable species were different. 
Because of the binds of Pb to cell walls 
and root surfaces, therefore, it reduced the 
transfer of Pb from roots to shoots or leaves 
(Cobb et al., 2000). Similarly, in this study, 

Pb accumulation was high in the roots 
compared to other tissue. 

At the 5 mg L-1 content of the studied 
metal in the nutrient solution, the amount of 
lead accumulated in the roots of B. juncea 
was twice as high as cadmium and copper. 
At 10 mg/L concentration, the amount of 
lead accumulated in the roots was 1.44 and 
1.80 times higher than that of copper and 
cadmium. These value at 20 mg L-1 metal 
contamination in the nutrient solution is 1.54 
and 3.03, respectively (Figure 5).
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In general, the accumulated studied 
heavy metals in the roots were much higher 
than in the shoots and leaves because the 
roots were in direct contact with the nutrient 
solution. For copper, this vegetable’s order 
of accumulation on biomass was roots 
> stems > leaves. Meanwhile, the order 
of accumulation for cadmium and lead 
was roots > leaves > stems. According to 
Soudek et al. (2009), the accumulation of 
heavy metals was predominantly in the 
root system, so its transport from roots to 
the bulbs was rather low. The heavy metal 
concentration in leaves resulted from the 
heavy metal absorption by roots, which 
then was transferred to leaves via stems. 
There were significantly different heavy 
metal levels in the different vegetable tissue, 
which linked to the characteristics of the 
plants and different heavy metals (Tom et 
al., 2014).

The accumulation of studied heavy 
metals in the biomass of Brassica juncea 
follows the order: Cd < Cu < Pb. This result 
proves that B. juncea has better Cd tolerance 
than Cu and Pb.

The Translocation Factors of Brassica 
juncea Grown in Polluted Condition by 
Cu, Cd, and Pb
The translocation of Cu in B. juncea clones 
is shown in Table 2. Under 5 mg L-1 Cu 
exposure, the stems and leaves TFs for 
Cu ranged from 0.114 to 0.186 and from 
0.052 to 0.098, respectively. These results 
show that Cu tends to be accumulated in 
the roots rather than the stems and leaves. 
At 20 mg L-1 Cu exposure, the stems 
and leaves TFs of vegetable tissues were 
slightly increased. The order of TF values 
follows stems > leaves. In General, the 
TFs of vegetable tissues increased with 
time proceeds, whereas they decreased 
with increases in Cu concentration in the 
nutrient solution. The different TFs for 
Cu in B. juncea tissues showed different 
absorbing capacities and affinities for Cu. 
The decrease in TFs of vegetable tissues in 
B. juncea parts can be an informative sub-
lethal response, indicating increased Cu 
availability and potential Cu stress in the 
B. juncea. Plants also can translocate and 
store micronutrients in their environment. 
Furthermore, toxic elements can have 
similar absorption, translocate, and storage 
mechanisms.

Figure 5. The accumulation of lead in the biomass of B. juncea
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Compared to Cu exposure, the TF of Cd 
in B. juncea is larger than (Table 3). The 
stems and leaves TFs for Cd ranged from 
0.025 to 0.332 and from 0.103 to 0.507, 
respectively. These results show that Cd 
tends to be accumulated in the roots rather 
than in other parts. The order of TF for 

Cd values in B. juncea was the following: 
leaves > stems. Perhaps Cd has similar 
properties to Ca, so B. juncea cannot 
recognize its toxicity. From there, Cd was 
absorbed and transported to the stems and 
leaves of B. juncea.

Table 2 
The translocation factors (TFs) of B. juncea with 5, 10, and 20 mg L-1 of Cu treatment in hydroponic culture 
for six weeks

Days

The concentration of Cu (II) in nutrient solution (mg L-1)
5 10 20 

Roots-
stems TFs

Roots-
leaves TFs

Roots-
stems TFs

Roots-
leaves TFs

Roots-
stems TFs

Roots-
leaves TFs

7th 0.114 0.052 0.037 0.038 0.058 0.041
21st 0.186 0.069 0.068 0.072 0.084 0.047
42nd 0.195 0.098 0.120 0.079 0.093 0.058

Table 3
The translocation factors of B. juncea with 5, 10, and 20 mg L-1 of Cd treatment in hydroponic culture for 
six weeks

Days

The concentration of Cd (II) in nutrient solution (mg L-1)
5 10 20

Roots-
stems TFs

Roots-
leaves TFs

Roots-
stems TFs

Roots-
leaves TFs

Roots-
stems TFs

Roots-
leaves TFs

7th 0.025 0.167 0.025 0.155 0.091 0.112
21st 0.071 0.103 0.106 0.196 0.129 0.242
42nd 0.090 0.121 0.166 0.226 0.332 0.507

The translocation of Pb in B. juncea 
clones is shown in Table 4. Similar to the 
case of Cu and Cd exposure, the stems TFs 
for Pb of B. juncea are higher than leaves 
TFs. However, the translocation factors 
of Pb in the stems and leaves of B. juncea 
are much lower than that of Cu and Cd. 
Therefore, it may indicate that B. juncea can 

recognize toxic of Pb so that they can limit 
absorption and transport to stems and leaves.

Similarly, several previous studies have 
documented that TFs were less than 1. Majid 
et al. (2014) studied Typha angustifolia and 
Phragmites australis species which TFs of 
Cu and Pb were 0.12 to 0.87 and 0.33 to 
0.42, respectively. Takarina et al. (2017) 
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Relationship Between Rootly, Leafy, 
a n d  S t e m l y  Ve g e t a b l e  C u ,  C d , 
Pb Concentrations and Cu, Cd, Pb 
Concentrations in Nutrient Solution

A high correlation was observed between 
Cu, Cd, and Pb concentrations in tissues of 
B. juncea and Cu, Cd, and Pb concentrations 
in nutrient solution (Table 5). The significant 
positive correlation between Cu, Cd, or Pb 
concentrations in tissues of B. juncea and 
Cu, Cd, and Pb concentrations in nutrient 
solution may indicate that Cu, Cd, and Pb 
have similar uptake mechanisms. Roots 

absorbed trace elements through passive 
(which was nonmetabolic) and active 
(which was metabolic) mechanisms. The 
different uptake mechanisms depended 
on the kind of element. For example, Pb 
absorbed mechanisms passively, while Cu 
absorbed mechanisms actively (Kabata-
Pendias, 2011). And then, Cu, Cd, and Pb 
were probably transported from roots to 
stems and leaves by similar transporters 
in the form of compounds or chelate metal 
complexes (Foy, 1983; Tyler et al., 1989).

Table 4
The translocation factors of B. juncea with 5, 10, and 20 mg L-1 of Pb treatment in hydroponic culture for 
six weeks

Days

The concentration of Pb (II) in nutrient solution (mg L-1)
5 10 20

Roots-
stems TFs

Roots-
leaves TFs

Roots-
stems TFs

Roots-
leaves TFs

Roots-
stems TFs

Roots-
leaves TFs

7th 0.0009 0.0011 0.0005 0.0085 0.0003 0.0042
21st 0.0011 0.0117 0.0008 0.0077 0.0007 0.0043
42nd 0.0018 0.0095 0.0015 0.0080 0.0012 0.0055

Table 5
Correlation coefficients between Cu, Cd, and Pb concentrations in nutrient solution and Cu, Cd, and Pb 
concentrations in the tissue of B. juncea (mg kg-1 dry matter)

Treatments Roots Stems Leaves

Cu
Linear 

regression y = 46.444x - 174.5 y = 3.7197x - 4.11 y = 2.3846x - 3.52

R-squared R² = 0.9566 R² = 0.9352 R² = 0.9587

showed that TFs of Cu from roots to stems 
and from roots to leaves in Rhizopora 
sp. were 0.33 and 0.78. Rezapour et al. 
(2022), the TF values of Cu, Pb, and Cd 
were 0.72–0.85, 0.09–0.63, and 0.17–0.22, 

respectively. The values of TFs of Cu, Pb, 
and Cd ranged between 0.08 and 0.63 in the 
lettuce and spinach plants (Eissa & Negim, 
2018).
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CONCLUSION

This study investigated the accumulation of 
heavy metals, including copper, cadmium, 
and lead, in the different parts of B. juncea 
planted by the hydroponic method. The 
research results show that the accumulation 
of these heavy metals in the different parts 
of B. juncea varied over time. However, 
generally, the results showed the highest 
concentration of all tested heavy metals in 
the root, and transport of metals to other 
plant parts (stems and leaves) was very low. 
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ABSTRACT
Ziziphus mauritiana methanol crude extract was evaluated for its insecticidal properties 
against Aedes aegypti, Ae. albopictus, and Culex quinquefasciatus mosquito larvae. Bioassays 
against larvae mosquitoes were done following World Health Organization’s guidelines. 
Late third and/or early fourth instar of mosquito larva were assayed for five different 
concentrations viz. 100, 150, 200, 250, and 300 mg ml–1 of Z. mauritiana crude extracts. 
From the results obtained, Aedes aegypti was the most susceptible to Z. mauritiana crude 
extracts. The percentage of mortality exhibited above 50% of 200, 250, and 300 mg ml–1 in 
24, 48, and 72 hr exposure. Thus, it gives the lowest LC50 within 24 hr of exposure (121.98 
mg L–1), followed by Ae. albopictus (189.89 mg L–1) and Cx. quinquefasciatus (246.22 mg 
L–1). Observation of the morphology effect of the dead larvae shows Ae. aegypti was the 
most affected, followed by Ae. albopictus and Cx. quinquefasciatus. A ruptured midgut 
was observed in 100 and 200 mg ml–1 concentrations. In contrast, in higher concentrations 
of 300 mg ml–1, the abdominal segments were indistinguishable, and the head and thorax 
regions were severely damaged. This study suggested that Z. mauritiana methanolic crude 

extracts were potent against Ae. aegypti 
larvae mosquitoes and have the potential 
to be used as an alternative larvicide in 
population control. However, further studies 
are required to establish the potential of Z. 
mauritiana larvicidal effects in the field 
setting.

Keywords: Aedes spp., bioactivity, crude extracts, 
Culex quinquefasciatus, Ziziphus mauritiana
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INTRODUCTION

In many tropical and sub-tropical countries, 
mosquitoes such as Aedes, Culex, and 
Anopheles are vectors of many infectious 
pathogens, such as dengue, chikungunya, 
Zika, lymphatic filariasis, malaria, and 
yellow fever (World Health Organization 
[WHO], 2020). Malaysia is a tropical 
country that provides favourable and suitable 
breeding sites for mosquitoes to reproduce 
and survive throughout the year. In addition, 
Malaysia’s favourable temperature and 
humidity play a huge role in aiding the 
increment of the mosquito population, 
thus encouraging viruses and disease 
transmission. The cumulative number of 
reported dengue cases in Malaysia as of 
September 2021 is 18,988, with 11 deaths, 
although there was a drastic drop compared 
to 74,443 reported dengue cases and 123 
deaths in 2020 (WHO, 2021). On the other 
hand, according to European Centre for 
Disease Prevention and Control (ECDC) 
(2021), 1,102 reported chikungunya cases 
as of October 2021, with an increase of 134 
new cases since 11 September 2021.

Until now, there has been no effective 
vaccine against these mosquito-borne 
diseases. Thus, chemical insecticides have 
been used as an effective tool to combat and 
control the disease outbreak due to their 
immediate effect on suppressing the vector 
population. However, continuous usage 
and repetitive exposure to these chemical 
insecticides have caused mosquitoes 
to develop resistance due to selective 
pressure and compromised the success of the 
control interventions. In addition, chemical 

insecticides have also caused irreversible 
environmental damage, hazards to non-
target species, and food web disruption. 
Therefore, alternative approaches, such as 
botanical insecticides, have become more 
popular in mosquito control, either for 
larvicidal, adulticidal, or repellent (Bakar, 
2020). Toxins and secondary metabolites, 
a complex of compounds which act as 
mosquitocidal agents, are hypothesised to 
be responsible for distinct biological activity 
found in different parts of plants (Aydin et 
al., 2017). 

For instance, Azolla pinnata plants 
have shown their potential as larvicidal 
and adulticidal against Aedes mosquitoes. 
The extracts can alter the morphology and 
behaviour of Ae. aegypti larvae (Zulkrnin 
et al., 2018). Another study by Ravi et 
al. (2020) has shown that a significant 
increase in mortality was noted as test 
concentration increased, indicating the 
existence of bioactive chemicals responsible 
for adulticidal activity in Aedes mosquitoes. 
In addition, phytochemicals of plant 
extracts would have minimal effects on 
resistance development when exposed to 
mosquitoes (Şengül Demirak & Conpolat, 
2022). Therefore, this study aimed to 
explore the bioactivity potential of the 
Ziziphus mauritiana plant against common 
mosquitoes vector in Malaysia. The plant is 
locally known as ‘Bidara’ and is commonly 
used in traditional Islamic medicine for its 
health-beneficial effect (Mohd Jailani et 
al., 2020). Ziziphus mauritiana, or Bidara, 
is commonly used in Malay traditional 
medicine (Mohd Jailani, 2020). Ziziphus 
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mauritiana dried fruits are anodyne, 
anticancer, pectoral, refrigerant, sedative, 
stomachache, styptic, and tonic as it is 
believed to have the ability to purify the 
blood and aid digestion. At the same time, 
the root treats dyspepsia and fever. Despite 
that, the fruits are crunchy and have a sweet 
and sour taste when eaten raw. Like many 
other commercialized medicinal plants, 
Z. mauritiana Bidara has also come to 
the attention of many small and medium 
company industries for similar purposes. 
Thus, products of Z. mauritiana-based have 
been used widely in all kinds of personal 
care products such as hair shampoo, body 
care, and facial care. 

In Malaysia, however, there are limited 
to no studies conducted on their insecticidal 
properties. A thorough search of recent 
documented studies on Z. mauritiana 
has succeeded in finding a similar study 
conducted by researchers in Indonesia, 
which investigated the effectiveness of Z. 
mauritiana extracts against Ae. aegypti 
larva (Amaliyah et al., 2021; Askur et al., 
2021). It has initiated the author(s) attention 
to give insight into Z. mauritiana larvicidal 
effects against common mosquitoes vector 
in Malaysia, such as Ae. aegypti, Ae. 
albopictus, and Cx. quinquefasciatus. 
While Ae. aegypti is commonly known as 
the primary dengue vector in Malaysia, Ae. 
albopictus is currently the most invasive 
mosquito in the world and serves as a 
potential vector of the dengue virus in 
rural and suburban areas (Benedict et al., 
2007; Higa, 2011). In contrast to the Aedes 
spp. clean and clear water habitat, Cx. 

quinquefasciatus preferences of breeding 
in highly polluted water and being capable 
of surviving in high larval densities have 
allowed exploitation of the human-made 
polluted environment. As a result, it created 
a high risk of human transmission of 
zoonotic pathogen diseases (Harvey-Samuel 
et al., 2021). In the present study, the 
bioactivity of Z. mauritiana was evaluated 
in vitro against Ae. aegypti, Ae. albopictus, 
and Cx. quiquefasciatus for its larvicidal and 
morphological effects on dead larvae. The 
comparisons were discussed.

METHODOLOGY

Collection and Preparation of Ziziphus 
mauritiana 

The leaves specimen of Z. mauritiana were 
collected at the Islamic Centre, Universiti 
Sains Malaysia (USM), Pulau Pinang, 
Malaysia (N 5° 24’ 40.428’’E 100° 20’ 
7.548’’). The botanist staff of the School 
of Biological Sciences (SBS), USM, Pulau 
Pinang, identified the specimens. All 
collected leaves were brought to the SBS, 
USM laboratory for sample processing. The 
leaves were washed, cleaned thoroughly, and 
dried at room temperature (29.5–31.5°C) for 
three to four days. The cleaned and dried Z. 
mauritiana leaves were grounded using a 
household KitchenAid® blender (USA) and 
stored in zip-lock plastic bags until further 
use.

Maceration Extractions

In this study, crude extracts of the plant 
leaves were prepared with the maceration 
extractions method. The ratio applied was 1 
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g (grounded leaves) to 10 ml (solvents). The 
desired amounts of Z. mauritiana grounded 
leaves and methanol were measured and 
placed in tight containers for 72 hr. The 
mixture was stirred and shaken periodically 
to ensure complete extraction. At the end 
of the extraction process, the micelles were 
filtered with filter paper Whatman No.1. and 
concentrated with a rotary evaporator at a 
temperature of 50 to 60℃ and pressure of 
1,000 mbar for eight hours. The extracted 
residue was carefully kept in the refrigerator 
at 4℃ in an amber glass vial for subsequent 
assay. 

Mosquito Preparation

Mosquitoes used in this study were 
obtained from Vector Control Research 
Unit (VCRU), SBS, USM Pulau Pinang. 
The mosquito colony was cultured and 
reared in the laboratory with a temperature 
of 28.0 ± 2.0°C and relative humidity 
(RH %) of 80.5 ± 3.0 %. Throughout the 
maintenance period, mosquito larvae were 
provided with prepared portioned ratio 
powdered food (2 : 1 : 1 : 1): cat’s biscuit, 
dried cow liver (grounded), powdered milk, 
yeast, and eight tablets of the vitamin B 
complex. The colony was continuously 
maintained during the study period. 

Larval Bioassay 

The bioassay larval was conducted 
according to the standard guidelines of 
the WHO (2005). Five concentrations 
of Z. mauritiana methanol extracts were 
prepared: 100, 150, 200, 250, and 300 mg 
ml–1. Bioassay larvae were in five replicates 

of 20 instar larvae for each concentration. 
Larvae were aged between late instar 
three and early instar four. The number 
of dead larvae was recorded after 24 and 
48 hr of exposure. The control solutions 
were prepared by mixing 1.0 ml methanol 
in 199.0 ml distilled water. During the 
observation, food was not supplied to the 
larvae. 

Morphological Effects of Dead Larvae

All dead larvae mosquitoes were collected 
and transferred to a Petri dish to observe 
morphological effects. The observation 
was conducted under an Olympus® stereo 
microscope (Model: SZX16-CCD, Japan), 
and photos were captured.

Statistical Analysis

For any mortality in the control which is 
less than 20%, Abbott’s formula was used 
(Abbot, 1925) as below: 

The lethal concentrations 50% (LC50) 
and 90% (LC90) were calculated using probit 
analysis (Finney, 1971), respectively. All 
data obtained were analyzed with Statistical 
Product and Service Solutions (SPSS) 
software (version 27) with a confidence 
interval of 95%. Determination of the most 
effective concentration of the extract based 
on the analysis of variance (ANOVA) 
followed by least significant differences 
(LSD) tests.
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RESULTS

Larvicidal Assays

Table 1 shows the mean mortality of 
mosquito larvae against Z. mauritiana leaves 
extracts at different concentrations and time 
exposure (hrs) during larvae assay. From the 
results obtained, mean mortality of different 
concentrations and time exposure among 
three mosquito species were increased with 
high concentrations and time exposure. 
Of these, Ae. aegypti larvae population 
was the most susceptible compared to Ae. 
albopictus and Cx. quinquefasciatus. It is 

notable that, at a concentration of 200 mg 
ml–1, the mean mortality of Ae. aegypti 
population was the constant highest at 
23.25 ± 0.48, 23.75 ± 0.25, and 24.25 ± 
0.25 throughout the time exposure of 24, 
48, and 72 hr, respectively, compared to Ae. 
albopictus and Cx. quinquefasciatus. The 
highest mean mortality was 25.00 ± 0.00 
(100 % mortality), demonstrated by Ae. 
aegypti exposed to 300 mg ml–1 methanolic 
Z. mauritiana leaves extract for 48 and 72 
hr. The Ae. aegypti larvae marked more than 
50% mortality from exposure of 150 mg 
ml–1 and above for 24, 48, and 72 hr. The 

Table 1
Mean mortality of Ziziphus mauritiana extracts against mosquito larvae  

Mosquito species Concentrations
(mg ml-1)

Mean mortality ± S.E 
24a hr 48 hr 72 hr

* aAedes aegypti 100 5.00 ± 2.55 7.00 ± 2.94 9.50 ± 2.90
150 17.3 ± 1.25 21.50 ± 0.87 22.50 ± 0.87
200 23.25 ± 0.48 23.75 ± 0.25 24.25 ± 0.25
250 23.25 ± 0.48 24.75 ± 0.25 25.00 ± 0.00
300 24.75 ± 0.25 25.00 ± 0.00 25.00 ± 0.00

Control 0 0 0
* Aedes albopictus 100 11.50 ± 1.85 13.25 ± 2.39 13.25 ± 2.39

150 11.50 ± 1.55 13.50 ± 1.85 13.75 ± 1.89
200 14.75 ± 3.09 18.00 ± 1.29 19.25 ± 1.44
250 17.00 ± 3.67 19.50 ± 2.96 21.00 ± 2.12
300 23.75 ± 0.63 25.00 ± 0.00 25.00 ± 0.00

Control 0 0 0
* aCulex 100 1.00 ± 0.41 2.75 ± 0.25 3.75 ± 0.63
quinquefasciatus 150 2.75 ± 0.85 14.25 ± 1.89 15.75 ± 1.44

200 13.25 ± 1.44 21.00 ± 0.00 22.50 ± 0.29
250 16.25 ± 2.10  23.00 ± 0.41 23.50 ± 0.29
300 13.50 ± 1.19 24.50 ± 0.29 24.75 ± 0.25

Control 0 0 0

Note. Number of studies = 27; Number of effects = 216; Total N = 5400
*Significant difference in mean mortality of tested mosquito species, p < 0.05 (p = 0.00)
a Significant difference in mean mortality of 24 hr, p < 0.05 (p = 0.015) 
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mean mortality was 17.3 ± 1.25, 21.50 ± 
0.87, and 22.50 ± 0.87, respectively. At the 
end of 72 hr observation, each concentration 
assayed of 100, 150, 200, 250, and 300 mg 
ml–1 Z. mauritiana methanolic extracts gives 
mean mortality of 9.50 ± 2.90, 22.50 ± 0.87, 
24.25 ± 0.25, 25.00 ± 0.00, and 25.00 ± 0.00, 
respectively. In brief, Ae. aegypti larvae 
give the highest mean mortality throughout 
the time exposure period compared to 
Ae. albopictus and Cx. quinquefasciatus. 
Nevertheless, both mean mortality of Ae. 
albopictus and Cx. quinquefasciatus showed 
a gradual increment for each concentration 
with increasing exposure hours. However, 
extracts of Z. mauritiana were more effective 
against Ae. albopictus larvae compared 
to Cx. quinquefasciatus. Cx recorded no 
100% mortality. quinquefasciatus at the 
highest concentrations in any time exposure 
of 24, 48, and 72 hr. Statistical analysis 
of one-way ANOVA analysis showed a 
significant difference (p < 0.05) in the mean 

mortality of all tested mosquito species 
and tested concentrations of Z. mauritiana 
leaves extract (p = 0.00). However, the 
paired samples test analysis revealed the 
significant difference (p < 0.05) in the mean 
mortality was only between Ae. aegypti and 
Cx. quinquefasciatus at 24 hr of methanolic 
Z. mauritiana leaves extract (p = 0.015). 

Table 2 shows the lethal concentrations 
of LC50 and LC90 for each mosquito larvae 
assayed and time exposure (hr). Of these, 
mosquito larvae of Ae. aegypti was the 
most susceptible against Z. mauritiana 
leaves extracts. The LC50 and LC90 in three 
different time exposure, 24 hrs, 48 hrs, 
and 72 hr, were the lowest at 122.0, 111.7, 
107.7, 200.1, 172.9, and 163.4 mg ml–1, 
respectively compared to Ae. albopictus 
and Cx. quinquefasciatus. On the other 
hand, Cx quinquefasciatus gives the highest 
values of LC50 and LC90 of time exposure 
(hrs.). The lethal concentrations in 24 
hrs, 48 hrs, and 72 hr were 246.2, 169.9, 

Table 2
Lethal concentrations (LC50 and LC90) of Ziziphus mauritiana extracts against mosquito species

Mosquito species Exposure 
duration 

(hrs)

LC50 

(mg ml-1)

95% CI (mg ml-1) LC90 

(mg ml-1)

95% CI (mg ml-1) df

LL UL LL UL

24 122.0 117.1 126.6 200.1 192.0 209.6 3.5
Aedes aegypti 48 111.7 107.2 115.9 172.9 166.2 180.9 1.7

72 107.7 103.3 111.8 163.4 157.1 171.0 1.9
24 189.9 132.5 273.7 421.3 285.8 3044.3 42.2

Aedes albopictus 48 161.1 116.1 200.2 346.4 258.9 855.9 29.4
72 150.1 111.4 180.9 306.7 240.5 570.9 25.5

Culex 24 246.2 221.0 285.3 496.4 393.5 768.8 8.5
quinquefasciatus 48 169.9 163.7 176.2 323.3 304.4 347.4 4.1

72 144.5 137.7 150.9 296.6 278.4 319.8 2.2

Note. Number of studies = 27; Number of effects = 216; Total N = 5400. CI = Confidence intervals; df = Degree 
of freedom; LL = Lower limit; UL = Upper limit
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144.5 mg ml–1 for LC50 and 496.4, 323.3, 
and 296.6 mg ml–1 for LC90, respectively. 
In relative, lower values of LC50 and LC90 
obtained from methanolic Z. mauritiana 
extracts indicate good effects against tested 
mosquito larvae. 

Morphology Effect

The morphology effect of dead mosquito 
l a rvae  was  obse rved  in  d i f f e ren t 
concentrations treatment of control, 0, 100, 
200, and 300 mg ml–1, as shown in Figure 1. 
Figure 1 (a)(i), (b)(i), and (c)(i) showed the 

Figure 1. Morphology of mosquito larvae (a) Aedes aegypti, (b) Aedes albopictus, (c) Culex quinquefasciatus 
photographed at 0.69x by stereo microscope (Model: SZX16-CCD) after treated with different concentrations 
of Ziziphus mauritiana extracts in (i) 0 mg ml-1, (ii) 100 mg ml-1, (iii) 200 mg ml-1, and (iv) 300 mg ml-1

(a)(i) (b)(i) (c)(i)

(a)(ii) (b)(ii) (c)(ii)

(a)(iii) (b)(iii) (c)(iii)

(a)(iv) (b)(iv) (c)(iv)
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normal morphology features of the well-
developed head, thorax, and abdominal 
region of Ae. aegypti, Ae. albopictus, and 
Cx. quinquefasciatus larvae with eight 
segments and anal segments, respectively. 
Aedes aegypti larvae treated with methanolic 
Z. mauritiana leaves extract concentrations 
of 100 and 200 mg ml–1 (Figure 1(a)(ii–iii)) 
showed ruptured midgut. In the 300 mg 
ml–1 treated concentration (Figure 1(a)(iii)), 
deformities of Ae. aegypti larvae’s bodies 
were observed in which the abdominal 
segments were indistinguishable, and the 
head and thorax region were unidentified. 
On the other hand, observation of the dead 
larvae of Ae. albopictus in treated with 
methanolic Z. mauritiana leaves extract 
showed a normal morphological appearance 
with distinguishable head, thorax, and 
abdominal regions. However, darkening 
of the thorax, abdomen and anal gill was 
observed distinctly in larvae exposed to 
extract concentrations of 100, 200, and 300 
mg ml–1 (Figure 1(b)(ii–iv)). 

The observed morphology of dead Cx. 
quinquefasciatus exposed to 100, 200, and 
300 mg ml–1 of methanolic Z. mauritiana 
leaves extract concentration after various 
exposure times were shown in Figure 
1(c)(ii–iv). The Cx. quinquefasciatus 
larvae in control (Figure 1(c)(i)) showed 
normal morphological features with a well-
developed head, thorax, eight segments 
abdominal region, and long siphon. While 
Cx. quinquefasciatus larvae treated with 
methanolic Z. mauritiana leaves extract 
of 200 mg ml–1 (Figure 1(c)(iii)) showed 
ruptured midgut, indistinguishable abdomen, 

and anal gill along with poorly developed 
thorax. On the other hand, larvae treated 
with 100 and 300 mg ml–1 (Figure 1(c)(i) and 
(iv)) showed well-developed morphology 
with distinguishable body regions as the 
larvae in control (Figure 1 (c)(i)). However, 
the darkening of the thorax and abdomen 
was notably observed. The results obtained 
in the morphological observation of dead 
mosquito larvae after being treated with 
different concentrations of Z. mauritiana 
leaves extract have confirmed the larvicidal 
assay findings in which Ae. aegypti was the 
most susceptible and thus exhibited severe 
deformities effect after being exposed to 
concentrations of 100, 200, and 300 mg 
ml–1 compared to Ae. albopictus and Cx. 
quinquefasciatus. 

DISCUSSION

Theoretically, the higher the concentration, 
the more active compounds will directly 
contact the tested larvae. Askur et al. (2021) 
showed that ethanolic Z. mauritiana extracts 
cause greater mortalities against Ae. aegypti 
larvae with higher concentrations. These 
findings agreed with the present study 
conducted on methanolic extracts. Even 
though the solvent and concentrations used 
in each study were different, it has been 
shown that the Z. mauritiana extracts have 
larvicidal effects against Ae. aegypti if 
proper extractions technique and solvents 
are used. Another parameter observed in 
this study was the lethal concentration 
(LC) values. These values were analysed 
to evaluate the association between lethal 
concentrations and mortality. The lower 
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LC obtained indicated, the more effective 
the extracts used. Therefore, the larvicidal 
effects generally have good potential when 
the extract causes high mortality at a low 
LC value. Meyer et al. (1982) and Santos 
Pimenta et al. (2003) have classified the 
larvicidal effectiveness based on the ranges 
of LC values obtained: LC50 > 200 μg ml–1 
(0.2 mg ml–1) very weak (inactive), LC50 
20–200 μg ml–1 (0.02–0.2 mg ml–1) as 
moderate, and LC50 < 200 μg ml–1 (0.2 mg 
ml–1) as very good. The lowest LC50 values 
recorded of Ae. aegypti in this present 
study were 121.975, 111.726, and 107.734 
mg ml–1, while the LC90 were 200.100, 
172.923, and 163.357 mg ml–1 for 24, 
48, and 72 hr, respectively. These results 
obtained, however, are considered average 
in comparison with a study by Amaliyah 
et al. (2021), which reported a lower 
LC50 (46.97 mg ml–1) and LC90 (86.48 mg 
ml–1) values of Z. mauritiana leaves extract 
against Ae. aegypti for 24 hr. 

The different larvicidal activities of 
different plant extracts are probably due 
to the extraction method and types of 
solvents used to extract the plants’ leaves. 
According to Zhang et al. (2018), the solvent 
selection is crucial for plant extraction. The 
performance of solvent extraction can be 
enhanced by choosing solvents that have 
a polarity value near the polarity of the 
solute. In addition, the most crucial element 
in producing the best extract quality is the 
samples’ phytochemicals themselves. A 
study by Velázquez-Martínez et al. (2022) 
has shown that the content and antioxidant 
activity of plant extracts remained stable 

across different extraction processes; 
however, different geographical regions of 
the plants obtained showed differences in 
the abundance of secondary metabolites in 
which related to the amount received of UV 
radiation, nutrient components, temperature, 
and water stress. 

Morphological changes in all treated 
Ae. aegypti, Ae. albopictus, and Cx. 
quinquefasciatus larvae were demonstrated 
in which the most obvious deformities 
appear with poorly developed body 
regions. Most of the dead Ae. aegypti 
and Cx. quinquefasciatus larvae have 
ruptured midgut, and damaged tissues, 
possibly caused by the presence of chemical 
compounds in methanolic Z. mauritiana 
leaves extract that targets the larvae’s 
osmoregulation system (Wang et al., 2019). 
For instance, the presence of tannins in 
methanolic Z. mauritiana leaves extract can 
cause disruption of membrane integrity and/
or function of the midgut (Procópio et al., 
2015). There were few notable observations 
on the body deformities of the Ae. aegypti 
and Cx. quinquefasciatus larvae, such as 
indistinguishable abdomen segments and 
poorly developed head and thorax, suggest 
that methanolic Z. mauritiana leaves 
extract has certain chemical properties that 
can cause structural distortion of larvae. 
Larvae of Ae. albopictus showed a typical 
appearance, but darker pigmentation was 
also observed, especially at the thorax, 
abdomen, and anal gills. The methanolic Z. 
mauritiana possibly causes the pigmentation 
leaves extract, which is dark green. 
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Montell and Zwiebel (2016) discussed 
that mosquito larvae usually do not 
discriminate against what they ingest. Thus, 
the high number percentage of mortality 
in larvae of Ae. aegypti compared to Ae. 
albopictus and Cx. quinquefasciatus were 
probably due to their feeding behaviour. 
According to Merritt et al. (1992), larvae 
of Ae. aegypti feed by swimming or 
diving to substrates in their habitats and 
thus are commonly known as “bottom 
feeders”. Most methanolic Z. mauritiana 
leaves extract precipitation was found to 
be sediment or deposited on the bottom of 
the test cups, while the larval food powder 
was usually found. Thus, higher mortalities 
in Ae. aegypti larvae could be attributed 
to their feeding behaviours of “bottom 
feeders”. 

CONCLUSION

The results revealed that methanolic Z. 
mauritiana leaves extract at all tested 
concentrations cause mortali ty and 
morphology changes in Ae. aegypti, Ae. 
albopictus, and Cx. quinquefasciatus larvae 
associated with a higher concentration 
of the methanolic leaf extract and longer 
exposure time. It is concluded that these 
methanolic leaves extract of Z. mauritiana 
can induce morphological changes among 
larvae mosquito vectors. This study has also 
suggested that methanolic Z. mauritiana 
leaves extract can be a potent larvicide 
to reduce the mosquito population by 
controlling the larval stage. However, 
further studies on the active compounds, 
mechanisms, and mode of action of 

methanolic extracts of Z. mauritiana leaves 
against vector mosquitoes are required 
to understand the nature of its killing 
properties. Future initiatives of larvicidal 
bioassay using methanolic Z. mauritiana 
leaves extract against field strain mosquitoes 
are necessary. It is also crucial to further 
evaluate any toxicity and hazards established 
by Z. mauritiana extract towards the non-
target organisms and environment. Different 
extraction methods associated with various 
solvents and Z. mauritiana plant parts can 
be considered against different mosquito 
species.
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ABSTRACT

Outer membrane proteins (OMPs), usually found in Gram-negative bacteria, have long 
been shown to elicit immune responses in infected hosts. This tendency of OMPs to 
generate immune reactions makes them ideal candidates for vaccine development against 
pathogenic bacteria. Pasteurella multocida is a Gram-negative pathogen responsible for 
the economically significant veterinary disease, hemorrhagic septicemia (HS). HS is an 
endemic and highly fatal disease affecting buffaloes and cattle. In Malaysia, outbreaks 
of this disease cost about half a million USD each year. Thus, despite current treatment 
and prevention measures, HS is a prevalent issue that needs to be overcome. Pasteurella 
multocida subsp. multocida PMTB2.1, a Malaysian strain of the pathogen, has recently 

had its entire genome sequenced after 
being isolated from HS outbreaks in the 
region. Antigenic OMPs from this strain 
have since been identified and published 
for further characterisation. LptD, Wza, 
and TbpA are integral membrane proteins, 
while Pal is a peripheral membrane protein 
that has not been characterised in-depth. 
This study, therefore, aims to analyse these 
OMPs through in silico methods. First, 
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protein homology modelling was performed 
using SWISS-MODEL, whereafter, the 
structures generated were validated using 
the SWISS-MODEL structure assessment 
page, PROCHECK, ERRAT, and PROSA 
programs. The Pal, Wza, and TbpA structures 
were good models, while the LptD structure 
was found to be a near-good model based 
on the validation performed. Analyses 
using BCPREDS, NetMHCpan4.1, and 
NetBoLAIIpan1.0 revealed that these four 
OMPs could potentially elicit humoral and 
cellular immune responses.

Keywords: Antigenic OMPs, hemorrhagic septicemia, 
homology modelling, outer membrane proteins, 
Pasteurella multocida

INTRODUCTION

Pasteurella multocida is a Gram-negative 
pathogen from the Pasteurerellaceae family 
responsible for an economically significant 
veterinary disease, hemorrhagic septicemia 
(HS). HS is a highly fatal and chronic disease 
affecting animals, such as buffaloes and cattle 
in tropical regions. Pasteurella multocida 
strains are categorised into five serogroups 
(A, B, D, E, and F) and 16 serotypes based 
on lipopolysaccharide antigens (Peng et al., 
2018). In Malaysia, the strain P. multocida 
subsp. multocida PMTB2.1 has been isolated 
from HS outbreaks in the region and had 
its complete genome sequenced as of late 
(Jabeen et al., 2017).

Pasteurella multocida expresses a range 
of virulence factors, including capsule, 
fimbriae, lipopolysaccharides (LPS), 
adhesion proteins, toxins, iron control, iron 
acquisition proteins, sialic acid synthesis, 

hyaluronidases, and OMPs (Peng et al., 
2016). 

Many vaccines have been developed 
and routinely used to prevent this acute 
disease. For example, bacterin, oil-adjuvant, 
and alum-precipitated vaccines were used in 
Asia to control the disease (Muenthaisong 
et al., 2020).

However, due to a high record of cattle 
and buffalo mortality resulting in a loss 
of nearly USD3.9 million, none of the 
above control techniques or live attenuated 
vaccines developed so far were completely 
effective (Rafidah et al., 2010). The failure 
and low vaccination coverage against the 
disease originated from several reasons, 
such as the high viscosity of the oil adjuvant 
vaccine that causes difficulties in injection 
and the variety of cattle management 
methods (Benkirane & De Alwis, 2002; 
Zamri-Saad & Annas, 2016). In Malaysia, 
a parental strain was isolated from an 
outbreak, and the mutant strain derived 
was labelled as P. multocida B:2 GDH7. 
This mutant was weakened by deleting a 
housekeeping gene, gdhA, from P. multocida 
B:2 wild type (Sarah et al., 2006). 

Subunit vaccine has been suggested 
to be a potential candidate vaccine that 
is stable and safe compared to the others. 
Furthermore, a study by Rita et al. (2018) 
reported that production of a recombinant 
subunit vaccine had successfully cloned the 
ABA392 gene isolated from P. multocida 
B:2 into a protein expression vector. 
Consequently, the vaccine triggered an 
immune response against HS disease, 
thus, confirming its potential as a vaccine 
candidate for further studies. 
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Outer membrane proteins (OMPs) of P. 
multocida are one of the virulence factors 
in host animals to allow the bacteria to 
adapt to host niches. Pasteurella multocida 
OMPs are classified into structural proteins, 
transport proteins, binding proteins, adhesion, 
protein-assembly machinery, and membrane-
associated enzymes based on their functional 
characteristics (Peng et al., 2019). 

Joshi et al. (2013) demonstrated the 
immunoprotective efficacy of P. multocida 
OMPs in mouse models by proving the 
survival of OMP-vaccinated animals 
when exposed to live pathogenic bacteria. 
Prasannavadhana et al. (2014) used a 
proteomics approach to identify OMPs unique 
to the Indian strain of P. multocida serotype 
B:2, while Azam et al. (2020) used in silico 
methods to identify and assess the antigenicity 
of antigenic OMPs of the Malaysian isolate 
of P. multocida B:2. Among the 105 OMPs 
identified by Azam et al. (2020), 53 of 
them were found to be possibly antigenic. 
Individual OMPs of P. multocida have also 
been reported to play a function in activating 
an immunological response in several studies 
(Hatfaludi et al., 2012).

Bioinformatics tools assist researchers 
in finding possible proteins or genes 
associated with a pathogen’s antigenic or 
virulence components (Azam et al., 2020). 
Bioinformatics analysis of protein localisation 
in bacteria is also crucial in understanding 
their structure and function, especially in 
disease development by the pathogen. Efforts 
to identify antigenic genes of P. multocida 
OMPs have been seen through in silico 
analysis to select potential vaccine targets 
for other strains, such as avian influenza (Al-
Hasani et al., 2007). However, bioinformatics 

analysis reveals that the composition of the 
subproteome of P. multocida outer membrane 
(OM) is far from comprehensive. Further 
experimental efforts are needed to identify 
the complete complement of OMPs and to 
scribe a role to each protein. Several tools 
are now available that are fast, accurate, 
and easy to use, particularly for users with 
no previous experience in bioinformatics 
research (Hensen et al., 2012). 

In the previous study by Azam et al. 
(2020) and this current study, these methods 
were used to predict some crucial antigenic 
genes of OMPs and to further characterise the 
potential OMPs by identifying subcellular 
localisation, predicting OM lipoproteins, 
and predicting barrel integral OMPs.

The availability of genome sequencing 
provides a new approach to the study 
of pathogens. More than 100 genome 
sequences are available for P. multocida B:2; 
however, extensive and complete genome 
sequence analysis is restricted. Based on this 
current study and Jabeen et al. (2019), the 
genome of P. multocida subsp. multocida 
strain PMTB2.1 (accession no. CP007205.2) 
contains 2,315,138 bp DNA, 2,176 genes, 
and 2,065 SDS coding genes, with more than 
40 coding regions for iron homeostasis and 
140 virulence genes, such as the complete 
tad locus. Among them, a few genomes, 
such as the PM70 strain (serotype F) (May 
et al., 2001), PM36950 (serotype A) (Peng et 
al., 2016), and the genomes of P. multocida 
strains harbouring the P. multocida toxin 
(PMT) gene have been studied and analysed 
(W. Liu et al., 2012).

The previous study by Azam et al. 
(2020) identified 105 OMPs of P. multocida 
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B:2 PMTB2.1, a Malaysian strain that 
includes 53 integral membrane proteins 
(IMPs) and 52 peripheral membrane proteins 
(PMPs). The finding of Azam et al. (2020) 
was elaborated in this work, primarily on 
the potential antigenic OMPs, Pal, Wza, 
TbpA, and LptD of the strain. The details 
are summarised in Table 1. The purpose of 
this study was to characterise the 3D model 
structure predictions further and to identify 
the antigenic epitopes of each OMP for 
future applications.

MATERIALS AND METHODS

Protein Sequence Retrieval

Pasteurella multocida subsp. multocida 
PMTB2.1 is a pathogenic P. multocida 
B:2 isolated from an outbreak in Malaysia 
from buffaloes, and the genomic DNA 
of the bacteria has been sequenced in the 
NCBI database (accession no. CP007205.2) 
(Jabeen et al., 2017).

The protein sequences of the OMPs 
from P. multocida  subsp .  multocida 
PMTB2.1 Malaysian strains were retrieved 
from National Center for Biotechnology 

Information (NCBI) website (https://www.
ncbi.nlm.nih.gov/). The retrieved protein 
sequences were used in additional computer 
analysis to find the antigenic gene sequences 
for vaccine development or treatment. The 
nucleotide sequences of antigenic OMP 
genes, pal, tbpA, wza, and lptD, were 
retrieved and analysed from the genomic 
DNA of P. multocida B:2 subsp. multocida 
PMTB2.1 strain. The protein sequences of 
the antigenic OMP genes were used as input 
in the protein-protein basic local alignment 
search tool (blastp) (https://blast.ncbi.nlm.
nih.gov/Blast.cgi). The results of blastp 
were used to determine the exact location 
of the antigenic genes. 

The complete genome of P. multocida 
subsp. multocida strain PMTB2.1 was 
retrieved and then downloaded from NCBI 
(https://www.ncbi.nlm.nih.gov/). The complete 
genomic DNA file of P. multocida subsp. 
multocida strain PMTB2.1 downloaded 
earlier, was opened using SnapGene viewer 
5.2.3 software. Then, the sequence IDs 
obtained earlier were used to obtain the gene 
sequences of the putative antigenic genes 
using SnapGene viewer 5.2.3 software. 

Table 1
Characterisation of the four antigenic OMPs of the P. multocida B:2 PMTB2.1 Malaysian strain that were 
retrieved through in silico study

Protein 
group

Accession 
Number Function Length 

(amino acids)
Molecular 

weight (kDa) Protein type

M
em

br
an

e 
as

se
m

bl
y-

as
so

ci
at

ed
 p

ro
te

in
s

AMM81068.1 Peptidoglycan associated 
lipoprotein

150 16.2 Perpheral membrane 
protein

AMM81201.1 Thiamine ABC transporter 
substrate-binding protein

334 37.9 Integral membrane 
protein

AMM81019.1 Sugar transporter 387 42.2 Integral membrane 
protein

AMM82596.1 LPS assembly protein 
LptD

782 90.6 Integral membrane 
protein

Note. The table was adapted and modified from Azam et al. (2020) and the current study
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The sequences of the four putative 
antigenic genes were retrieved from 
in silico study, and the primers were 
designed for each gene according to their 
sequences. First, the genes were amplified 
through polymerase chain reaction (PCR) 
using the extracted genomic DNA of P. 
multocida B:2. Then, the amplified genes 
were ligated into pJET1.2 plasmid vector 
using the Escherichia coli TOP10 as host 
cells. 

The in vitro sequencing results of the 
cloned OMP genes (pal, tbpA, wza, and 
lptD into pJET1.2 plasmid vector) and 
the nucleotide sequences obtained from 
NCBI GenBank (https://www.ncbi.nlm.nih.
gov) were uploaded to Expasy Translate 
Tool (https://web.expasy.org/translate/) 
to obtain the open reading frames (ORFs) 
and corresponding amino acid sequences. 
In addition, the frame with the longest 
and continuous amino acid sequence was 
retrieved for downstream analyses.

3D Homology Structure Modelling
In this study, the SWISS-MODEL server 
available at https://swissmodel.expasy.org/ 
was used for the 3D structure modelling of 
query proteins. The amino acid sequences 

retrieved from the Expasy Translate Tool 
were used as input. It was followed by a 
template search against the SWISS-MODEL 
template library (SMTL) derived from the 
Protein Data Bank (PDB) (Biasini et al., 
2014) using two database search methods: 
BLAST (Camacho et al., 2009) and HHblits 
(Remmert et al., 2012). BLAST is useful for 
closely related templates, while HHblits is 
employed for distant homology searches. 
First, the template with a global model 
quality estimate (GMQE) score closest to 
1, with a sequence identity of more than 
30%, and a numerically lower structure 
resolution was chosen for building optimal 
models. ‘Build models’ was selected after 
that. Next, models with quality model 
energy analysis (QMEAN) Z-score above 
-4 and closer to 0 were selected. An updated 
GMQE score was also weighed, and models 
with a score closest to 1 were selected. The 
comparison plot was also evaluated for a 
visual representation of the models’ Z-score 
before choosing a suitable homology model. 
Models of choice for Pal, LptD, Wza, and 
TbpA were saved in PDB format for further 
analysis. The steps applied in homology 
modelling using SWISS-MODEL are 
summarised in Figure 1.

Figure 1. The general steps were taken to build 3D models of the outer membrance proteins in SWISS-MODEL. 
The target amino acid sequence inputs were provided in FASTA format. The input data served as a query 
sequence during the template search to identify evolutionary-related protein structures against the SWISS-
MODEL template library. In template selection, the high reliability of a certain template is indicated by a high 
Global model quality estimate score that is expressed as a number between zero and one. Different models are 
built based on the templates selected. Following this, model building was continued with the generation of 3D 
models and model quality estimation using the Structure Assessment page of SWISS-MODEL

Data Input Template Search Template Identification

Model Quality Estimate Model Building
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3D Homology Structure Validation

Evaluation of  the 3D models were 
performed using several tools to determine 
their quality. Firstly, validation was 
performed using comparison plots and the 
local quality estimates available on the 
Structure Assessment page of the SWISS-
MODEL server (https://swissmodel.expasy.
org/). Following this, PROCHECK and 
ERRAT programs substantiated the model 
validation results. These programs are 
available in the SAVES 6.0 server, which 
is accessible at https://saves.mbi.ucla.
edu/. The PROCHECK program makes a 
detailed scan of the stereochemistry of a 
protein structure, providing an assessment 
of the overall quality of the structure 
against highly refined structures of the 
same resolution (Laskowski et al., 1993). 
Meanwhile, the ERRAT program validates 
the model by the characteristic of atomic 
interactions and identifies the incorrect 
as well as the correct regions in a protein 
structure (Colovos & Yeates, 1993).

The ProSA server, which is available 
at https://prosa.services.came.sbg.ac.at/
prosa.php, was then used to check the 
validity of the 3D structures. PDB files 
of the 3D structures were used as input 
data in all the servers mentioned above 
to verify the generated model. ProSA is 
a structure analysis program that displays 
scores and energy plots of local model 
quality for potential problems detected in 
protein structures. Global protein quality 
scores are displayed in the context of all 
known protein structures (Wiederstein & 
Sippl, 2007).

Protein Antigenicity Prediction and 
Comparison

Several parameters are important for 
predicting the immunogenicity of an antigen, 
such as flexibility, antigenicity, and solubility 
(Kim et al., 2013). The antigenicity of all 
OMPs was analysed by the ANTIGENpro 
server at http://scratch.proteomics.ics.uci.
edu/. It is sequence-based, alignment-free, 
and pathogen-independent. A protein’s 
antigenicity is predicted using protein 
antigenicity microarray data (Magnan 
et al., 2010). The input was provided in 
plain sequence format. Karplus Schulz’s 
flexibility prediction method was used 
from the IEDB server (http://tools.iedb.org/
bcell/) to determine the average flexibility 
of peptides within the OMPs. The flexible 
regions of the proteins are those shown 
above the threshold value of 1.0, following 
the method by Hasan et al. (2015). The 
SOLpro, which is available at http://scratch. 
proteomics.ics.uci.edu/, was used to predict 
the solubility of the OMPs and to report the 
solubility probabilities (above 0.5). 

Epitope Prediction

B-cell epitopes were predicted using 
the B-cell epitope prediction server 
(BCPREDS), which is available at http://
ailab-projects1.ist.psu.edu:8080/bcpred/
predict.html. BCPREDS provides a selection 
of three prediction methods; the amino acid 
pairs (AAP) method (Chen et al., 2007), 
BCPred, and FBCPred (EL-Manzalawy et 
al., 2008b). The AAP method was chosen, 
and amino acid sequences were provided in 
plain text format, with epitope length set 
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to 12 and specificity set at default (75%) 
based on the method of Baliga et al. (2018). 
The program was also set to only report 
non-overlapping epitopes before submitting 
the query.

Prediction of major histocompatibility 
complex class I (MHC-I) T-cell epitopes 
and binding affinities were made using 
NetMHCpan 4.1 (Fisch et al., 2021), which 
is available at http://www.cbs.dtu.dk/
services/NetMHCpan/. This server predicts 
the binding of peptides to MHC-I molecules 
of the known sequence using artificial neural 
networks (ANNs). The method is trained 
on quantitative binding affinity (BA) and 
mass-spectrometry eluted ligands (EL) 
peptides. The % rank threshold for strong 
binding peptides was set at 0.5, while the 
% rank threshold for weak binding peptides 
was set at 2. The peptide length selected was 
9-mer, and the alleles chosen were BoLA-
1:00901, BoLA-1:02301, BoLA-2:01201, 
BoLA-2:03001, BoLA-3:00101, and BoLA-
3:00201. Input data was provided in FASTA 
format. Earlier findings reported that the 
vast majority (96.5%) of natural ligands are 
identified at a very high specificity (98.5%) 
using a percentile rank threshold of 2%. 
Input amino acid sequences are digested 
into 9-mer peptides. Research has shown 
that most presented MHC class I ligands are 
between 8-10 amino acids in length (Trolle 
et al., 2016). The BoLA alleles listed were 
also chosen as these were annotated in the 
IPD-MHC database (https://www.ebi.ac.uk/
ipd/mhc/group/BoLA/).

Prediction of major histocompatibility 
complex class II (MHC-II) T-cell epitopes 

and binding affinities were made using the 
NetBoLAIIpan 1.0 server (http://www.cbs.
dtu.dk/services/NetBoLAIIpan/) (Fisch et 
al., 2021). This server uses EL data derived 
from cell lines expressing a range of DRB3 
alleles for model training. The % rank 
threshold for strong binding peptides was 
set at two, while the % rank threshold for 
weak binding peptides was set at 10. The 
peptide length selected was 13-mer, and 
all the alleles listed as BoLA-DRB3 alleles 
from mass spectrometry (MS) data were 
selected. Input amino acid sequences were 
digested into 13-mer peptides as research 
has shown that most presented MHC 
class II ligands are between 13–17 amino 
acids in length (Chang et al., 2006). Input 
data was provided in FASTA format, and 
additional configurations to display only 
the strongest binding core was selected 
alongside checking the ‘Sort’ output by 
prediction score option. The epitopes 
predicted by the BCPREDS, NetMHCpan 
4.1, and NetBoLAIIpan 1.0 servers were 
manually combined to arrive at a consensus 
antigenic epitope sequence for each OMP.

RESULTS AND DISCUSSION

3D Homology Structure Modelling

Although X-ray crystallography or protein 
nuclear magnetic resonance spectroscopy 
(NMR) can be used to identify protein 
structures more precisely, these procedures 
are frequently t ime-consuming and 
expensive. In this sense, protein homology 
modelling using online servers and computer 
software can provide valuable models that 
help establish hypotheses about protein 
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function and drive additional experimental 
effort in the shortest time attainable while 
being cost-effective (Haddad et al., 2020). 
Such downstream applications include 
designing site-directed mutations through 
primer design and predictions of receptor-
ligand binding for drug targeting (Sailapathi 
et al., 2020). Freely available sites for 
molecular docking are LightDock (Jiménez-
García et al., 2018), MedusaDock 2.0 (Wang 
& Dokholyan, 2019), and LeDock (N. Liu 
& Xu, 2019). 

Protein homology modelling generates 
3D structures of proteins using a known 
experimental structure of a homologous 
protein as a template (Hasani & Barakat, 
2016). ‘Coverage’ in templates quantifies 
the degree to which the template covers the 
target sequence. Although in most cases, 
achieving coverage of 100% is not possible, 
there is much to be inferred about a protein 
if the important domains are included within 
the template. As is observed with all the 
OMPs’ models, none of the templates had 
100% coverage. As such, other parameters 
were also taken into consideration. The 
number of amino acids perfectly matched 
between the target and template sequences 
is referred to as ‘Identity.’ Because the 
alignment of amino acids between the target 
and template sequences can be inferred, the 
higher the identity, the better the model. 
Because of the existence of a twilight 
zone, less than 30% of identities might 
be challenging to model. A homologous 
template backbone is no longer sufficient 
to regulate the exact assembly of protein 
side chains in this zone (Chung & Subbia, 

1996). Thus, by default, the templates listed 
were filtered for those having an identity of 
30% or above.

Models generated with the nearest 
GMQE score of 1 would indicate reliable 
templates (Biasini et al., 2014). This score 
estimates the model’s quality given the 
target-template alignment and the template 
structure (Waterhouse et al., 2018). The 
models were also selected based on their 
QMEANDisCo global score, where a higher 
score is better as it shows the accuracy of 
local quality estimates (Waterhouse et al., 
2018). High numeric values of ‘resolution’, 
such as 4 Å, mean poor resolution, while low 
numeric values, such as 1.5 Å, mean good 
resolution (Martz, 2014). For example, 2.05 
Å is the PDB’s median resolution for X-ray 
crystallographic results (Martz, 2014). 
Therefore, it is a crucial factor in modelling, 
as poor-resolution templates will give rise 
to poor-quality models. Details about the 
generated homology models are summarised 
in Table 2.

The Pal model in Figure 2A has a 
distinctly simpler structure compared to 
the LptD model in Figure 2B, owing to 
the shorter nucleotide sequence of pal and 
subsequently shorter amino acid sequence of 
Pal compared to that of LptD. The Pal model 
consists of four α-helices and four β-sheets 
linked by flexible loop regions, forming 
an α/β sandwich domain. This domain is 
characteristic of Pal proteins reported across 
the literature (Kumar et al., 2015; Mathelié-
Guinlet et al., 2020). As for the LptD model, 
periplasmic and extracellular dimensions 
are obvious with the membrane annotations 
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Table 2
Details of P. multocida PMTB2.1 outer membrance proteins’ homology models

Outer 
membrane 

protein

Template Coverage Identity GMQE QMEAN Resolution
SMTL ID DisCo

Global
Pal 4pwt.1 0.75 71.43 0.65 0.84 1.8 Å

TbpA 2qry.1 0.91 50.99 0.77 0.79 2.25 Å
Wza 2j58.1 0.86 56.46 0.75 0.78 2.25 Å
LptD 4q35.1 0.97 47.93 0.77 0.74 2.4 Å

Note. SMTL = SWISS-MODEL template library. A structural database produced from the Protein Data Bank 
comprises experimentally established protein structures. Global model quality estimate (GMQE) is a score between 
0 and 1. A score closer to 1 is preferable. Qualitative model energy analysis distance constraint (QMEAN DisCo) 
global is a composite scoring function assessing the major geometrical aspects of protein structures

Figure 2. The 3D protein homology models of Pasteurella multocida PMTB2.1 outer membrance proteins. 
(A) 3D structure of Pal, (B) 3D structure of LptD, (C) 3D structure of Wza with membrane annotations 
transferred from the template, and (D) 3D structure of TbpA. The model colour scheme indicates regions 
of low confidence (red) and regions of high confidence (blue)

A B

C D
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transferred from the template used. The 
modelled LptD structure was also observed 
to have a 26-stranded-β-barrel domain and 
a β-jellyroll domain consistent with LptD 
structures reported across literature (Qiao et 
al., 2014; Villa et al., 2013). SWISS-MODEL 
colour codes the modelled structures by 
indicating regions of low confidence in red 
and regions of high confidence in blue. It is 
visible in Figure 2B that the modelled LptD 
structure’s loop regions on the extracellular 
dimension are mostly of low confidence and 
therefore coloured in red. It is because loop 
regions can be particularly difficult to model 
as sequences and structures might differ 
in these areas (Waterhouse et al., 2018). 
However, loop refinement or remodelling 
can be employed using other programs 
like the GalaxyLoop (Park et al., 2014), 
DaReUS-Loop (Karami et al., 2019), and 
MODELLER (Fiser & Šali, 2003).

Another region of homology models 
that can be hard to model is N-terminal tails 
(Waterhouse et al., 2018). Due to insufficient 
coverage between the template and target 
amino acid sequences (75% coverage, from 
residue 38 to 150), the N-terminal tail in the 
modelled Pal protein is found to be absent 
when compared to the template that was 
used to model the Pal protein (SMTL ID: 
4pwt.1) and the structure of Pal protein 
reported by Mathelié-Guinlet et al. (2020). 
This N-terminal tail is, in fact, central to 
the role of the Pal protein. It functions to 
bind the Pal protein to the inner leaflet of 
the outer membrane (Cascales & Lloubès, 
2004), while the C-terminal region of Pal 
interacts with the cell wall peptidoglycan 
(Lazzaroni & Portalier, 1992). Similarly, 

the LptD model’s structure determines the 
protein’s function. The β-barrel domain, 
along with the N-terminal β-jellyroll 
domain, forms a hydrophobic portal for 
the transport of lipopolysaccharide from 
the periplasm to the extracellular surface 
of the outer membrane (Botos et al., 2017). 
In brief, protein homology modelling can 
aid in characterising protein functions 
concerning their structures. It may direct 
predictions on how to regulate or modify 
proteins. However, limitations in this 
approach remain. These include the inability 
to predict sections of the sequence that do 
not align with the template sequence, as well 
as inaccuracies in modelling loop regions.

Wza is an inner membrane-lipoprotein 
(IM-lipoprotein) with the crystal structure 
of an octameric structure that is shaped like 
an amphora without its handles (Figure 2C) 
(Reid & Whitfield, 2005). Its transmembrane 
region is a novel α-helical barrel. The bulk of 
its structure is in the periplasm, which is also 
made up of three novel domains that create 
a large central cavity. It opens at a narrow 
‘neck’ in the outer membrane towards the 
extracellular environment but is closed at 
its base at the periplasm (Dong et al., 2006). 
Wza’s monomer structure comprises four 
domains. However, in ribbon format, Wza 
is an octameric structure made of four rings 
annotated as R1-R4 (Ford et al., 2009). Dong 
et al. (2006) mentioned the characteristics of 
each domain in Wza. Domain 1 comprises 
an anti-parallel β-sandwich with an α-helix 
at one edge representing a novel fold. Eight 
copies of Domain 1 would make up the Ring 
1 structure at the bottom of Wza. Thus, Ring 
1 has a centre filled with eight loops with a 
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concave surface at the base. The conserved 
polysaccharide biosynthesis/export (PES) 
motif is in Domain 1. Domain 2 shares a 
similar dimension to Domain 1 despite 
having a novel structure. An eightfold 
symmetric ring structure, Ring 2, is formed 
by eight copies of Domain 2. The domain 
comprises of central five-stranded mixed 
β-sheet with three α-helices. Domain 3 has 
a larger diameter than Domain 2 despite 
having the same structural duplication as 
Domain 2. N-terminus is located at the top of 
Ring 3. Hence, this indicates its location on 
Domain 3. Domain 4 is an amphipathic helix 
with a carboxy terminus of the monomers 
(Dong et al., 2006). An α-helical barrel was 
produced at the ‘neck’ of the structure due 
to the rotational symmetry of helices from 
eight monomers (Dong et al., 2006). Rings 
1–3 are located inside the periplasmic (Kong 
et al., 2013), while Ring 4 has a C-terminus 
outside the cell (Dong et al., 2006). Ring 4 
is a hydrophobic helical barrel, while Rings 
1–3 consist of hydrophilic domains (Collins 
& Derrick, 2007; Ford et al., 2009).

According to a study by Soriano et al. 
(2008), the crystal structure of the thiamine-
binding protein (TbpA) from E. coli in a 
complex with thiamine monophosphate 
(ThMP) was identified. Hence, it was 
referred to understand the crystal structure 
of TbpA from P. multocida in this study 
(Figure 2D). An adenosine triphosphate 
(ATP)-binding cassette (ABC) transporter 
in Gram-negative bacteria consists of 
periplasmic binding protein membrane 
permease and ATPase (Sippel et al., 2009). 
ABC transporters function by transporting 
ions and molecules into cells by utilising 

cellular energy (Jones & George, 2004), 
and in this case, it was used to take up the 
thiamine. Organisms used ABC transporters 
to take up thiamine. A study by Harper et 
al. (2006) mentioned that ABC transport 
protein is a predicted protein from the outer 
membrane of P. multocida A:3 strain P1059 
that can stimulate cross-serotype protection 
(Rimler, 2001). TbpA structure consists of 
two domains with a flexible hinge region 
and a binding cleft between two domains 
(Soriano et al., 2008). Domain 1 consists of 
a three-layer αβα sandwich. The β layer has 
a five-stranded mix of β-sheet with a strand 
of the β-strand topology of ↑β2↑β1 ↑β3 
↓β9↑β4a. Meanwhile, for the α layer, five 
α-helices flanked the centre of the β-sheet 
with three helices below the β-sheet and 
two helices above it. Domain 2 also consists 
of a five-stranded mix of β-sheet with a 
strand of β-strand with a different topology 
compared to Domain 1, which is ↑β6↑β5 
↑β7↓β4b↑β8. Six and three α-helices flanked 
the above and below of the central β-sheet, 
respectively (Soriano et al., 2008). Jones 
and George (2004) stated that clarifying 
the mechanism and structure of ABC 
transporters is crucial to making pathways 
for rational protein design. Furthermore, it 
provides a guiding point for the proteins to 
be validated experimentally. 

3D Homology Structure Validation

Determining the quality of a 3D protein 
homology model is a crucial step in 
understanding a model’s utility and its 
potential downstream applications (Benkert 
et al., 2009).
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Quality estimation was first done by 
analysing the local quality estimates of the 
generated 3D models. The local quality 
estimates in Figure 3 display sections 
of the models that are reliable and those 
that are not. The x-axis represents the 
residue number, while the y-axis represents 
predicted local similarity to the target. Red 
bars indicate residues of low confidence and 
low similarity between target and template 
residues, while blue bars are residues of 
high confidence that indicate high similarity 
between target and template residues, and 
therefore, high quality (Waterhouse et al., 
2018) stretches below 0.6 hint towards 
regions of very low quality. Between the Pal 
(Figure 3A) and LptD models (Figure 3B), 
it can be observed that the LptD model has 
many more residues with stretches below 
the 0.6 threshold. It indicates that there 
are many erroneous regions in the LptD 
model. On closer inspection, it was noted 
that the stretches below 0.6 correspond 
to the loop regions of the LptD model, 
specifically from residues 260 to 737. 
This finding substantiates the observation 
made in the 3D protein homology model 
of LptD (Figure 2B), where the loop 
regions were also indicated in red. It 
was expected as loops are often the most 
vulnerable to model inaccuracies due to their 
increased variability in terms of sequence 
and structure when contrasted with the rest 
of the protein (Waterhouse et al., 2018). 
As for Wza and TbpA, the local quality 
estimates of the models are good, as most 
residues had scores close to 1. Wza (Figure 
3C) and TbpA (Figure 3D) appear, with most 
residues between 0.8 and 0.9. Regions with 

low quality are indicated with residues that 
fall below 0.6. Wza shows a great number of 
residues in position 280-320 that falls below 
0.6, while TbpA shows low-quality residues 
in regions 30-60, 180-210, and 210-250. 

Further validation was performed with 
QMEAN, which relies on the database’s 
context of all known experimental 3D 
structures by the scores representing energies 
(Haddad et al., 2020). These are shown in 
Figure 4. The comparison plots provide 
comparisons with a non-redundant set of 
PDB structures, a comparison to observe 
how well properties of known structures 
are represented in the model of interest. It 
consists of the x-axis representing the size of 
protein structures, the y-axis representing the 
normalised QMEAN4 scores of properties, 
and numerous dots, each representing one 
structure from the non-redundant set of 
PDB database structures. QMEAN4 refers 
to a version of the scoring system based 
solely on the statistical potentials of the four 
geometric aspects of the protein structure.

The red star represents the model of 
interest. The dark grey zone represents 
structures with a Z-score ranging from 
within one standard deviation of the 
mean in a normal distribution. Ideally, 
the star should be in the dark grey zone, 
indicating that the model behaves similarly 
to the experimentally determined PDB 
structure (Agrawal et al., 2013). Based 
on the comparison plots, the modelled 
structure of Pal (Figure 4A) ideally behaves 
as the star representing it is in the dark 
grey zone. It means that the modelled Pal 
structure has a QMEAN Z-score within 
one standard deviation of the mean in a 
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Figure 3. Local quality estimate of residues on modelled (A) Pal, (B) LptD, (C) Wza, and (D) TbpA structures. 
These were obtained from the Structure Assessment page of the SWISS-MODEL program. Low confidence 
residues are shown in red, while high confidence regions are displayed in blue. The threshold for the 
determination of very low-quality residues lies below 0.6 in predicted local similarity to target protein residues
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normal distribution and, therefore, a higher 
“degree of nativeness” (Benkert et al., 2011) 
comparable to experimentally determined 
Pal structures of similar size in the PDB with 
a QMEAN Z-score of 0.15. In contrast, the 
LptD model (Figure 4B) is relatively not-
ideal as the red star representing the model 
is located on the far right, with a QMEAN 
Z-score of -2.22, outside of the range of 
experimentally determined PDB structures. 
However, the LptD model is still acceptable 
as the QMEAN Z-score value is above -4.0 
(Benkert et al., 2011). Meanwhile, Figure 
4C shows that the Wza protein structure 
is reliable as it is within the range of other 

protein structures in PDB with a Z-score 
less than 1, -0.44. However, like LptD, the 
modelled TbpA protein structure lies outside 
the range of other structures in PDB (Figure 
4D) with a Z-score of more than -2.63, 
indicating that the TbpA model is not ideal 
as well. 

Validation was then continued with 
the PROCHECK program (Laskowski 
et al., 1993). PROCHECK validates the 
stereochemical quality and accuracy of the 
models and reports results as Ramachandran 
plots (Figure 5) that indicate residues in the 
favoured regions in red, allowed regions in 
yellow, generously allowed regions in light 

Figure 4. Comparison plot of the models represented by a red star (A) Pal, (B) LptD, (C) Wza, and (D) TbpA 
against a non-redundant set of Protein Data Bank structures (PDB). These were obtained from the Structure 
Assessment page of the SWISS-MODEL program. Each dot represents an individual protein crystal structure 
from the PDB database
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yellow, and disallowed regions in white. 
In Figure 5, the red regions that determine 
the most favoured regions are marked 
as {A, B, L}. The additionally allowed 
regions are marked as {a, b, l, p} in yellow 
regions. Small black squares represent 
proline and non-glycine residues, while 
black triangles are glycine- residues (non-
end). Disallowed residues are shown as red 
squares. In Ramachandran plot analyses, the 
percentage of residues in the most favoured 
regions must be more than 90% to ensure 

the reliability of the predicted structure. 
Meanwhile, G-factors measure how unusual 
the property is, with values below -0.5 and 
below -1.0 highly unusual.

The Ramachandran plot analyses 
indicate that the Pal model (Figure 5A) is 
a good model with more than 90% of its 
residues in the favoured region, while the 
LptD model (Figure 5B) is a near-good 
model with 88.7% residues in the favoured 
region (Prajapat et al., 2014). Both models 
are also observed to have an overall G-factor 

Figure 5. Main Ramachandran plot of the PROCHECK program for modelled (A) Pal, (B) LptD, (C) Wza, 
and (D) TbpA structures. Residues are indicated in favoured regions which are shown in red (represented 
by A, B, L), allowed regions in yellow (represented by a, b, l, p), generously allowed regions in light yellow 
(represented by ~a, ~b, ~l, ~p) and disallowed regions in white
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of more than -0.5, indicating that they are 
reliable (Ramachandran et al., 1963). Similar 
to the LptD model, the Ramachandran plots 
for modelled Wza (Figure 5C) and TbpA 
(Figure 5D) did not record more than 90% 
of residues in the most favoured regions. 
Instead, the percentage of residues in the 
most favoured regions for Wza and TbpA is 
89.5% and 89.9%, respectively. Thus, they 
are near-good quality models. Although both 
models did not exceed the 90% score in most 
favoured regions, they are still valid as the 
residues in disallowed regions are merely 
0.5% and 0.7% (Prajapat et al., 2014). 
Hence, this represents only a slight steric 
hindrance between the model’s side-chain 
C-beta methylene group and main-chain 
atoms. The overall G-factor for the Wza 
and TbpA structures are -0.08 and -0.17, 
respectively. Therefore, each modelled 
structure is acceptable as both scores are 
greater than the G-factor threshold value of 
-0.5. Data regarding the percentage residues 
in each region and overall G-factors have 
been summarised in (Table 3).

Quality estimation was done using the 
ERRAT server, where the overall quality 
factor for good high-resolution structures 
lies above 95%, while low resolutions have 
values of around 91% (Colovos & Yeates, 

1993). Overall ERRAT quality factor values 
are expressed as the percentage of the 
proteins for which the calculated value falls 
below the 95% rejection limit. The quality 
factor values for Pal and LptD models were 
100% and 91.3%, respectively (Figures 
6A and 6B). It was established earlier that 
high-resolution structures generally produce 
values around 95% or higher (Colovos & 
Yeates,1993). Hence, the Pal model gets a 
maximum score as it was modelled after 
a high-resolution template (1.8 Å). On the 
other hand, the low ERRAT quality factor 
value for the LptD model is expected owing 
to its lower resolution template (2.4 Å). 
The Wza and TbpA were modelled after 
templates with a resolution of 2.25 Å. The 
overall quality factor of the Wza and TbpA 
models showed a score of 94.537 and 
85.619, respectively, as shown in Figures 6C 
and 6D, respectively. It indicates that Wza 
has a good quality factor while TbpA might 
be considered near good as it is near 91%. 
Furthermore, the OMPs only had several 
regions that exceeded the error values of 95 
and 99%. Thus, indicating that most residues 
are acceptable. 

Lastly, ProSA was used to provide 
energy plots that can highlight potential 
errors in protein structures. The plots in 

Table 3
Result summary of the Ramachandran plots from PROCHECK

Outer 
membrane

protein

Residues in 
the favoured 
region (%)

Residues in the 
additionally allowed 

region (%)

Residues in the 
generously allowed 

region (%)

Residues in 
the disallowed 

region (%)

Overall 
G-factor

Pal 91.9 7.1 1.0 0.0 -0.02
LptD 88.7 8.7 1.5 1.0 -0.16
Wza 89.5 9.2 0.8 0.5 -0.08
TbpA 87.5 10.8 1.1 0.7 -0.17
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Figure 6. The ERRAT program evaluated the overall quality of the model. (A) Pal model, (B) LptD model, 
(C) Wza model, and (D) TbpA model. On the error axis, the two lines (95% and 99%) indicate the confidence 
with which it is possible to reject regions that exceed that error value

C

D

B

A
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Figure 7 represent data obtained from 
the PDB regarding protein chains’ scores 
discovered experimentally (Berman et 
al., 2002). All the plots were determined 
by X-ray crystallography (light blue) or 
NMR spectrophotometry (dark blue) about 
individual protein lengths (Agrawal et al., 
2013). The inaccuracies of the models 
generated can be determined by the analysis 
of Z-scores being outside of the range of 
scores characteristic of native proteins. 
Analysing the position of the target protein 

(represented as black dots) in the Z-score 
plot could indicate whether the protein is in 
the typical range of scores as other proteins of 
similar length in PDB. The Z-score of the model 
presents the overall model quality.

The Z-score for the Pal model (−5.43) 
(Figure 7A) was within the range of scores 
typically found for the native proteins of 
similar size, while this was hardly the case 
for the LptD model (- 4.27) (Figure 7B). 
Figures 7C and 7D show the positioning 
according to individual Z- scores for Wza 

Figure 7. ProSA output of Z-scores for homology models using the ProSA-web server. (A) Pal model, (B) 
LptD model, (C) Wza model, and (D) TbpA model. The models are represented as black dots in the plot. These 
plots are used to identify whether the Z-score of protein is within the range with the typical range of scores 
for experimentally determined proteins of similar sizes
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and TbpA with Z-score values of -7.57 
and -8.85, respectively. The ProSA outputs 
indicate that the homology models for Pal, 
Wza, and TbpA are within the range of 
native protein conformations. It means that 
the 3D homology structures of Pal, Wza, 
and TbpA are highly reliable structures that 
are well within the range of scores typically 
found for proteins of similar size. 

The plot of residue scores or energy 
plots provides local model quality by using 

knowledge-based energy to plot amino 
acid sequence position (Agrawal et al., 
2013), where positive values correspond to 
problematic or erroneous parts of the input 
structure. This plot revealed that most of 
the calculated values were negative for 
Pal (Figure 8A), while a fair number of 
LptD residues had negative and positive 
scores (Figure 8B). It implies that there are 
many erroneous regions in the LptD model. 
The Wza model in the energy plot (Figure 

Figure 8. Plot of residue energies for (A) Pal model, (B) LptD model, (C) Wza model, and (D) TbpA model. 
Dark green and light green lines distinguish window sizes of 40 and 10 residues, respectively
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8C) shows that all residues are positioned 
within the negative quadrant. It implies 
that the model has good energy stability. 
Meanwhile, the TbpA model (Figure 8D) 
shows that some residues are in the positive 
quadrant but still near zero, indicating that it 
has average energy stability (Bhattacharya 
et al., 2020). 

Protein Antigenicity Prediction and 
Comparison

ANTIGENPro provides an accuracy of up 
to 82%, which surpasses other antigenicity 
predictors (Magnan et al., 2010). In addition, 
antigenic proteins in other pathogens were 
detected by this program (Chin et al., 2014; 
Magnan et al., 2010). ANTIGENpro server 
scores 0.816380 for Pal, 0.900650 for LptD, 
0.779916 for Wza, and 0.804137 for TbpA. It 
shows that all proteins scored well above the 
minimum threshold of 0.7, indicating that 
they are all antigenic (Magnan et al., 2010) 
(Table 4). It substantiates the findings from 
Azam et al. (2020), whose study classified 
these four OMPs as antigenic following the 
results obtained from the Vaxijen v2.0 server 
(Doytchinova & Flower, 2007). 

Solubility is crucial for maintaining 
the homeostasis of proteins. Identifying the 
solubility of a protein could give access to its 

Table 4
Antigenicity scores of outer membrane proteins 
derived from the ANTIGENpro server

Outer membrane 
proteins

Probable 
antigenicity

Prediction 
score

Pal Antigen 0.816380
LptD Antigen 0.900650
Wza Antigen 0.779916
TbpA Antigen 0.804137

Table 5
Flexibility and solubility of the OMPs, Pal, LptD, 
Wza, and TbpA 

Outer 
membrane 
proteins

Flexibility 
(IEDB) Solubility (SOLpro)

Pal 0.997 SOLUBLE with 
0.762434

LptD 1.001 INSOLUBLE with 
0.745939

Wza 0.996 INSOLUBLE with 
0.700107

TbpA 0.992 SOLUBLE with 
0.934680

conformation, concentration, and quaternary 
structure (Balch et al., 2008). Furthermore, 
maintaining a protein’s function and 
preventing its aggregation requires solubility 
(Ciryam et al., 2013). Studies on structural 
and functional proteomics also require 
protein to be soluble (Chan et al., 2010). 
Therefore, identifying a protein’s solubility 
is important for immunogenicity prediction. 
In Table 5, it was identified that Wza and 
LptD proteins are insoluble. Hence, they are 
not appropriate for the downstream analysis 
of the immunogenicity effect (Rahman et 
al., 2020). Meanwhile, Pal and TbpA are 
considered soluble. Hence, proving it to be 
suitable as a vaccine candidate for further 
analysis in the future. On the other hand, 
the area of a peptide that interacts with the 
antibody tends to be flexible, according to 
experimental findings (Hasan et al., 2015). 
The Karplus Schulz flexibility prediction 
program found the query protein’s flexible 
regions in the IEDB server. As reported in 
Table 5, the OMP Pal recorded a flexibility 
score of 0.997, while the OMP TbpA scored 
0.992. Between the two soluble OMPs, 
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Pal showed a higher flexibility score and 
is therefore considered relatively more 
immunogenic than the other OMPs reported 
in this study.

Epitope Prediction

T-cell or B-cell, epitope-based therapeutic 
and diagnostic rational design for pathogens, 
has long since been reported (Arévalo‐
Herrera et al., 2002; Sollner et al., 2008). 
Regarding T-cell epitopes, activation of both 
CD4+ (MHC-II) and CD8+ (MHC-I) T-cells 
are vital in many cases of infections (Jenkins 
et al., 2003). Therefore, in developing 
peptide-based vaccines, OMPs epitopes that 
elicit both the B-cell and T-cell (MHC-I and 
MHC-II) mediated immunities are the most 
advantageous (Bhattacharya et al., 2020).

B-cells are critical in the immune 
system’s battle against invading pathogenic 
organisms because they secrete antibodies 
against antigens. A linear or continuous 
B-cell epitope is a sequence segment of 
a protein. Presently, the bulk of existing 
epitope prediction algorithms focuses on 
continuous epitopes due to the ease with 
which the amino acid sequence of a protein 
may be used as an input. These prediction 
approaches are based on the hydrophilicity, 
solvent accessibility, secondary structure, 
flexibility, and antigenicity of amino acids 
(Shen et al., 2015).

BCPred online server was used in 
predicting linear B-cell epitopes of the 
OMPs from their respective amino acid 
sequences. BCPred provides two algorithms 
for identifying an epitope’s fixed lengths, 
which are BCPred and amino acid pair 

(AAP) (EL-Manzalawy et al., 2008a). The 
AAP technique is based on discovering that 
B-cell epitopes prefer some AAPs. The AAP 
technique outperformed conventional scales 
based on single amino acid propensity (Chen 
et al., 2007). The epitope length chosen for 
our study is 12 amino acids, which were 
motivated by previous work (Baliga et al., 
2018). B-cell epitopes of lengths between 12 
to 15 were shown to be potent inducers of the 
production of antibodies (EL-Manzalawy 
et al., 2008a). B-cell epitope prediction 
using the AAP method within the amino 
acid sequences of individual OMPs is 
summarised in (Supplementary material 1).

Identifying the shortest peptide in 
an antigen that triggers CD4+ or CD8+ 
T-cell mediated immunity is the objective 
in T-cell epitope prediction. In assays, 
immunogenicity was achieved using 
synthetic peptides derived from antigen 
that triggers T-cells (Ahmad et al., 2016). 
MHC aids in activating the adaptive immune 
response. MHC genes present peptide 
fragments from pathogens to T- cells to 
elicit an immune response. Therefore, 
the ability of the T-cell epitope region 
in antigenic proteins to bind to MHCs is 
essential in vaccine development (Patronov 
& Doytchinova, 2013). Epitope binding to 
MHC-I and MHC-II differs in length. For 
MHC-I binding prediction, input amino 
acid sequences were digested into 9-mer 
peptides, as research has shown that most 
presented MHC class I ligands are between 
8 to 10 amino acids in length (Trolle et al., 
2016). Meanwhile, the MHC-II binding 
epitope would be in the range of 13 to 17 
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amino acids in length (Chang et al., 2006). 
Considering the optimal epitope lengths for 
recognition and binding with B- cells and 
T-cells, antigenic sequences found to be 
recognised by B-cells and those with high 
binding affinities for MHC-I and MHC-II 
make for an effective epitope vaccine (Naz 
et al., 2015).

Based  on  da t a  summar i sed  in 
(Supplementary material 2), some peptide 

sequences of MHC-I and MHC-II can 
bind to more than one allele and have a 
part of a similar sequence to B-cell epitope 
prediction. Thus, a consensus antigenic 
sequence was obtained for each OMP by 
combining similar sequences found to be 
recognised by B-cells and those with high 
binding affinities for MHC-I and MHC-II. 
These sequences have been summarised in 
Table 6.

Table 6
B-cell, MHC-I, and MHC-II recognition sites within the amino acid sequences of Pal, LptD, Wza, and TbpA

OMP Antigenic sequence Amino acid position Recognised by
Pal LQQRYNTVY 41-49 B-cell

MHC-I: BoLA-1:00901
MHC-II: BoLA-DRB3_1001

LptD ALFDSPLNF 393-401 B-cell
MHC-I: BoLA-1:00901
MHC-II: BoLA-DRB3_1001
MHC-II: BoLA-DRB3_1201

Wza LLVDGDIVH 631-657 B-cell
MHC-I: BoLA-1:00901

TbpA EPHFDALKATQM 287-322 B-cell
MHC-II: BoLA-DRB3_2002

KTKVQQPPK 770-796 B-cell
MHC-I: BoLA-2:01201

TQAVNVYTY 1,109-1,135 B-cell
MHC-I: BoLA-1:00901
MHC-I: BoLA-1:02301

CONCLUSION

The in silico generated 3D structures 
of Pal, Wza, and TbpA are considered 
good models, while the 3D structure of 
LptD is a near-good model. Good quality 
models are imperative as these are required 
for downstream applications, including 
protein function prediction, site-directed 
mutations, and ligand docking modelling 

in drug discovery. This study has also laid 
out the consensus epitope sequences within 
the OMPs that could elicit both humoral 
and cellular immune responses using 
bioinformatics approaches. Further in silico 
work can be directed towards molecular 
docking analysis between the identified 
epitopes and immunological elements to 
study the specific interactions involved. 
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Future investigations in validating B-cell 
and T-cell immunogenicity of the identified 
antigenic epitopes can be attempted through 
in vitro and in vivo means to prepare 
epitope or peptide-based vaccines against 
P. multocida infections.

ACKNOWLEDGMENTS

Universiti Putra Malaysia supported 
this research through the UPM Putra 
Research Grants, GP/2017/9560000 and 
GP/2017/9559200. The Higher Education 
Development Program (HEDP)-Afghanistan 
supported Tahera Hashimi.

REFERENCES
Agrawal, P., Thakur, Z., & Kulharia, M. (2013). 

H o m o l o g y  m o d e l l i n g  a n d  s t r u c t u r a l 
validation of tissue factor pathway inhibitor. 
Bioinformation, 9(16), 808-812. https://doi.
org/10.6026/97320630009808 

Ahmad, T. A., Eweida, A. E., & El-Sayed, L. H. 
(2016). T-cell epitope mapping for the design of 
powerful vaccines. Vaccine Reports, 6, 13-22. 
https://doi.org/10.1016/j.vacrep.2016.07.002 

Al-Hasani, K., Boyce, J., McCarl, V. P., Bottomley, 
S., Wilkie, I., & Adler, B. (2007). Identification 
of novel immunogens in Pasteurella multocida. 
Microbial Cell Factories, 6, 3. https://doi.
org/10.1186/1475-2859-6-3

Arévalo‐Herrera, M., Valencia, A. Z., Vergara, J., 
Bonelo, A., Fleischhauer, K., González, J. 
M., Restrepo, J. C., López, J. A., Valmori, 
D., Corradin, G., & Herrera, S. (2002). 
Identification of HLA‐A2 restricted CD8+ T‐
lymphocyte responses to Plasmodium vivax 
circumsporozoite protein in individuals naturally 
exposed to malaria. Parasite Immunology, 
24(3), 161-169. https://doi.org/10.1046/j.1365-
3024.2002.00449.x

Azam, F. M., Zamri-Saad, M., Rahim, R. A., 
Chumnanpoend, P., E-kobon, T., & Othman, 
S. (2020). Antigenic outer membrane proteins 
prediction of Pasteurella multocida serotype 
B:2. Asia-Pacific Journal of Molecular Biology 
and Biotechnology, 28(4), 102-116. https://doi.
org/10.35118/apjmbb.2020.028.4.09 

Balch, W. E., Morimoto, R. I., Dillin, A., & Kelly, 
J. W. (2008). Adapting proteostasis for disease 
intervention. Science, 319(5865), 916–919. 
https://doi.org/10.1126/science.1141448

Baliga, P., Shekar, M., & Venugopal, M. N. (2018). 
Potential outer membrane protein candidates 
for vaccine development against the pathogen 
Vibrio anguillarum: A reverse vaccinology based 
identification. Current Microbiology, 75(3), 368-
377. https://doi.org/10.1007/s00284-017-1390-z

Benkert, P., Biasini, M., & Schwede, T. (2011). Toward 
the estimation of the absolute quality of individual 
protein structure models. Bioinformatics, 27(3), 
343-350. https://doi.org/10.1093/bioinformatics/
btq662

Benkert, P., Künzli, M., & Schwede, T. (2009). 
QMEAN server for protein model quality 
estimation. Nucleic Acids Research, 37(suppl_2), 
W510-W514. https://doi.org/10.1093/nar/
gkp322

Benkirane, A., & De Alwis, M. C. L. (2002). 
Haemorrhagic septicaemia, its significance, 
prevention and control in Asia.  Veterinary 
Medicine Journal, 47(8), 234-240. https://doi.
org/10.17221/5830-VETMED

Berman, H. M., Battistuz, T., Bhat, T. N., Bluhm, W. F., 
Bourne, P. E., Burkhardt, K., Feng, Z., Gilliland, 
G. L., Iype, L., Jain, S., Fagan, P., Marvin, 
J., Padilla, D., Ravichandran, V., Schneider, 
B., Thanki, N., Weissig, H., Westbrook, J. 
D., & Zardecki, C. (2002). The protein data 
bank.  Acta Crystallographica Section D: 
Biological Crystallography, 58(6), 899-907. 
https://doi.org/10.1107/S0907444902003451 



300 Pertanika J. Trop. Agric. Sci. 46 (1): 277 - 313 (2023)

Tahera Hashimi, Deborah Joyce, Sufia Mohd Nasir, Mas Jaffri Masarudin, Annas Salleh and Sarah Othman

Bhattacharya, M., Sharma, A. R., Sharma, G., Patra, 
P., Mondal, N., Patra, B. C., Lee, S.-S., & 
Chakraborty, C. (2020). Computer aided novel 
antigenic epitopes selection from the outer 
membrane protein sequences of Aeromonas 
hydrophila and its analyses. Infection, Genetics 
and Evolution ,  82 ,  104320. https://doi.
org/10.1016/j.meegid.2020.104320

Biasini, M., Bienert, S., Waterhouse, A., Arnold, K., 
Studer, G., Schmidt, T., Kiefer, F., Cassarino, 
T. G., Bertoni, M., Bordoli, L., & Schwede, 
T.  (2014).  SWISS-MODEL: Modelling 
protein tertiary and quaternary structure using 
evolutionary information. Nucleic Acids 
Research, 42(W1), W252-W258. https://doi.
org/10.1093/nar/gku340

Botos, I., Noinaj, N., & Buchanan, S. K. (2017). 
Insertion of proteins and lipopolysaccharide 
into the bacterial outer membrane. Philosophical 
Transactions of the Royal Society B: Biological 
Sciences, 372(1726), 20160224. https://doi.
org/10.1098/rstb.2016.0224

Camacho, C., Coulouris, G., Avagyan, V., Ma, 
N., Papadopoulos, J., Bealer, K., & Madden, 
T. L. (2009). BLAST+: Architecture and 
applications. BMC Bioinformatics, 10, 421. 
https://doi.org/10.1186/1471-2105-10-421

Cascales, E., & Lloubès, R. (2004). Deletion analyses 
of the peptidoglycan‐associated lipoprotein Pal 
reveals three independent binding sequences 
including a TolA box. Molecular Microbiology, 
51(3), 873-885. https://doi.org/10.1046/j.1365-
2958.2003.03881.x

Chan, W. C., Liang, P. H., Shih, Y. P., Yang, U. C., Lin, 
W. C., & Hsu, C. N. (2010). Learning to predict 
expression efficacy of vectors in recombinant 
protein production. BMC Bioinformatics, 
11(Suppl 1), S21. https://doi.org/10.1186/1471-
2105-11-S1-S21 

Chang, S. T., Ghosh, D., Kirschner, D. E., & 
Linderman, J. J. (2006). Peptide length-based 

prediction of peptide–MHC class II binding. 
Bioinformatics, 22(22), 2761-2767. https://doi.
org/10.1093/bioinformatics/btl479

Chen, J., Liu, H., Yang, J., & Chou, K. C. (2007). 
Prediction of linear B-cell epitopes using amino 
acid pair antigenicity scale. Amino Acids, 33(3), 
423-428. https://doi.org/10.1007/s00726-006-
0485-9 

Chin, C. F., Teh, B. A., Anthony, A. A., Aziah, I., 
Ismail, A., Ong, E. B. B., & Lim, T. S. (2014). 
Overexpression, purification and validation of 
antigenic Salmonella enterica serovar Typhi 
proteins identified from LC-MS/MS. Applied 
Biochemistry and Biotechnology, 174, 1897-
1906. https://doi.org/10.1007/s12010-014-
1173-y

Chung, S. Y., & Subbiah, S. (1996). A structural 
explanation for the twilight zone of protein 
sequence homology. Structure, 4(10), 1123-1127. 
https://doi.org/10.1016/S0969-2126(96)00119-0

Ciryam, P., Tartaglia, G. G., Morimoto, R. I., 
Dobson, C. M., & Vendruscolo, M. (2013). 
Neurodegenerative diseases and widespread 
aggregation are associated with supersaturated 
proteins. Cell Reports, 5(3), 781-790. https://
doi.org/10.1016/j.celrep.2013.09.043 PMID: 
24183671

Collins, R. F., & Derrick, J. P. (2007). Wza: A new 
structural paradigm for outer membrane secretory 
proteins?. Trends in Microbiology, 15(3), 96-100. 
https://doi.org/10.1016/j.tim.2007.01.002

Colovos, C., & Yeates, T. (1993). ERRAT: An 
empirical atom-based method for validating 
protein structures. Protein Science, 2(9), 1511-
1519. https://doi.org/10.1002/pro.5560020916

Dong, C., Beis, K., Nesper, J., Brunkan-LaMontagne, 
A. L., Clarke, B. R., Whitfield, C., & Naismith, J. 
H. (2006). Wza the translocon for E. coli capsular 
polysaccharides defines a new class of membrane 
protein. Nature, 444(7116), 226-229. https://doi.
org/10.1038/nature05267 



301Pertanika J. Trop. Agric. Sci. 46 (1): 277 - 313 (2023)

Putative Antigenic OMPs of P. multocida B:2

Doytchinova, I. A., & Flower, D. R. (2007). 
VaxiJen: A server for prediction of protective 
antigens,  tumour antigens and subunit 
vaccines. BMC Bioinformatics, 8, 4. https://doi.
org/10.1186/1471-2105-8-4 

EL-Manzalawy, Y., Dobbs, D., & Honavar, V. (2008a). 
Predicting linear B‐cell epitopes using string 
kernels. Journal of Molecular Recognition, 
21(4), 243-255. https://doi.org/10.1002/jmr.893

EL-Manzalawy, Dobbs,  D.,  & Honavar,  V. 
(2008b). Predicting flexible length linear 
B-cell epitopes. Computational Systems 
Bioinformatics ,  7 ,  121-132. https://doi.
org/10.1142/9781848162648_0011

Fisch, A., Reynisson, B., Benedictus, L., Nicastri, 
A., Vasoya, D., Morrison, I., Buus, S., Ferreira, 
B. R., de Miranda Santos, I. K. F., Ternette, N., 
Connelley, T., & Nielsen, M. (2021). Integral use 
of immunopeptidomics and immunoinformatics 
for the characterization of antigen presentation 
and rational identification of BoLA-DR–
presented peptides and epitopes. Journal of 
Immunology, 206(10), 2489-2497. https://doi.
org/10.4049/jimmunol.2001409 

Fiser, A., & Šali, A. (2003). Modeller: Generation and 
refinement of homology-based protein structure 
models. Methods in Enzymology, 374, 461-491. 
https://doi.org/10.1016/S0076-6879(03)74020-8

Ford, R. C., Brunkan-LaMontagne, A. L., Collins, 
R. F., Clarke, B. R., Harris, R., Naismith, J. 
H., & Whitfield, C. (2009). Structure–function 
relationships of the outer membrane translocon 
Wza investigated by cryo-electron microscopy 
and mutagenesis. Journal of Structural Biology, 
166(2), 172-182. https://doi.org/10.1016/j.
jsb.2009.02.005 

Haddad, Y., Adam, V., & Heger, Z. (2020). Ten quick 
tips for homology modeling of high- resolution 
protein 3D structures. PLOS Computational 
Biology ,  16(4) ,  e1007449.  ht tps: / /doi .
org/10.1371/JOURNAL.PCBI.1007449

Harper, M., Boyce, J. D., & Adler, B. (2006). 
Pasteurella multocida pathogenesis: 125 years 
after pasteur. FEMS Microbiology Letters, 
265(1), 1–10. https://doi.org/10.1111/j.1574-
6968.2006.00442.x

Hasan, M. A., Khan, M. A., Datta, A., Mazumder, 
M. H. H., & Hossain, M. U. (2015). A 
comprehensive immunoinformatics and target 
site study revealed the corner-stone toward 
Chikungunya virus treatment.  Molecular 
Immunology,  65(1), 189-204. https://doi.
org/10.1016/j.molimm.2014.12.013

Hasani, H. J., & Barakat, K. H. (2016). Protein-
protein docking: Are we there yet?. In Methods 
and algorithms for molecular docking-based 
drug design and discovery (pp. 173-195). IGI 
Global. https://doi.org/10.4018/978-1-5225-
0115-2.ch007 

Hatfaludi, T., Al-Hasani, K., Gong, L., Boyce, J. D., 
Ford, M., Wilkie, I. W., Quinsey, N., Dunstone, 
M. A. Hoke, D. E., & Adler, B. (2012). Screening 
of 71 P. multocida proteins for protective 
efficacy in a fowl cholera infection model 
and characterization of the protective antigen 
PlpE. PLOS One, 7(7), e39973. https://doi.
org/10.1371/journal.pone.0039973

Hensen, U., Meyer, T., Haas, J., Rex, R., Vriend, G., 
& Grubmüller, H. (2012). Exploring protein 
dynamics space: The dynasome as the missing 
link between protein structure and function. 
PLOS One, 7(5), e33931. https://doi.org/10.1371/
journal.pone.0033931

Jabeen, S., Yap, H. Y., Abdullah, F. F. J., Zakaria, Z., 
Isa, N. M., Tan, Y. C., Joo, Y. S., Satharasinghe, 
D. A., & Omar, A. R. (2019). Complete genome 
sequence analysis and characterization of selected 
iron regulation genes of Pasteurella multocida 
serotype A strain PMTB2.1. Genes, 10(2), 81. 
https://doi.org/10.3390/genes10020081

Jabeen, S., Yong, Y. H., Abdullah, F. J. F., Zakaria, 
Z., Mat Isa, N., Tan, Y. C., Yee, W. Y., & 



302 Pertanika J. Trop. Agric. Sci. 46 (1): 277 - 313 (2023)

Tahera Hashimi, Deborah Joyce, Sufia Mohd Nasir, Mas Jaffri Masarudin, Annas Salleh and Sarah Othman

Omar, A. R. (2017). Complete genome 
sequence of Pasteurella multocida serotype 
A strain PMTB2.1 isolated from buffaloes 
that died of septicemia in Malaysia. Genome 
Announcements, 5(44), e01190-17. https://doi.
org/10.1128/genomeA.01190-17

Jenkins, M. K., Khoruts, A., Ingulli, E., Mueller, 
D. L., McSorley, S. J., Reinhardt, R. L., Itano, 
A., & Pape, K. A. (2003). In vivo activation of 
antigen-specific CD4 T cells. Annual Reviews of 
Immunology, 19, 23–45. https://doi.org/10.1146/
annurev.immunol.19.1.23 

Jiménez-García, B., Roel-Touris, J., Romero-
Durana, M., Vidal, M., Jiménez-González, D., 
& Fernández-Recio, J. (2018). LightDock: A 
new multi-scale approach to protein–protein 
docking. Bioinformatics, 34(1), 49–55. https://
doi.org/10.1093/bioinformatics/btx555 

Jones, P. M., & George, A. M. (2004). The 
ABC transporter structure and mechanism: 
Perspectives on recent research. Cellular and 
Molecular Life Sciences, 61(6), 682-699. https://
doi.org/10.1007/s00018-003-3336-9 

Joshi, S., Tewari, K., & Singh, R. (2013). Comparative 
immunogenicity and protective efficacy of 
different preparations of outer membrane proteins 
of Pasteurella multocida (B:2) in a mouse model. 
Veterinarski Arhiv, 83(6), 665-676.

Karami, Y., Rey, J., Postic, G., Murail, S., Tufféry, 
P., & De Vries, S. J. (2019). DaReUS- Loop: 
A web server to model multiple loops in 
homology models. Nucleic Acids Research, 
47(W1), W423-W428. https://doi.org/10.1093/
nar/gkz403

Kim, M., Song, L., Moon, J., Sun, Z. Y., Bershteyn, 
A., Hanson, M., Cain, D., Goka, S., Kelsoe, 
G., Wagner, G., Irvine, D., & Reinherz, E. L. 
(2013). Immunogenicity of membrane-bound 
HIV-1 gp41 membrane-proximal external region 
(MPER) segments is dominated by residue 
accessibility and modulated by stereochemistry. 

Journal of Biological Chemistry, 288(44), 
31888–31901. https://doi.org/10.1074/jbc.
M113.494609

Kong, L., Harrington, L., Li, Q., Cheley, S., Davis, 
B. G., & Bayley, H. (2013). Single-molecule 
interrogation of a bacterial sugar transporter 
allows the discovery of an extracellular inhibitor. 
Nature Chemistry, 5(8), 651–659. https://doi.
org/10.1038/nchem.1695 

Kumar,  A. ,  Mohanty,  N.  N. ,  Chacko,  N. , 
Yogisharadhya, R., & Shivachandra, S. B. 
(2015). Structural features of a highly conserved 
Omp16 protein of Pasteurella multocida strains 
and comparison with related peptidoglycan-
associated lipoproteins (PAL). Indian Journal 
of Microbiology, 55(1), 50-56. https://doi.
org/10.1007/s12088-014-0489-1 

Laskowski, R. A., MacArthur, M. W., Moss, D. S., & 
Thornton, J. M. (1993). PROCHECK: A program 
to check the stereochemical quality of protein 
structures. Journal of Applied Crystallography, 
26(2), 283-291. https://doi.org/10.1107/
S0021889892009944 

Lazzaroni, J. C., & Portalier, R. (1992). The excC 
gene of Escherichia coli K‐12 required for cell 
envelope integrity encodes the peptidoglycan‐
associated lipoprotein (PAL).  Molecular 
Microbiology, 6(6), 735-742. https://doi.
org/10.1111/j.1365-2958.1992.tb01523.x

Liu, N., & Xu, Z. (2019). Using LeDock as a docking 
tool for computational drug design. In IOP 
Conference Series: Earth and Environmental 
Science (Vol. 218, No. 1, p. 012143). IOP 
Publishing. https://doi.org/10.1088/1755-
1315/218/1/012143 

Liu, W., Yang, M., Xu, Z., Zheng, H., Liang, W., 
Zhou, R., Wu, B., & Chen, H. (2012). Complete 
genome sequence of Pasteurella multocida 
HN06, a toxigenic strain of serogroup D. Journal 
of Bacteriology, 194(12), 3292-3293. https://doi.
org/10.1128/JB.00215-12



303Pertanika J. Trop. Agric. Sci. 46 (1): 277 - 313 (2023)

Putative Antigenic OMPs of P. multocida B:2

Magnan, C. N., Zeller, M., Kayala, M. A., Vigil, 
A., Randall, A., Felgner, P. L., & Baldi, P. 
(2010). High-throughput prediction of protein 
antigenicity using protein microarray data. 
Bioinformatics, 26(23), 2936-2943. https://doi.
org/10.1093/bioinformatics/btq551

M a r t z ,  F.  ( 2 0 1 4 ) .   D é v e l o p p e m e n t  d ’ u n e 
nouvelle méthode de docking basée sur les 
mécanismes enzymatiques et guidée par des 
groupes prosthétiques [Development of a 
new mechanism-based molecular docking 
method guided by prosthetic groups] [Doctoral 
dissertation, Université Paris Sud-Paris XI]. HAL 
Portal Theses. https://tel.archives-ouvertes.fr/
tel-01168482 

Mathelié-Guinlet, M., Asmar, A. T., Collet, J. 
F., & Dufrêne, Y. F. (2020). Bacterial cell 
mechanics beyond peptidoglycan. Trends in 
Microbiology,  28(9), 706-708. https://doi.
org/10.1016/j.tim.2020.04.013 

May, B. J., Zhang, Q., Li, L. L., Paustian, M. L., 
Whittam, T. S., & Kapur, V. (2001). Complete 
genomic sequence of Pasteurella multocida, 
Pm70. Proceedings of the National Academy 
of Sciences, 98(6), 3460-3465. https://doi.
org/10.1073/pnas.051634598

Muenthaisong, A., Nambooppha, B., Rittipornlertrak, 
A., Tankaew, P., Varinrak, T., Muangthai, K., 
Atthikanyaphak, K., Sawada, T., & Sthitmatee, 
N. (2020). An intranasal vaccination with a 
recombinant outer membrane protein H against 
haemorrhagic septicemia in swamp buffaloes. 
Veterinary Medicine International, 2020, 
3548973. https://doi.org/10.1155/2020/3548973

Naz, A., Awan, F. M., Obaid, A., Muhammad, 
S. A., Paracha, R. Z., Ahmad, J., & Ali, A. 
(2015). Identification of putative vaccine 
candidates against Helicobacter pylori 
exploiting exoproteome and secretome: A 
reverse vaccinology based approach. Infection, 
Genetics and Evolution, 32, 280-291. https://doi.
org/10.1016/j.meegid.2015.03.027

Park, H., Lee, G. R., Heo, L., & Seok, C. (2014). 
Protein loop modeling using a new hybrid energy 
function and its application to modeling in 
inaccurate structural environments. PLOS One, 
9(11), e113811. https://doi.org/10.1371/journal.
pone.0113811

Patronov, A., & Doytchinova, I. (2013). T-cell epitope 
vaccine design by immunoinformatics. Open 
Biology, 3(1), 120139. https://doi.org/10.1098/
rsob.120139

Peng, Z., Liang, W., Liu, W., Wu, B., Tang, B., Tan, 
C., Zhou, R., & Chen, H. (2016). Genomic 
characterization of Pasteurella multocida 
HB01, a serotype A bovine isolate from China. 
Gene, 581(1), 85-93. https://doi.org/10.1016/j.
gene.2016.01.041

Peng, Z., Liang, W., Wang, F., Xu, Z., Xie, Z., Lian, 
Z., Hua, L., Zhou, Z., Chen, H., & Wu, B. (2018). 
Genetic and phylogenetic characteristics of 
Pasteurella multocida isolates from different 
host species. Frontiers in Microbiology, 9, 1408. 
https://doi.org/10.3389/fmicb.2018.01408

Peng, Z., Wang, X., Zhou, R., Chen, H., Wilson, B. 
A., & Wu, B. (2019). Pasteurella multocida: 
Genotypes and genomics. Microbiology and 
Molecular Biology Reviews, 83(4), e00014-19. 
https://doi.org/10.1128/MMBR.00014-19 

Prajapat, R., Marwal, A., & Gaur, R. K. (2014). 
Recognition of errors in the refinement and 
validation of three-dimensional structures of 
AC1 proteins of Begomovirus strains by using 
ProSA-web. Journal of Viruses, 2014, 752656. 
https://doi.org/10.1155/2014/752656

Prasannavadhana, A., Kumar, S., Thomas, P., 
Sarangi, L. N., Gupta, S. K., Priyadarshini, 
A., Nagaleekar, V. K., & Singh, V. P. (2014). 
Outer membrane proteome analysis of Indian 
strain of Pasteurella multocida serotype B:2 
by MALDI-TOF/MS analysis. The Scientific 
World Journal, 2014, 617034. https://doi.
org/10.1155/2014/617034



304 Pertanika J. Trop. Agric. Sci. 46 (1): 277 - 313 (2023)

Tahera Hashimi, Deborah Joyce, Sufia Mohd Nasir, Mas Jaffri Masarudin, Annas Salleh and Sarah Othman

Qiao, S., Luo, Q., Zhao, Y., Zhang, X. C., & Huang, 
Y. (2014). Structural basis for lipopolysaccharide 
insertion in the bacterial outer membrane. Nature, 
511(7507), 108-111. https://doi.org/10.1038/
nature13484 

Rafidah, O., Zamri-Saad, M., Nasip, E., Shahiruddin, 
S., & Saharee, A. A. (2010). Analysis of 
haemorrhagic septicaemia outbreaks in cattle and 
buffalo in Malaysia. Online Journal of Veterinary 
Research, 14(2), 325-333. 

Rahman, M. S., Biswas, C., Biswas, P. K., Kader, M. 
A., Alam, S. N., Sonne, C., & Kim, K. H. (2020). 
In silico analysis of the antigenic properties 
of iron-regulated proteins against Neisseria 
meningitidis. Applied Sciences, 10(17), 6113. 
https://doi.org/10.3390/app10176113

Ramachandran, G. N., Ramakrishnan, C., & 
Sasisekharan, V. (1963). Stereochemistry of 
polypeptide chain configurations. Journal of 
Molecular Biology, 7(1), 95–99. https://doi.
org/10.1016/S0022-2836(63)80023-6 

Reid, A. N., & Whitfield, C. (2005). Functional 
analysis of conserved gene products involved 
in assembly of Escherichia coli capsules and 
exopolysaccharides: Evidence for molecular 
recognition between Wza and Wzc for colanic 
acid biosynthesis. Journal of Bacteriology, 
187(15), 5470-5481. https://doi.org/10.1128/
JB.187.15.5470-5481.2005

Remmert, M., Biegert, A., Hauser, A., & Söding, 
J. (2012). HHblits: Lightning-fast iterative 
protein sequence searching by HMM-HMM 
alignment. Nature Methods, 9, 173-175. https://
doi.org/10.1038/nmeth.1818 

Rimler, R. B. (2001). Purification of a cross-protective 
antigen from Pasteurella multocida grown in 
vitro and in vivo. Avian Diseases, 45(3), 572-580. 
https://doi.org/10.2307/1592897 

Rita, D. V., Swee, K. C. W., Shamini, C., Kang, 
T. L., Nurshamimi, N. R., Hussin, A. R., 

Nurul, K., & Salmah, I. (2018). A recombinant 
subunit HSABA392 as a potential vaccine for 
haemorrhagic septicaemia disease in livestock. 
Tropical Biomedicine, 35(4), 1075-1086.

Sailapathi, A., Murugan, G., Somarathinam, K., 
Gunalan, S., Jagadeesan, R., Yoosuf, N., 
Kanagaraj, S., & Kothandan, G. (2020). 
Proposing the promiscuous protein structures in 
JNK1 and JNK3 for virtual screening in pursuit 
of potential leads. ACS Omega, 5(8), 3969–3978. 
https://doi.org/10.1021/acsomega.9b03458

Sarah, S. O., Zamri-Saad, M., Zunita, Z., & Raha, 
A. R. (2006). Molecular cloning and sequence 
analysis of gdhA gene of Pasteurella multocida 
B:2. Journal of Animal and Veterinary Advances, 
5(12), 1146- 1149.

Shen, W., Cao, Y., Cha, L., Zhang, X., Ying, X., 
Zhang, W., Ge, K., Li, W., & Zhong, L. (2015). 
Predicting linear B-cell epitopes using amino 
acid anchoring pair composition.  BioData 
Mining, 8, 14. https://doi.org/10.1186/s13040-
015-0047-3 

Sippel, K. H., Robbins, A. H., Reutzel, R., Boehlein, 
S. K., Namiki, K., Goodison, S., Agbandje, 
M. M., Rosser, C. J., & McKenna, R. (2009). 
Structural insights into the extracytoplasmic 
thiamine-binding lipoprotein p37 of Mycoplasma 
hyorhinis. Journal of Bacteriology, 191(8), 2585-
2592. https://doi.org/10.1128/JB.01680-08 

Sollner, J., Grohmann, R., Rapberger, R., Perco, 
P., Lukas, A., & Mayer, B. (2008). Analysis 
and prediction of protective continuous B-cell 
epitopes on pathogen proteins. Immunome 
Research, 4, 1. https://doi.org/10.1186/1745-
7580-4-1 

Soriano, E. V., Rajashankar, K. R., Hanes, J. W., 
Bale, S., Begley, T. P., & Ealick, S. E. (2008). 
Structural similarities between thiamin-binding 
protein and thiaminase-I suggest a common 
ancestor.  Biochemistry,  47(5), 1346-1357. 
https://doi.org/10.1021/bi7018282



305Pertanika J. Trop. Agric. Sci. 46 (1): 277 - 313 (2023)

Putative Antigenic OMPs of P. multocida B:2

Trolle, T., McMurtrey, C. P., Sidney, J., Bardet, W., 
Osborn, S. C., Kaever, T., Sette, A., Hildebrand, 
W. H., Nielsen, M., & Peters, B. (2016). The 
length distribution of class I–restricted T cell 
epitopes is determined by both peptide supply 
and MHC allele–specific binding preference. 
The Journal of Immunology, 196(4), 1480-1487. 
https://doi.org/10.4049/jimmunol.1501721 

Villa, R., Martorana, A. M., Okuda, S., Gourlay, 
L. J., Nardini, M., Sperandeo, P., Dehò, G., 
Bolognesi, M., Kahne, D., & Polissi, A. (2013). 
The Escherichia coli Lpt transenvelope protein 
complex for lipopolysaccharide export is 
assembled via conserved structurally homologous 
domains. Journal of Bacteriology, 195(5), 1100-
1108. https://doi.org/10.1128/JB.02057-12

Wang, J., & Dokholyan, N. V. (2019). MedusaDock 
2.0: Efficient and accurate protein–ligand 
docking with constraints. Journal of Chemical 

Information and Modeling, 59(6), 2509–2515. 
https://doi.org/10.1021/acs.jcim.8b00905 

Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., 
Tauriello, G., Gumienny, R., Heer, F. T., De 
Beer, T. A. P., Rempfer, C., Bordoli, L., Lepore. 
R., & Schwede, T. (2018). SWISS-MODEL: 
Homology modelling of protein structures and 
complexes. Nucleic Acids Research, 46(W1), 
W296-W303. https://doi.org/10.1093/nar/
gky427

Wiederstein, M., & Sippl, M. J. (2007). ProSA-web: 
Interactive web service for the recognition 
of errors in three-dimensional structures of 
proteins. Nucleic Acids Research, 35(suppl_2), 
W407-W410. https://doi.org/10.1093/nar/
gkm290

Zamri-Saad, M., & Annas, S. (2016). Vaccination 
against hemorrhagic septicemia of bovines: A 
review. Pakistan Veterinary Journal, 36(1), 1-5.



306 Pertanika J. Trop. Agric. Sci. 46 (1): 277 - 313 (2023)

Tahera Hashimi, Deborah Joyce, Sufia Mohd Nasir, Mas Jaffri Masarudin, Annas Salleh and Sarah Othman

Table I
B-cell epitope prediction within the amino acid 
sequence of Pal using the AAP prediction module in 
the BCPREDS server

Start position Sequence
36 YSVQDLQQRYNT
75 TPATKVVVEGNT
108 HYLSAKGVQAGQ
21 GSSKKDESAGQM

Note. AAP = Amino acid pair prediction module in 
the BCPREDS server 

Table II
B-cell epitope prediction within the amino acid 
sequence of LptD using the AAP prediction module 
in the BCPREDS server

Start position Sequence
296 QGRAAEAEQVER
247 QAVHFDNKSPLM
360 NNAYLGFGYDSS
402 GTTRIYDKKGNE
375 QDYFGLFRDRRY
173 SDFDSAYGSSTD
231 YQNALFDSPLNF
159 LNLDYTRVSDQR
576 QTANQIFYDKSI
11 PQDNAWSIEAKE

418 SAGQIYYLQDSR
191 FRVAYYQPHYNI

Note. AAP = Amino acid pair prediction module in 
the BCPREDS server 

Table III
B-cell epitope prediction within the amino acid 
sequence of Wza using the AAP prediction module in 
the BCPREDS server

Start position Sequence
33 GVKVYAQGGPLD
238 RLLVDGDIVHVP
78 KIKAYQYRVGPG
95 TVWDHPELTTPA
339 GTEFYLKPYDVV
172 AYITGEVNRPGQ
369 PTLSGFDSITES
298 FVIRGQRSPSTT
259 IGEVAQPQMLKI

Note. AAP = Amino acid pair prediction module in 
the BCPREDS server 

Table IV
B-cell epitope prediction within the amino acid 
sequence of TbpA using the AAP prediction module 
in the BCPREDS server

Start position Sequence
178 HVYTENEVAQAW
295 EPHFDALKATQM
192 LAKHTVTVGKGW
134 IYDKTKVQQPPK
89 DNYNLEEAEKSG
24 TQAVNVYTYDSF
161 QDPRTSSVGRGL
76 EGKKTKADVVVG

Note. AAP = Amino acid pair prediction module in 
the BCPREDS server 

APPENDICES

Supplementary Material 1

B-cell Epitope Predictions for Pal, LptD, Wza, and TbpA
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Supplementary Material 2

MHC-I and MHC-II Binding Predictions for Pal, LptD, Wza, and TbpA

Table V
 MHC-I and MHC-II binding peptide sequence prediction within the amino acid sequence of Pal through 
NetMHCpan 4.1 and NetBoLAIIpan 1.0, respectively

MHC Start position Peptide sequence
MHC-I: BoLA-1:00901 41 LQQRYNTVY
MHC-1: BoLA-1:02301 42 QQRYNTVYF

1 MKKLTKVLL
41 LQQRYNTVY

MHC-1: BoLA-2:01201 121 STVSYGEEK
MHC-1: BoLA-2:03001 102 RADAVKHYL

125 YGEEKPAVL
140 YSKNRRAVL

MHC-1: BoLA-3:00101 125 YGEEKPAVL
90 GTPEYNIAL
102 RADAVKHYL

MHC-1: BoLA-3:00201 90 GTPEYNIAL
MHC-II: BoLA-DRB3_1001 46 NTVYFGFDKYNIE

137 EAAYSKNRRAVLA
MHC-II: BoLA-DRB3_1201 58 EGEYVQILDAHAA
MHC-II: BoLA-DRB3_1601 58 EGEYVQILDAHAA
MHC-II: BoLA-DRB3_2002 59 GEYVQILDAHAAF

58 EGEYVQILDAHAA

Note. BoLA = Bovine leukocyte antigen

Table VI
MHC-I and MHC-II binding peptide sequence prediction within the amino acid sequence of LptD through 
NetMHCpan 4.1 and NetBoLAIIpan 1.0, respectively

MHC Start position Peptide sequence
MHC-I: BoLA-1:00901 326 SQQTFIEGY

529 DQWAVVARH
542 ALRKPVEQY
234 ALFDSPLNF
40 KVHGVPIFY
105 WQLNGEFRY

MHC-1: BoLA-1:02301 612 GKLPYLQAF
316 VKVDLQTVL
234 ALFDSPLNF
609 LQRGKLPYL
39 FKVHGVPIF
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MHC Start position Peptide sequence
326 SQQTFIEGY
207 KQFQIFNEV
542 ALRKPVEQY
517 KQLGLTVAW

MHC-I: BoLA-2:01201 463 YQYDTRLNK
MHC-I: BoLA-2:03001 614 LPYLQAFSL

44 VPIFYTPYL
347 RPYKDQSNI
545 KPVEQYLGL

MHC-I: BoLA-3:00101 87 IAPNLDATM
48 YTPYLQLPI
264 FHAEPSINL
585 KSIGINIEL
289 VHFDNKSPL

MHC-I: BoLA-3:00201 87 IAPNLDATM
585 KSIGINIEL
48 YTPYLQLPI

MHC-II: BoLA-DRB3_0101 339 EPHVQYLYRPYKD
307 RKINRVLPQVKVD

MHC-II: BoLA-DRB3_1001 207 KQFQIFNEVDIGP
225 QVDFNYYQNALFD
217 IGPYRALPQVDFN
45 PIFYTPYLQLPIG
193 VAYYQPHYNIAIS
28 QEEYAEMWHARFK
36 HARFKVHGVPIFY
309 INRVLPQVKVDLQ
239 PLNFKLFSQAVHF
528 TDQWAVVARHYQD
448 ASNWKINDQWRWQ
108 NGEFRYLSPIGEG

MHC-II: BoLA-DRB3_1101 108 NGEFRYLSPIGEG
119 EGKIAGEYLKQDR
241 NFKLFSQAVHFDN
321 QTVLASQQTFIEG

MHC-II: BoLA-DRB3_1201 225 QVDFNYYQNALFD
343 QYLYRPYKDQSNI
419 AGQIYYLQDSRID
207 KQFQIFNEVDIGP

Table VI (continue)
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MHC Start position Peptide sequence
375 QDYFGLFRDRRYS
160 NLDYTRVSDQRYF
45 PIFYTPYLQLPIG
217 IGPYRALPQVDFN

MHC-II: BoLA-DRB3_1601 419 AGQIYYLQDSRID
160 NLDYTRVSDQRYF
261 AWRFHAEPSINLP
168 DQRYFSDFDSAYG
82 PFYWNIAPNLDAT
578 ANQIFYDKSIGIN
197 QPHYNIAISAKQF

MHC-II: BoLA-DRB3_2002 108 NGEFRYLSPIGEG
217 IGPYRALPQVDFN

Note. BoLA = Bovine leukocyte antigen

Table VII
MHC-I and MHC-II binding peptide sequence prediction within the amino acid sequence of Wza through 
NetMHCpan 4.1 and NetBoLAIIpan 1.0, respectively

MHC-class: BoLA Position Peptide sequence
MHC-I: BoLA-1:00901 60 KQLAPSIPF

112 AAESGSQVH
165 ATYQSKKAY
202 GLSEHADWH
239 LLVDGDIVH

MHC-I: BoLA-1:02301 2 YKLSRLLIL
45 AQKAVDAYL
60 KQLAPSIPF
76 DQKIKAYQY
165 ATYQSKKAY
183 QQYLTNVPL
263 AQPQMLKIM
343 YLKPYDVVY

MHC-I: BoLA-2:01201 20 YLKPYDVVY
70 RANPPLDQK
138 LTVSQIRNK
141 SQIRNKLTK
162 VSVATYQSK
163 SVATYQSKK
223 ISVEALIQR
313 TSSEENIEK

Table VI (continue)
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MHC-class: BoLA Position Peptide sequence
MHC-I: BoLA-2:03001 29 SPVSGVKVY

50 DAYLITPSL
111 SAAESGSQV
127 YPYVGSIHV
206 HADWHNVTL
363 VISQIVPTL

MHC-I: BoLA-3:00101 28 KSPVSGVKV
54 ITPSLVKQL
71 ANPPLDQKI
86 VGPGDVLNI
130 VGSIHVSGL
178 VNRPGQQYL
206 HADWHNVTL
231 RGDLSQNRL
263 RGDLSQNRL
273 YGMTLTEAI

MHC-I: BoLA-3:00201 28 KSPVSGVKV
54 ITPSLVKQL
71 ANPPLDQKI
86 VGPGDVLNI
130 VGSIHVSGL
263 AQPQMLKIM
273 YGMTLTEAI

MHC-II:BoLA-DRB3_0101 59 VKQLAPSIPFARA
60 KQLAPSIPFARAN
61 QLAPSIPFARANP
134 HVSGLTVSQIRNK
135 VSGLTVSQIRNKL
136 SGLTVSQIRNKLT
137 GLTVSQIRNKLTK
159 QIEVSVATYQSKK
374 FDSITESMLRIRN
375 DSITESMLRIRNW

MHC-II:BoLA-DRB3_1001 90 DVLNITVWDHPEL
91 VLNITVWDHPELT
92 LNITVWDHPELTT
93 NITVWDHPELTTP
151 LANYISEPQIEVS
152 ANYISEPQIEVSV
340 TEFYLKPYDVVYV

Table VII (continue)
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MHC-class: BoLA Position Peptide sequence
341 EFYLKPYDVVYVT
342 FYLKPYDVVYVTT

MHC-II: BoLA-DRB3_1101 322 IADIYQLDVTDAT
MHC-II: BoLA-DRB3_1201 152 LANYISEPQIEVS

153 ANYISEPQIEVSV
MHC-II:BoLA-DRB3_1501 20 CSVMLPSTKSPVS

21 SVMLPSTKSPVSG
345 KPYDVVYVTTAPV
346 PYDVVYVTTAPVA
347 YDVVYVTTAPVAR

MHC-II: BoLA-DRB3_1601 151 LANYISEPQIEVS
152 ANYISEPQIEVSV
153 NYISEPQIEVSVA

MHC-II: BoLA-DRB3_2002 294 ATGIFVIRGQRSP

Note. BoLA = Bovine leukocyte antigen

Table VIII
MHC-I and MHC-II binding peptide sequence prediction within the amino acid sequence of TbpA through 
NetMHCpan 4.1 and NetBoLAIIpan 1.0, respectively

MHC Start position Peptide sequence
MHC-I: BoLA-1:00901 22 AQTQAVNVY

24 TQAVNVYTY
44 KVKKAFETH
97 EKSGLFVQH
187 QAWQKLAKH
213 GEADVVLSY
219 LSYNTSPLY
229 MVFEQKDQY
251 ETAARVAQH
271 LIHPEAQGH
289 VINTNIEPH

MHC-I: BoLA-1:02301 22 AQTQAVNVY
24 TQAVNVYTY
45 VKKAFETHF
80 TKADVVVGL
118 WKNQTFLPY
160 YQDPRTSSV
213 GEADVVLSY

MHC-I: BoLA-2:01201 98 KSGLFVQHK
137 KTKVQQPPK

Table VII (continue)
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MHC Start position Peptide sequence
140 VQQPPKSLK
145 KSLKELVER
219 LSYNTSPLY
315 KVNAEQVKK

MHC-I: BoLA-3:00101 5 KTSFFFTAL
41 AGPKVKKAF
99 SGLFVQHKV
142 QPPKSLKEL
223 TSPLYHMVF
272 IHPEAQGHL

MHC-I:BoLA-2:03001 106 KVDLTPLSL
110 TPLSLPVEW
139 KVQQPPKSL
142 QPPKSLKEL
160 YQDPRTSSV
223 TSPLYHMVF

MHC-I:BoLA-3:00201 5 KTSFFFTAL
41 AGPKVKKAF
223 TSPLYHMVF

MHC-II: BoLA-DRB3_0101 190 QKLAKHTVTVGKG
291 NTNIEPHFDALKA
292 TNIEPHFDALKAT
293 NIEPHFDALKATQ
298 FDALKATQMNTKV
299 DALKATQMNTKVL

MHC-II: BoLA-DRB3_1001 97 EKSGLFVQHKVDL
98 KSGLFVQHKVDLT
99 SGLFVQHKVDLTP
120 NQTFLPYDFGQFA
203 WSDTYGAFLKGEA
204 SDTYGAFLKGEAD
205 DTYGAFLKGEADV
322 KKWIAVWQTILTQ

MHC-II: BoLA-DRB3_1101 105 HKVDLTPLSLPVE
106 KVDLTPLSLPVEW
107 VDLTPLSLPVEWK
108 DLTPLSLPVEWKN
263 CADHFLAFLIHPE
264 ADHFLAFLIHPEA
265 DHFLAFLIHPEAQ

Table VIII (continue)
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MHC Start position Peptide sequence
MHC-II: BoLA-DRB3_1201 57 QVNFTAFGDSGTM

58 VNFTAFGDSGTMF
99 SGLFVQHKVDLTP
100 GLFVQHKVDLTPL

MHC-II: BoLA-DRB3_1501 90 NYNLEEAEKSGLF
91 YNLEEAEKSGLFV
247 VLQIETAARVAQH
248 LQIETAARVAQHD

MHC-II: BoLA-DRB3_1601 130 QFAFIYDKTKVQQ
131 FAFIYDKTKVQQP
208 GAFLKGEADVVLS

MHC-II: BoLA-DRB3_2002 7 SFFFTALSTLSLS
294 IEPHFDALKATQM
295 EPHFDALKATQMN
296 PHFDALKATQMNT

Note. BoLA = Bovine leukocyte antigen

Table VIII (continue)
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ABSTRACT

Rice husk ash (RHA), palm oil mill effluent (POME) sludge, and decanter cake can 
be utilized as compost to reduce environmental pollution. This research attempted to 
investigate the effect of RHA addition to palm oil-based compost in boosting the nitrogen 
(N) uptake and the growth of Brassica oleracea var. alboglabra L. (Chinese kale plant). 
Two categories of compost treatment were prepared in this study: Treatment 1 (control) 
and Treatment 2 [consisting of 10% (wt/wt) of RHA]. Both treatments were composted for 
60 days until it was matured. The temperature and pH of the composts were recorded daily 
throughout the study. The treatments were analyzed for moisture, water-holding capacity, 
and nutrient content. The Chinese kale plant was grown in growing media and applied with 
Treatment 1 and Treatment 2 composts. The progress of plant growth was tracked every 
week. Based on the analysis, Treatment 2 exhibited a higher temperature and pH profile than 
Treatment 1. Meanwhile, the contents of N, P, and K were higher in Treatment 1 compost. 
However, Treatment 2 compost had higher silicon (Si) content, moisture content, and water-

holding capacity. Based on the field test 
study carried out on the Chinese kale plant, 
the N uptake, and the growth of the plant, 
were found to be significantly higher when 
applied with Treatment 2 compost compared 
to Treatment 1 by 19% to 31% and 13% to 
53%, respectively. It was proven that the 
addition of 10% RHA managed to provide 
an adequate amount of Si, moisture content, 
and water-holding capacity in Treatment 2 
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compost that can enhance the N uptake and 
improve the growth of the Chinese kale 
plant in this study.

Keywords: Chinese kale, decanter cake, POME 
sludge, rice husk ash

INTRODUCTION

The increasing demand for rice in several 
countries, such as Malaysia, India, and 
China, has triggered the expansion of 
rice processing industries (Babaso & 
Sharanagouda, 2017). As rice production 
keeps increasing, the industry will produce 
the main product and waste materials. One 
of the valuable waste materials produced 
is rice husk ash (RHA). RHA is the ashes 
produced in abundance when the rice 
husk undergoes the burning process as a 
disposal method. According to Theeba et 
al. (2012), RHA contains high silica (Si) 
content, which makes it valuable in the 
agricultural industry, as it can be utilized 
to enhance the moisture content of the 
soil. Phonphuak and Chindaprasirt (2015) 
claimed that the presence of Si could help 
maintain the soil’s moisture content since 
this element is highly porous and has a 
large surface area. Therefore, RHA can 
be applied in the composting process with 
other compost materials, such as palm oil 
mill wastes, to enhance the quality of the 
compost produced. 

The wastes from the palm oil industry, 
which are palm oil mill effluent (POME) 
sludge and decanter cake, have been utilized 
in the composting process to reduce the 
disposal of these wastes to the environment. 

POME and decanter cake have contributed 
to the highest waste management cost in 
palm oil mill operations, as they contribute 
to a massive volume of waste. However, the 
utilization of the treated POME sludge can 
be potentially explored as it could provide 
sufficient essential macronutrients, such as 
nitrogen (N), potassium (K), phosphorus 
(P), and many other nutrients, to the soil 
and plant. Compared to other palm oil mill 
wastes, POME sludge is a great choice 
to be utilized as a biofertilizer due to 
its significantly high nutrient contents 
essential for crop growth (Sapie et al., 
2019). Meanwhile, another palm oil mill 
waste, decanter cake, also contains high 
nutrient composition, making it suitable 
to be utilized as a bio-fertilizer. Decanter 
cake can be added to compost production to 
enhance the moisture content of the compost 
materials (Adam et al., 2016). RHA, together 
with POME sludge and decanter cake, can 
be utilized in the compost-making process 
and applied to soil to facilitate the uptake of 
nitrogen by the plants, especially for leafy 
vegetables.

For leafy vegetables, such as kale, 
lettuce, and cabbage, N is the macronutrient 
needed most for the growth of the leaves. N 
is normally taken by plants in ammonium 
form (NH4

+) and nitrate form (NO3
–). N 

is required by the plant sufficiently as this 
element affects various plant function levels, 
including plants’ metabolism, growth, and 
development (Yousaf et al., 2021).

In Malaysia, an abundance of waste 
generated from the rice processing and 
palm oil mill industries could be potentially 
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utilized. The disposal of these wastes, 
such as RHA, POME sludge, and decanter 
cake, can be reduced by turning them into 
valuable compost materials. Prior research 
by Hisham and Ramli (2019) discovered 
that the combination of  POME sludge and 
decanter cake at a ratio of 1:1 with different 
percentages of RHA has proven to enhance 
the physicochemical properties of the 
compost produced. The compost produced 
can be applied to soil to improve the nutrient 
uptake by the plant and hence, promote 
the production of good-quality plants. 
Although research has been conducted to 
study the compost made from palm oil mill 
wastes, the utilization of these wastes and 
other organic materials, such as RHA, is 
worth discovering. Apart from that, current 
research also disregards the effect of RHA 
in combination with palm oil-based compost 
in enhancing the N uptake by the plant. 
Prior research by Hisham and Ramli (2019), 
Khairuddin et al. (2016), and Theeba et al. 
(2012) only covered the physicochemical 
properties of the compost produced from 
rice processing and palm oil mill wastes 
and not the application of these wastes on 
the plant. 

Hence, there is a need to diversify the 
existing data available for the growth study 
related to the N uptake by the plant by 
applying the compost on leafy vegetables, 
such as Brassica oleracea var. alboglabra L. 
(Chinese kale) plant, which requires a high 
amount of N for the growth of its leaves. 
Therefore, the effect of RHA and palm oil-
based compost can be easily observed on 
this vegetable. Other than that, there is a 

need to conduct a field test study to refine 
the existing data obtained by previous 
researchers such as Di Mola et al. (2020), 
Xiang et al. (2019), and Y. Wang et al. 
(2022), who also studied about the nitrogen 
uptake by leafy vegetables like Chinese 
kale plant. Therefore, this study attempted 
to investigate the effect of RHA addition to 
palm oil-based compost in enhancing the 
nitrogen uptake by the Chinese kale plant.

MATERIALS AND METHODS

Preparation of Compost

Compost preparation was prepared by 
adapting the same procedure used by Hisham 
and Ramli (2020) and Ramli et al. (2019). 
The rice husk ash (RHA) was acquired 
from a nursery in Kuantan, Pahang, while 
palm oil mill effluent (POME) sludge was 
obtained from the aerobic pond at Lembaga 
Kemajuan Perusahaan Pertanian (LKPP) 
Lepar, Pekan, Pahang. Meanwhile, the raw 
material for DC was collected from the oil 
clarification section of LKPP Lepar. This 
research developed two compost treatments, 
Treatment 1 and Treatment 2. Treatment 1 
(control) consisted of 50% POME sludge 
and 50% decanter cake with a total weight of 
5 kg. For Treatment 2 (RHA10), the compost 
was made up of 10% RHA, 45% POME 
sludge, and 45% decanter cake with the 
same total weight as Treatment 1, as referred 
to the previous study by Hisham and Ramli 
(2020) since current work is a continuation 
from the previous work done in Hisham 
and Ramli (2019). The details of the weight 
composition of raw materials used in this 
study are tabulated in Table 1.
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Two containers, as illustrated in Figure 
1, with a size of 16 cm (H) × 30 cm (L) 
× 18 cm (W), were used for composting 
process. The samples were allowed to be 
decomposed in the containers for 60 days, 
whereby the maturity stage was expected 
to achieve within this period. Throughout 
this period, the compost’s temperature 
and pH were recorded daily using the 
AMT-300 4-in-1 Soil Survey Instrument 
(Microtemp Electrics, Taiwan). The matured 
composts were then analyzed based on 
physicochemical properties (moisture 
content, water holding capacity, N, P, K, 
and Si contents). The experiment was set up 
based on a completely randomized design 
(CRD), and three replicates of samples were 
prepared for each analysis.

Characterization of Matured Compost

The matured composts were analyzed 
for moisture, water-holding capacity, and 
nutrient contents. For moisture content 
analysis, the fresh weight of the sample was 
measured and recorded. Then, the sample 
was dried for 5 hr in an oven, in which the 
temperature was set at 105 ± 2℃. After 
5 hr, the dry weight of the sample was 
measured, and the standard test ASTM 
D4442-16 (2016) was referred to determine 
the percentage of moisture content.

Table 1
Weight composition of sample preparation

Treatments Composition of 
RHA added (%)

Weight of 
RHA (kg)

Weight of POME 
sludge (kg)

Weight of decanter 
cake (kg)

Total weight 
(kg)

Control 0 0 2.50 2.50 5.00
RHA10 10 0.50 2.25 2.25 5.00

Note. RHA: rice husk ash; POME: palm oil mill effluent

Figure 1. Illustration of composting bin

For water holding capacity analysis, 
approximately 10 g of sample was mixed 
with 50 ml of distilled water. The sample 
was allowed to stand for 30 min and 
moved onto filter paper in a funnel. When 
the weight remained unchanged, the wet 
sample weight in the filter was measured. 
For every 30 min, the drop-off water was 
recorded until the sample began to dry. 
Then, the sample was oven-dried at 105 ± 
2℃ for 48 hr and reweighed again. Standard 
test ASTM D2980-02 (2002) was used to 
calculate the water holding capacity.

Meanwhile, for chemical analysis, 
the sample was dried in an oven for 24 
hr at 105 ± 2℃. Then, the dried sample 
was pulverized using a grinder (IKA A11, 
Germany) to change it into powder. The 
micro-Kjeldahl method was performed 
to determine the N content. A standard 
method of the test using ASTM E1621-13 
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was utilized to determine the content of K, 
P, and Si by using wavelength dispersive 
X-ray fluorescence (WDXRF) spectrometer 
instrument (model AxiosmAX, PANalytical, 
Netherlands).

Field Tests and Sampling

To validate the effectiveness of Treatment 
1 and Treatment 2 samples in enhancing 
the N uptake and plant growth, a field test 
study was conducted on Brassica oleracea 
var. alboglabra L. (Chinese kale). The 
experiment was based on a completely 
randomized design (CRD). The Chinese 
kale seed was germinated on a seedling tray 
filled with peat moss for 21 days. After 21 
days, the seedlings were transferred into 
polybags (22.8 cm x 22.8 cm) containing 
cocopeat (800 g) as the growing medium. 
The seedlings were allowed to grow for six 
weeks (42 days). For analysis, the seedlings 
were prepared in three replications each 
week until they were ready to be harvested. 
Treatment 1 and Treatment 2 composts were 
applied to the plant in the first and second 
weeks after planting (Purbajanti et al., 2019). 
For analysis, the Chinese kale plant grown 
in the polybags was harvested weekly. The 
plant’s fresh weight was recorded. Only the 
aboveground part was weighed as referred 
to the method described in Wijitkosum and 
Jiwnok (2019).

Determination of N Uptake and Crop 
Yield

The N uptake was investigated on the 
leaf part of the plant. First, the leaf part 
of Chinese kale was separated from the 

stem and roots to estimate dry matter 
accumulation. Next, the leaf sample was 
dried in an oven at 70℃ until a constant 
weight was achieved and weighed for the 
dry weight (DW). The sample was then 
pulverized to 20 mesh and analyzed for N 
content using the micro-Kjeldahl method 
referred to as N. K. Sharma et al. (2012). 
The formula mentioned in N. K. Sharma et 
al. (2012) work was used to determine the 
total uptake of nitrogen.

Equation 1

Statistical Analysis

All data obtained in this study were subjected 
to analysis of variance (ANOVA) by using 
MINITAB®18 Statistical Software (version 
18.1). To determine the significant difference 
among means, a least significant difference 
(LSD) was performed at a significant level 
of p ≤ 0.05, as referred to by Majbar et al. 
(2018) and Oviedo‐ocaña et al. (2021).

RESULTS AND DISCUSSION

Temperature Profile of Compost

Temperature is an important parameter that 
needs to be closely monitored to determine 
the completion of the composting process. 
Therefore, the temperature profile for 
Treatment 1 (control) and Treatment 2 
(RHA10) composts were presented in 
Figure 2.

Based on Figure 2, the mesophilic stage 
was observed from day 1 to day 17. During 
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this period, the composts’ temperature 
increased and remained within the 
mesophilic temperature below 45°C (Biyada 
et al., 2021). The highest temperature was 
recorded by Treatment 2 on day 17, with the 
temperature being around 47°C, compared 
to Treatment 1. The high temperature 
obtained by Treatment 2 might occur due 
to the presence of RHA in the formulated 
compost, which can enhance the compost’s 
moisture content. A proper moisture content 
level can improve the oxygen uptake rate 
by aerobic microorganisms and increase 
microbial activity (Rastogi et al., 2020). As 
a result, the compost temperature would rise 
due to the increase in oxygen consumption 
and microbial activity that will generate 
more heat.

After the mesophilic stage, the compost 
temperature for Treatments 1 and 2 gradually 
decreased and fluctuated from day 18 until 
day 60. It is because the microbial activity 
started to slow down, though they stayed 
within the range of 34 to 40°C. Based on 
Figure 2, the temperatures fell within the 

Figure 2. Temperature profile throughout the 60 days 
composting period
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range of the mesophilic stage throughout 
the composting period and did not enter 
the thermophilic stage. The thermophilic 
stage was not reached, probably due to 
the minimal microbial activity inside the 
composts (Hayawin et al., 2016). Moreover, 
although the temperature range still lies 
under the mesophilic stage, the stage can be 
identified as the curing stage based on the 
trend of the graph. In this stage, the compost 
temperature will gradually decrease until 
it reaches the ambient temperature, which 
indicates the completion of the composting 
process (Román et al., 2015). The matured 
compost can be identified based on the 
physical appearance of the compost, such 
as the black color of the material, which is 
almost similar to soil texture, and reduced 
particle size (Román et al., 2015). 

pH Profile of Compost

Other than temperature, the pH of both 
treatments was also monitored, and the 
profile is illustrated in Figure 3.

Based on Figure 3, low pH values in 
pH 4.6 to pH 5.6 were recorded for the first 
ten days. Then, the pH values rose from 
pH 5 to pH 7. The increase in pH is due to 
the metabolic degradation of organic acids 
inside the compost (Hock et al., 2009). 
Other than that, it also occurred due to the 
transformation of N into ammonium (NH4

+) 
or ammonia (NH3) via the ammonification 
process (Irvan et al., 2019). 

At the beginning of the composting 
process, Treatment 1 had a lower pH than 
Treatment 2 due to the original pH of the 
decanter cake, which was quite acidic. 
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Meanwhile, a higher pH was obtained by 
Treatment 2, which might be due to the 
high composition of alkaline RHA. The 
presence of RHA in compost can ameliorate 
the acidity of compost; this finding has been 
proven by Yin et al. (2022). Eventually, 
the pH of both treatments reached close 
to a neutral level from day 45 onwards. 
In the composting process, the neutral pH 
indicates that the organic acids that exist in 
the compost are neutralized, which is caused 

Figure 3. pH profile throughout the 60 days 
composting period
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by the humic substances’ buffering effect, as 
claimed by Hock et al. (2009). According 
to D. Sharma et al. (2017), the final pH 
value between pH 6 and 8 is acceptable in 
composting.

Physicochemical Properties of Compost

For physical properties, the result presented 
in Table 2 clearly shows that Treatment 
2 compost had a higher moisture content 
and water-holding capacity compared to 
Treatment 1. Meanwhile, for chemical 
properties, Treatment 1 contained the 
highest N and P contents, while Treatment 
2 had the highest K and Si contents. Based 
on the ANOVA, the difference between the 
treatments was significant at p ≤ 0.05 for all 
parameters.

As presented in Table 2, Treatment 2 
compost had the highest moisture content 
and water-holding capacity, which might 
be due to high Si content, as referred to in 
the same table. According to Siddika et al. 
(2021), the Si content in RHA could reach 
as high as 90%. Si is widely used for various 

Table 2
Physicochemical properties of finished composts

Parameters
Treatments (Mean ± SD)

Treatment 1 (Control) Treatment 2 (RHA10)
Physical properties
Moisture content (%) 47.37 ± 0.38b 53.21 ± 0.32a

Water holding capacity (%) 55.39 ± 0.85b 59.52 ± 0.82a

Chemical properties
N (%) 3.31 ± 0.02a 2.97 ± 0.08b

P (%) 0.87 ± 0.03a 0.67 ± 0.02b

K (%) 3.46 ± 0.04b 3.74 ± 0.07a

Si (%) 18.32 ± 0.87b 28.12 ± 0.66a

Note. Means that columns with the same letters are not significantly different at p ≤ 0.05; RHA: rice husk ash
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purposes for its porosity and large surface 
area (Lumbanraja et al., 2019). These 
structures allow Si to retain more water and 
increase the water-holding capacity of this 
element. As a result, the moisture content 
will increase as these parameters are closely 
related. Previous work done by Schaller et 
al. (2020) has proved that the soil’s water-
holding capacity was improved with the 
presence of Si since this element has an 
amorphous structure with a high surface area 
that can hold more water. 

Apart from that, based on the chemical 
analysis result, Treatment 1 compost 
contained the highest N and P contents. 
It is because Treatment 1 had the largest 
weight composition of palm oil mill wastes, 
as shown in Table 1. Palm oil mill wastes, 
such as POME sludge and decanter cake, 
contain a substantial amount of important 
nutrients for plants, as claimed by Nizar 
et al. (2018). Therefore, these wastes 
contribute to the high percentage of N and P 
content in Treatment 1 as this treatment only 
contained the palm oil mill wastes without 
adding RHA.

Meanwhile, for K and Si contents, 
these elements were observed to be 
higher in Treatment 2 than in Treatment 
1. However, the result of K content was 
slightly contradicted by the predicted result, 
whereby it was expected that Treatment 
1 would have a higher K content than 
Treatment 2. It is because palm oil mill 
wastes also contain an appreciable amount 
of K in their composition. Treatment 2 
had a lower weight composition of palm 
oil mill wastes, as referred to in Table 1, 

and supposedly, it contained a lower K 
content than Treatment 1. The reduction of 
K content in Treatment 1 might occur due 
to the leaching process that occurred during 
the composting process. K is highly soluble 
in water, and the availability of K inside 
the sample is greatly affected by leaching 
(Krishnan et al., 2021). Other than that, K 
is also a mobile ion and can be lost when 
K inputs surpass the soil retention capacity 
(Alfaro et al., 2017).

For Si content, it was found that 
Treatment 2 had a higher Si content compared 
to Treatment 2 since Treatment 2 compost 
contained 10% RHA composition in its 
components. As mentioned, RHA contained 
a high amount of Si in its components, 
which could enhance the Si content inside 
the compost. Moreover, work done by 
Hisham and Ramli (2019) also proved this 
finding, in which the authors discovered 
that adding RHA in compost production 
enhanced the Si content inside the finished 
compost.

Nitrogen Uptake and the Growth of 
Chinese Kale Plant

Both compost treatments were applied to the 
Chinese kale plant Brassica oleracea var. 
alboglabra L.) to validate the effectiveness 
of the treatments on N uptake and plant 
growth. The effect of N uptake on the growth 
of the Chinese kale plant in terms of weight 
is presented in Figure 4. Based on the figure, 
higher N uptake and weight of Chinese 
kale were observed on the plant that was 
applied with Treatment 2 (RHA10) compost 
compared to Treatment 1 (Control).
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As shown in Figure 4, the results 
obtained for N uptake by both treatments 
were significantly different since the p-value 
obtained is less than 0.05 (p ≤ 0.05). 
However, high N uptake was observed 
on Chinese kale that was applied with 
Treatment 2, which could be related to 
the properties of high moisture content 
and water-holding capacity of Treatment 
2 compost, as shown in Table 2. These 
properties of Treatment 2 compost could 
enhance the water availability inside the 
growing medium and boost the N uptake 
by Chinese kale grown in the medium. 
Water availability is crucial for plants since 
it carries essential nutrients from the soil 
to the upper parts of plants. Other than 
that, the presence of RHA in Treatment 

2 compost enhanced the Si content in the 
form of amorphous silica (SiO2), which 
could improve water absorption inside the 
growing medium.

As buttressed by Rios et al. (2017), the 
presence of Si in soil could regulate water 
uptake by the plant roots as this element was 
claimed to be able to promote the hydraulic 
conductance of the roots. Other than that, the 
presence of Si in Treatment 2 compost could 
also boost the aquaporin genes. According to 
Maurel et al. (2015), in most living things, 
aquaporin is the membrane channel that is 
responsible for the transport of small neutral 
molecules and water across the biological 
membrane. According to Gao et al. (2018), 
aquaporin genes regulate the water flow, 
which could regulate the movement of N 

Figure 4. The N uptake and Chinese kale growth in terms of weight of plant (g) for six weeks
Note. Individual standard deviations are used to calculate the intervals
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in plants. Other than that, it also plays a 
prominent role in N absorption and the soil’s 
mobilization and detoxification (M. Wang 
et al., 2016). Hence, the sufficient amount 
of Si in the growing medium applied with 
Treatment 2 compost was proven to enhance 
the N uptake by Chinese kale via the role of 
water as the carrier of the important nutrient.

Moreover, in this study, the trend of N 
uptake obtained for both treatments was 
comparable with the work done by Onwonga 
et al. (2017), who also investigated the N 
uptake by the kale plant. The trend of N 
uptake by kale was claimed to have rapidly 
occurred at the early stage of growth 
since kale requires a high amount of N 
for the growth of its leaves. The trend will 
decline after reaching the maximum N 
uptake, indicating the growth’s maturity 
phase. They also stated that when the 
growth of kale reached the maturity phase, 
the plant only required the N element in 
moderate amounts. In contrast, the uptake 
of other nutrients will increase. As proved 
in previous research conducted by Teuber 
et al. (2020), the increase of N uptake by 
kale will positively affect the biomass yield 
of the plant. The same correlation could be 
observed in Figure 2, whereby the weight 
of Chinese kale recorded in the growing 
medium applied with Treatment 2 compost 
was higher compared to Treatment 1 due to 
the high uptake of N by the plant.

Based on the result obtained for the 
average weight of Chinese kale, the statistical 
analysis indicates that the results recorded for 
both treatments were significantly different 
at p ≤ 0.05. This finding suggests that both 
compost treatments significantly affected 

the growth of Chinese kale. By referring 
to Teuber et al. (2020), the availability of 
N strongly affects kale growth since this 
plant belongs to the forage Brassica species. 
The plant categorized in this species would 
require a substantial amount of N for the 
development and growth of its leaves. High 
N uptake by the leafy vegetable will enhance 
the photosynthetic activities and improve 
the conductance of stomatal and chlorophyll 
content (Dinh et al., 2017). As buttressed 
by Erwin and Gesick (2017), when the 
photosynthetic rate is increased, the plant’s 
mass increases concurrently. The findings 
have proved that, for leafy vegetables, high 
N uptake is prominent in enhancing plant 
biomass.

Hence, the results of this work have 
confirmed that RHA can be utilized in 
composting to enhance the moisture content, 
water holding capacity, and Si content 
in the growing medium. However, in 
compost production, RHA is suggested 
to be used with other suitable compost 
material to enhance the nutrient contents 
inside the compost. The high-water content 
attributed to the presence of RHA is crucial 
in transporting important nutrients, such as 
N, to the leaves of leafy vegetables. High N 
uptake, but not excessive, will ensure plant 
growth is at the right trend. 

CONCLUSION

This work proved that adding RHA in 
palm oil-based compost (Treatment 2) 
enhanced the temperature and pH profile 
during the composting process. Other than 
that, the presence of RHA also improves 
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the physical properties of the compost 
produced. The compost needs to have a well-
balanced condition of physical and chemical 
properties to produce high-quality compost. 
Treatment 2 compost has successfully 
improved the N uptake and the growth of 
the Chinese kale plant in this study due to 
high moisture content and water-holding 
capacity with a proper amount of nutrients 
inside the compost. It was noted in the study 
that the N uptake and the growth of plants 
applied with Treatment 2 compost were 
found to be significantly higher by 13% to 
53% compared to Treatment 1. Overall, it 
is evident that applying RHA in compost 
production can improve the availability 
of nutrient-enriched water in the growing 
media, leading to more nutrients, especially 
N, being taken up by the plant for its growth.
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ABSTRACT 

Zingiberaceae is widely distributed in Malaysia, with 750 species and 31 genera. This 
family comprises a different number of subfamilies and genera according to different 
taxonomic classification methods — classical taxonomy: one subfamily and four tribes vs 
molecular taxonomy: four subfamilies and six tribes. However, the taxonomic classification 
of Zingiberaceae is still debated, especially the classical taxonomy. It is due to some 
Zingiberaceae species showing cryptic morphologies that make it difficult to classify them 
through classical taxonomy, which refers to the unique morphological characteristics of a 
tribe/species. Therefore, accurate taxonomic classification is required by using a molecular 
approach. In this study, 20 selected species of Zingiberaceae collected from the Agricultural 
Conservatory Park, Institute of Bioscience (IBS), Universiti Putra Malaysia (UPM) were 
taxonomically classified using a molecular method with the help of three random amplified 
polymorphic DNA (RAPD) and three inter simple sequence repeat (ISSR) markers until 

the tribe level. The combined RAPD and 
ISSR unweighted pair group method with 
arithmetic mean (UPGMA) phylogenetic 
tree was comparable to Zingiberaceae’s 
current molecular and classical taxonomy. 
The 20 selected species were grouped into 
three tribes (Alpinieae, Zingiberaceae, and 
Globbeae). This finding has contributed 
additional biological information to better 
manage the 20 Zingiberaceae species in 
the Agricultural Conservatory Park, IBS, 
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UPM. Further studies are needed to explore 
the genetic diversities and properties of 
Zingiberaceae species.

Keywords: ISSR, phylogenetic tree, RAPD, taxonomy, 
Zingiberaceae

INTRODUCTION 

Zingiberaceae is the largest family in the 
order Zingiberales and is widely distributed 
all over the world, mainly in the tropical and 
subtropical countries: America, Indonesia, 
Indochina, Malaysia, and Thailand (Burtt 
& Smith, 1972; Holttum, 1950; Kress 
et al., 2002; Larsen, 2007; Nagappan et 
al., 2019; Newman et al., 2004; Ridley, 
1899; Schumann, 1904; Zahara, 2020). 
Zingiberaceae contains 55 genera with 
approximately 1,300 species (Royal 
Botanic Garden Edinburgh [RBGE], n.d.). 
In Malaysia, 750 species belonging to 
31 genera can be found (Govaerts et al., 
2022). At the same time, around 200 species 
belonging to 19 genera have been reported 
in Peninsular Malaysia (Nagappan et al., 
2019). 

The characteristics of the ovary, 
such as the number of locules and 
placentation, development of staminodia, 
and modifications of the fertile anther, 
as well as the rhizome and shoot-leaf 
orientation, have been used for classical 
taxonomy classification (Larsen et al., 
1998). Accordingly, four tribes have 
been identified: Alpinieae, Hedychieae, 
Globbeae, and Zingiberaceae (Burtt & 
Smith, 1972; Holttum, 1950; Larsen et al., 
1998; Schumann, 1904). On the other hand, 

Kress et al. (2002) classified Zingiberaceae 
by combining classical (used floral and 
vegetative characteristics) and molecular 
(used internal transcribed spacer [ITS] and 
matK markers) taxonomy classifications 
into four subfamilies and six tribes. The four 
subfamilies and six tribes are (i) subfamily 
Siphonochiloideae (tribe Siphonochileae), 
(ii) subfamily Tamijioideae (tribe Tamijieae), 
(iii) subfamily Alpinioideae (tribe Alpinieae 
and tribe Reidelieae), and (iv) subfamily 
Zingiberoideae (tribe Zingiberaceae and 
tribe Globbeae). However, discrepancies 
among the number of genera and species 
have remained for the family Zingiberaceae. 
Apart from ITS and matK markers, RAPD 
and ISSR have been used to assess the 
genetic diversity and genetic relationships/
molecular taxonomy of Zingiberaceae 
species (Bidyaleima et al., 2019; Siriluck et 
al., 2014; Theanphong et al., 2016, 2018). 
RAPD is a dominant marker that allows 
random sampling of a marker over whole 
genomic DNA (Morell et al., 1995; Welsh 
& McClelland, 1990). ISSR relies on repeat 
motifs of DNA sequences and is also a 
dominant marker (Mohanta et al., 2015). 

The 20 selected Zingiberaceae species 
used in this study were a part of the 
Agricultural Conservatory Park, Institute of 
Bioscience (IBS), Universiti Putra Malaysia 
(UPM) ex situ collection. The Agricultural 
Conservatory Park, IBS, UPM is an ex 
situ conservation centre for Malaysia’s 
many important, endangered, and unique 
plant species. The park has about 100 
species of Zingiberaceae, and almost half 
of the Zingiberaceae species can be found. 
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The 20 selected Zingiberaceae species 
included in this study are known for their 
traditional and medicinal value (Baruaha et 
al., 2019; Behera, 2006; Chan et al., 2011; 
Chattopadhyay et al., 2004; Habsah et al., 
2005; Hussain et al., 1992; Larsen et al., 
1999; Malek et al., 2011; Srivastava et al., 
2006). There are threatened and endangered 
species: Alpinia rafflesiana, Scaphochlamys 
kunst leri ,  and Zingiber puberulum 
(International Union for Conservation 
of Nature  [IUCN], n.d.). However, only 
a few species have been scientifically 
studied in relation to their biological value 
and characteristics (Awang et al., 2011; 
Md-Mustafa et al., 2014; Wijekoon et 
al., 2011). Meanwhile, the taxonomic 
information for the 20 selected species in 
this study also needs to be updated. It has 
been classified taxonomically (Larsen et al., 
1998). Nevertheless, some have confusing 
cryptic morphological characteristics, 
such as Etlingera and Hornstedtia. It has 
caused difficulty classifying them according 
to their morphological characteristics, 
especially for those not experts in taxonomy. 
Hence, this study aims to construct an 
accurate phylogeny tree of the 20 selected 
Zingiberaceae species using the molecular 

taxonomy method, which does not require 
the identification of tribes based on their 
morphological characteristics.  

MATERIALS AND METHODS 

Sampling Collection 

Twenty species from three tribes and 
ten genera of Zingiberaceae (Table 1; 
2–9 leaves for each plant — n = 1–3 per 
species) collected from the Agricultural 
Conservatory Park, IBS, UPM, Serdang, 
Selangor (3º00’01”N, 101º43’27”E). 
The samples were collected based on 
their morphological characteristics with 
the assistance of Dr Shamsul Khamis (a 
botanist) and Mr Rishzuan Talib (the park 
coordinator). Several references were used 
to identify them (Burtt & Smith, 1976; 
Larsen et al., 1998, 1999; Lim, 2000; 
Nurainas & Arbain, 2017). All leaves were 
washed with tap water and rinsed with 
distilled water to get rid of any debris. Then 
leaves were left overnight to dry at room 
temperature (26–30°C). Each sample was 
photographed using a Redmi Note 7 (China) 
with a megapixel dual camera of 1,080 × 
2,340 pixels. All samples were stored in 
a -20°C freezer with labelled plastic bags 
before DNA extraction. 

Table 1
List of 20 collected Zingiberaceae species from the Agricultural Conservatory Park, IBS, UPM

Plant Individuals Label Voucher number
Alpinia mutica Roxb. 1 AM/1 ACP110/2005
Alpinia conchigera Griff. 1 AC/1 ACP51/2003
Alpinia rafflesiana Wall. ex. Baker 1 AR/1 ACP43/2003
Boesenbergia plicata (Ridl.) Holttum 1 BP/1 ACP226/2017
Boesenbergia rotunda (L.) Mansf. 1 BR/1 ACP38/2002
Curcuma longa L. 1 CL/1 ACP27/2002
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Data Collection and Analysis

Genomic DNAs were extracted from fresh 
or frozen leave samples (0.1 g) using the 
Qiagen DNeasy plant mini kit (Germany) 
following the manufacturer’s protocol with 
some modifications. Modifications were 
made at the beginning of the DNA extraction 
protocol. The modifications included adding 
up 400 µl Buffer AP1 and 4 µl RNase into 
the tube containing the well-grinned sample 
before vortex vigorously and incubating the 
mixture at 65°C overnight to allow complete 
lysis of the cells. Samples were ground to a 
fine powder with the help of liquid nitrogen 
using sterilised pestles and mortars to begin 
the genomic DNA extractions. Successfully 
extracted genomic DNA was verified by 
using 0.8% agarose gel electrophoresis. Gel 
electrophoresis was run at 80 V, 250 current 
for 80 min. Clear and sharp visualisation of 
bands showed a successful DNA extraction. 
The bands were observed under UV light 

and photographed using ENDUROTM GDS 
Gel Documentation System (USA). High 
polymorphic RAPD (n = 11) and ISSR (n 
= 6) markers that were used by Singh et al. 
(2012) to assess genetic diversity among and 
within the agro-climatic zones of several 
Zingiberaceae species were used for PCR 
amplification. RAPD and ISSR markers 
were selected due to their extensive use 
for assessing genetic variations at different 
DNA levels and their cost-effectiveness 
and sensitivity. Moreover, they provide 
concise genetic information for taxonomy 
classification, conservation, breeding, and 
genetic improvement strategies (Ismail et 
al., 2016). 

Furthermore, both markers have been 
used to identify the species of Zingiberaceae, 
including Alpinia spp. (Siriluck et al., 2014), 
Boesenbergia spp. (Vanijajiva et al., 2005), 
Curcuma spp. (Basak et al., 2017; Das et 
al., 2011; Kitamura et al., 2007; Prashanth 

Plant Individuals Label Voucher number
Elettariopsis smithiae Y. K. Kam 1 ES/1 ACP112/2010
Elettariopsis smithiae var. rogusa (Y. K. Kam) 
C. K. Lam

1 ES v. R/1 ACP119/2010

Elettariopsis curtisii Baker 1 EC/1 ACP164/2013
Etlingera elatior (Jack) R. M. Sm. 1, 2, 3 EE/1, EE/2, EE/3 ACP42/2002
Etlingera terengganuensis C. K. Lim 1, 2, 3 ET/1, ET/2, ET/3 ACP125/2015
Globba nawawii Ibrahim & K. Larsen 1 GN/1 ACP107/2014
Hornstedtia leonurus (J. Keonig) Retz 1, 2, 3 HL/1, HL/2, HL/3 ACP201/2016
Kaempferia galanga L. 1 KG/1 ACP39/2002
Kaempferia pulchra Ridl. 1 KP/1 ACP118/2007
Scaphochlamys biloba (Ridl.) Holttum 1 SB/1 ACP181/2017
Scaphochlamys mat-kilau C. K. Lim 1 SM/1 ACP190/2017
Scaphochlamys kunstleri (Baker) Holttum 1 SK/1 ACP219/2017
Zingiber spectabile Griff. 1, 2, 3 ZS/1, ZS/2, ZS/3 ACP178/2015
Zingiber puberulum Ridl. 1, 2, 3 ZP/1, ZP/2, ZP/3 ACP184/2015

Table 1 (continue)



333Pertanika J. Trop. Agric. Sci. 46 (1): 329 - 345 (2023)

Phylogeny of 20 Zingiberaceae Species

et al., 2015; Sahoo et al., 2017; Senan et al., 
2013; Siriluck et al., 2014; Theanphong et 
al., 2016; Zou et al., 2011), and Kaempferia 
spp. (Devi et al., 2015; Pojanagaroon et al., 
2004; Theanphong et al., 2018; Vanijajiva 
et al., 2005). PCR amplification for RAPD 
was performed as follows: initial denature 
at 94°C for 5 min, followed by 34 cycles of 
denaturing at 92°C for 1 min, annealing at 
50–30°C for 1 min and extension at 72°C for 
1½ min with a final extension at 72°C for 7 
min. Whilst for ISSR, PCR amplifications 
were performed as follows: initial denature 
at 94°C for 1 min, followed by 34 cycles of 
denaturing at 94°C for 5 min, annealing at 
70–40°C for 1½ min and extension at 72°C 
for 2 min with a final extension at 72°C 
for 7 min. PCR amplifications contained ≥ 
50 ng template DNA, 50 ρmol primer, 25 
mM magnesium chloride (MgCl2), 1.5 mM 
Promega GoTaq® DNA Polymerase (USA), 
7.5 mM buffer, 10 mM dNTPs mixed and 
topped up with ddH2O to a final volume of 
15 µL. PCR amplifications were performed 
using a BIO-RAD T100TM Thermal cycler 
(USA).

A m p l i f i e d  P C R  r e g i o n s  w e r e 
genotyped manually as “0” and “1,” 
which showed the absence and presence 

of the bands for both RAPD and ISSR 
molecular markers. Only sharp bands 
were considered for the analysis, and 
then they were computerized/rechecked 
using PyElph 3.1 software as binary data 
(Table 2). The binary data were later used 
for computing similarity matrixes which 
were later used for building a dendrogram. 
A dendrogram was constructed using 
the SAHN module with a UPGMA in 
NTSYS-PC 2.10e software (Rohlf, 1998) 
to check the genetic relationship among 20 
selected Zingiberaceae species. UPGMA is 
selected due to its common and valuable 
use for clustering trees using distance 
matrices (Nei & Kumar, 2000). UPGMA 
usually constructs a node at each stage 
and then makes a new node on a tree. This 
process continues from bottom to top and 
develops a new node at each step (Durbin 
et al., 1998; Rizzo & Eric, 2007). UPGMA 
combines a pair of operational taxonomic 
units (OTU) with high similarity into a 
new OTU, and OTU is composed of DNA 
or protein sequences (Nei & Kumar, 2000; 
Yujian & Xu, 2010). Furthermore, UPGMA 
constructs a tree which assumes a constant 
rate of evolution (Nei, 1987; Nei & Kumar, 
2000).

Table 2 
Binary data of combined data using three RAPD markers (OPD16, OPD08, and OPD20) and three ISSR (SPS04, 
SPS07, and SPS08) markers for 20 selected Zingiberaceae from Agricultural Conservatory Park, IBS, UPM

Primers OPD16 OPD08 OPD20 SPS04 SPS07 SPS08
Expected band size (bp) 450-2,200 650-2,000 400-2,050 250-1,350 250-1,500 200-1,950

Species Binary data using observed band size (bp)
Alpinia mutica 1 1 1 1 1 1
Alpinia conchigera 1 1 1 1 1 1
Alpinia rafflesiana 1 1 1 1 1 1
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Primers OPD16 OPD08 OPD20 SPS04 SPS07 SPS08
Expected band size (bp) 450-2,200 650-2,000 400-2,050 250-1,350 250-1,500 200-1,950

Species Binary data using observed band size (bp)
Boesenbergia plicata 1 1 1 1 1 1
Boesenbergia rotunda 1 1 1 1 0 1
Curcuma longa 1 1 0 1 0 1
Elettariopsis smithiae 1 1 0 1 1 1
Elettariopsis smithiae var. 
rugosa

1 1 1 0 1 1

Elettariopsis curtisii 1 1 0 0 1 1
Etlingera elatior 1 1 1 1 1 1
Etlingera terengganuensis 1 1 0 1 1 1
Globba nawawii 1 1 0 1 0 0
Hornstedtia leonurus 1 1 1 1 1 1
Kaempferia galanga 1 1 1 1 1 0
Kaempferia pulchra 1 1 1 1 1 1
Scaphochlamys biloba 1 1 1 0 1 1
Scaphochlamys mat-kilau 1 1 1 1 1 1
Scaphochlamys kunstleri 1 1 1 1 1 1
Zingiber spectabile 1 1 1 1 1 1
Zingiber puberulum 1 1 1 1 1 1

There are three UPGMA phylogenetic 
trees (RAPD only, ISSR only, and combined 
RAPD and ISSR). However, RAPD-only 
and ISSR-only trees do not provide clear 
taxonomic classification until the tribe level. 
Some of the Alpinieae species were grouped 
into the Zingiberaceae tribe. Hence, RAPD-
only and ISSR-only trees were rejected. 
However, the combined RAPD and ISSR 
tree provided clear taxonomic classification 
until the tribe level.

RESULTS

Among the three UPGMA phylogenetic 
trees, the combined tree of RAPD (OPD16, 
OPD08, and OPD20 markers) and ISSR 
(SPS04, SPS07, and SPS08 markers) 

(Figure 1) was the best and comparable to 
current molecular and classical taxonomy 
of Zingiberaceae (Kress et al., 2002, 2005, 
2007; Larsen et al., 1998; Pederson, 2004; 
Rangsiruji et al., 2000; Xia et al., 2004). 
When compared to the taxonomy studies 
of Zingiberaceae reported by Kress et al. 
(2005), Larsen et al. (1998), Rangsiruji 
et al. (2000), Pederson (2004), and Xia 
et al. (2004), the 20 studied species were 
grouped according to their tribes (Alpinieae, 
Zingiberaceae, and Globbeae) similarly in 
the studies mentioned above. In this study, 
three clades were formed. Clade i comprised 
the Alpinieae tribe, the clade comprised the 
Zingiberaceae tribe and clade iii comprised 
the Globbeae tribe. 

Table 2 (continue)
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Clade i comprised all nine species 
from four genera (Alpinia, Elettariopsis, 
Etlingera, and Hornstedtia) of the tribe 
Alpinieae. All Alpinia species were grouped 
in one cluster. Alpinia conchigera (Ac) and 
Alpinia rafflesiana (Ar) were grouped in 
one cluster and shared the same root with 
Alpinia mutica (Am). The two Etlingera 
species, Etlingera elatior (Ee), and Etlingera 
terengganuensis (Et) were grouped in one 
cluster and connected to the genus Alpinia. 
Meanwhile, three Elettariopsis species and 
one Hornstedtia species were grouped in one 
cluster and connected to the genera Alpinia 
and Etlingera. Elettariopsis smithiae (Es) 
and Elettariopsis smithiae var. rogusa (Er) 
were grouped in one cluster and connected 
to Elettariopsis curtisii (Ec), which was 
grouped with Hornstedtia leonurus (Hl). 

Clade ii comprised all ten species 
from five genera (Boesenbergia, Curcuma, 

Kaempfer ia ,  Scaphoch lamys ,  and 
Zingiber) of the tribe Zingiberaceae. All 
Scaphochlamys species were grouped in 
one cluster. Scaphochlamys mat-kilau (Sm) 
and Scaphochlamys kunstleri (Sk) were 
grouped in one cluster and shared the same 
root with Scaphochlamys biloba (Sb). The 
two Boesenbergia species, Boesenbergia 
plicata (Bp) and Boesenbergia rotunda (Br) 
were grouped in one cluster and connected 
to Kaempferia pulchra (Kp). The two 
Zingiber species, Zingiber puberulum (Zp) 
and Zingiber spectabile (Zs) were grouped 
in one cluster and connected to Kaempferia 
galanga (Kg). The Kaempferia species, 
Kaempferia pulchra (Kp) and Kaempferia 
galanga (Kg) mixed with Boesenbergia 
and Zingiber species. Meanwhile, Curcuma 
longa (Cl) branched alone and connected to 
the four genera (Boesenbergia, Kaempferia, 
Scaphochlamys, and Zingiber) of the tribe 

Figure 1. A UPGMA phylogenetic tree using combined data of three RAPD (OPD16, OPD08, and OPD20) 
and three ISSR (SPS04, SPS07, and SPS08) markers
Note. Alpinia mutica (Am), Alpinia conchigera (Ac), Alpinia rafflesiana (Ar), Etlingera elatior (Ee), 
Etlingera terengganuensis (Et), Elettariopsis smithiae (Es), Elettariopsis smithiae var. rogusa (Er), 
Elettariopsis curtisii (Ec), Hornstedtia leonurus (Hl), Curcuma longa (Cl), Kaempferia galanga (Kg), 
Zingiber puberulum (Zp), Zingiber spectabile (Zs), Boesenbergia plicata (Bp), Boesenbergia rotunda (Br),  
Kaempferia pulchra (Kp), Scaphochlamys biloba (Sb), Scaphochlamys mat-kilau (Sm), Scaphochlamys 
kunstleri (Sk), and Globba nawawii (Gn)

Clade i
Tribe Alpinieae

Clade ii
Tribe Zingibereae

Tribe Globbeae

Am
Ac
Ar
Ee
Et
Es
Er
Ec
Hl
Cl
Kg
Zp
Zs
Bp
Br
Kp
Sb
Sm
Sk
Gn

0.15                    0.30                    0.45                     0.60                    0.75
Coefficient
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Zingiberaceae. Clade iii is comprised of one 
species of Globbeae tribe, which is Globba 
nawawii.

DISCUSSION

The RAPD and ISSR markers were used 
for studying the molecular taxonomy of 
20 selected Zingiberaceae species from the 
Agricultural Conservatory Park, IBS, UPM. 
These 20 selected Zingiberaceae species are 
important to the endangered and unique ex 
situ collections of Zingiberaceae species 
from Peninsular Malaysia. A UPGMA 
phylogenetic tree built from three RAPD 
and three ISSR markers showed that the 
20 selected Zingiberaceae species can be 
successfully grouped until the tribe level. 
Three clades were formed: (1) Clade i 
of tribe Alpinieae, (2) Clade ii of tribe 
Zingiberaceae, and (3) Clade iii of tribe 
Globbeae.  

The combined RAPD and ISSR 
UPGMA phylogenetic tree were comparable 
to Zingiberaceae’s recent molecular and 
classical taxonomy (Kress et al., 2002, 2005, 
2007; Pederson, 2004; Rangsiruji et al., 2000; 
Xia et al., 2004). This UPGMA phylogenetic 
tree agrees with Kress et al. (2002, 2005, 
2007) and Pederson (2004), whereby both 
have grouped the tribe Alpinieae and tribe 
Zingiberaceae as two major clades. Within 
the tribe Alpinieae, the genus Alpinia was 
separated from other genera (Elettariopsis, 
Etlingera, and Hornstedtia). Meanwhile, 
within the tribe Zingiberaceae, the genus 
Scaphochlamys was separated from other 
genera (Boesenbergia, Kaempferia, and 
Zingiber), and the genus Curcuma branched 

out from other genera (Scaphochlamys, 
Boesenbergia, Kaempferia, and Zingiber). 
It agrees with other studies (Kress et al., 
2002, 2005, 2007; Pederson, 2004; Xia 
et al., 2004). The present study grouped 
Elettariopsis and Hornstedtia in one cluster 
but separated it from Etlingera. Hence, they 
do not support Etlingera and Hornstedtia 
as two complex genera with confusing 
taxonomic classifications and cryptic 
morphologies (Kress et al., 2002; Pederson, 
2004). Etlingera and Hornstedtia are sister 
groups because both have sterile bracts and 
a fertile bract that subtends a single flower 
(Kress et al., 2002), except for Hornstedtia 
leonurus (Pederson, 2004). Hornstedtia 
leonurus is unique in the genus, having 
more than one flower per bract and a 
tubular bracteole that is occasionally open 
to the base in Lambir plants. Flower of this 
species is not easily recognised in dark 
forests, while during the day, they can be 
easily identified due to dense brown hairs 
on leaf margins, truncate, subcordate leaf 
bases, and 1-2 cm prominent petiole (Sakai 
& Nagamasu, 2003). Genus Kaempferia 
was confounded with genera Boesenbergia 
and Zingiber. It is different from Kress et al. 
(2002). In addition, this study showed tribe 
Globbeae connected with the tribe Alpinieae 
and the tribe Zingiberaceae. However, this 
contradicts Kress et al. (2002, 2005) — the 
tribe Globbeae is not distinguished from the 
tribe Zingiberaceae. 

The selected RAPD and ISSR markers 
used in this study have shown high success 
amplification in 55 accessions of Curcuma 
longa and five cultivars from different 
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agroclimatic zones of Zingiberaceae (Singh 
et al., 2012). One of the species studied by 
Singh et al. (2012), Curcuma longa, is used 
in this study. RAPD and ISSR markers are 
simple, dominant, highly reproducible, 
polymorphic, and easily handle molecular 
markers (RAPD: Zietkiewicz et al., 1994; 
Bornet & Branchard, 2001, 2004; ISSR: 
Welsh & McClelland, 1990; Williams et 
al., 1990). RAPD and ISSR have been 
used for genetic diversity and genetic 
relationship/taxonomy studies within 
Zingiberaceae species (RAPD: Das et al., 
2011; Jatoi et al., 2008; Saha et al., 2016; 
Techaprasan et al., 2008; ISSR: Das et al., 
2015; Siriluck et al., 2014; Taheri et al., 
2012). Applications to molecular markers to 
identify and characterise species according 
to their genetic information differ according 
to their efficiency, including the level of 
polymorphism, locus specificity, genomic 
abundance, technical requirements, and 
reproducibility (Spooner et al., 2005). In the 
present study, RAPD is more reproducible 
than ISSR because all 11 RAPD markers 
amplified and produced clear and sharp 
bands. 

Taxonomy classification of the family 
Zingiberaceae is still under debate because 
new species are being discovered in 
the 21st century and are taxonomically 
classified by referring to their morphological 
characteristics. Hence, there is a need to 
revise the taxonomy classification of the 
family Zingiberaceae to correctly place all 
newly identified species under their correct 
tribes and subfamilies. For instance, two 
new species of Zingiberaceae: Amomum 

bungoensis and Sundamomum corrugatum, 
have been reported in Malaysia (Mohamad 
et al., 2020; Syazana et al., 2018). Another 
new Zingiberaceae species: Etlingera 
terengganuensis is an endemic species to 
Terengganu and was discovered in the year 
2000 (Khaw, 2001; Lim, 2000) and 11 new 
species of Zingiberaceae from the genus 
Scaphochlamys: Scaphochlamys durga, 
Scaphochlamys hasta, Scaphochlamys 
n i g r a ,  S c a p h o c h l a m y s  u n i f l o r a , 
Scaphochlamys multifolia, Scaphochlamys 
lucens ,  Scaphochlamys lanjakensis , 
Scaphochlamys penyama, Scaphochlamys 
graveolens, Scaphochlamys scintillans, and 
Scaphochlamys peuedoreticosa have been 
investigated in Borneo (Im Hin et al., 2017). 
Five new species of Zingiberaceae including 
Boesenbergia bella, Boesenbergia phenklaii, 
Boesenbergia putianai ,  Kaempferia 
phuphanensis, and Globba sirirugsae have 
been discovered in Thailand (Mood et al., 
2019). Two new Zingiberaceae species have 
been reported in Indonesia: Zingiber alba 
(Nurainas & Arbain, 2017) and Etlingera 
megalocheilos (Trimanto & Haspari, 2018). 

All 20 selected species of Zingiberaceae 
have valuable uses for medicinal and 
economic ornamental purposes. Rhizome 
of Alpinia conchigera and Alpinia mutica 
is used to treat gastrointestinal disorders, 
and Alpinia conchigera is used in traditional 
Thai dishes (Awang et al., 2011; Malek et 
al., 2011). The fruit and rhizome of Alpinia 
rafflesiana have been used for their anti-
microbial and anti-inflammatory properties 
(Ahmad et al., 2006; Jusoh et al., 2013). 
Rhizome of Boesenbergia rotunda is used 
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to treat dyspepsia, gastrointestinal disorders, 
mouth ulcers, dermatitis, diarrhoea, and dry 
cough (Md-Mustafa et al., 2014; Tewtrakul 
et al., 2003) and dried leaves are used in 
treating food poisoning and controlling 
allergies (Eng-Chong et al., 2012). Leaves 
of Boesenbergia plicata are used in treating 
human immunodeficiency viruses (HIV), 
protease inhibitory activity, and as an 
anti-inflammatory (Tewtrakul et al., 2003; 
Tuchinda et al., 2002). Rhizome of Curcuma 
longa is used in wound healing, common 
cold, stomachache, treatment of piles, 
antidiabetic, anti-chlorotic, anti-rheumatic, 
hypocholesterolemic, anti-fibrotic, antiviral, 
antihepatotoxic, antivenomous, anti-
microbial, and for its anti-inflammatory 
and anti-cancerous properties (Akinyemi et 
al., 2015; Behera, 2006; Chattopadhyay et 
al., 2004; Hussain et al., 1992; Srivastava 
et al., 2006). Leaves of Curcuma longa are 
used in Peninsular Malaysia as a flavouring 
agent in spicy and savoury dishes (Larsen 
et al., 1999). Leaves, rhizomes, flower 
buds, and fruit of E. elatior are used to cure 
earaches and heal wounds and are used for 
their anticancer, antibacterial, antioxidant, 
antiproliferative, and cytotoxic activity. 
The flower bud is used in dishes, such as 
nasi kerabu, nasi ulam, and asam laksa in 
Peninsular Malaysia (Chan, Han, et al., 
2007; Chan, Lim, et al., 2007; Jackie et 
al., 2011; Khaw, 2001; Lachumy et al., 
2010; Larsen et al., 1999; Wijekoon et al., 
2011). Furthermore, E. elatior is grown for 
ornamental and commercial purposes (Chan 
et al., 2007b; Khaw et al., 2001; Larsen et 
al., 1999). Etlingera curtisii whole plant 

is used for carminative, antioxidant and 
antibacterial properties, and leaves are 
eaten as vegetables, added in chilly spices 
to enhance the flavour, as decoration and 
bath, and to stimulate gastric secretions 
(Chairgulprasert et al., 2008). Keampferia 
galanga leaves and rhizomes are used in 
cosmetic powder, flavouring agents, and 
traditional medicine to treat swelling, 
toothache, headache, stomach-ache, and 
rheumatism (Ibrahim, 1999; Larsen et al., 
1999; Mitra et al., 2007). In addition, leaves, 
rhizome, and stem of Zingiber spectabile 
are eaten as salad and used as a flavouring 
agent in food, as an antiproliferative, 
antioxidant, and anticancer purpose (Lim, 
2020; Rahman, Rasedee, Abdul, et al., 2014; 
Rahman, Rasedee, Yeap, et al., 2014). 

CONCLUSION

This study provided additional biological 
information to the 20 selected Zingiberaceae 
species to help better conserve the species 
in the Agricultural Conservatory Park, IBS, 
UPM. The combined RAPD and ISSR 
UPGMA phylogenetic tree classed them 
according to their three tribes (Alpinieae, 
Zingiberaceae, and Globbeae). However, the 
20 selected Zingiberaceae species cannot be 
classed until their genera. Hence, additional 
markers are required. In addition, further 
studies are needed to explore the genetic 
diversities and properties of Zingiberaceae 
species.
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ABSTRACT

Bacillus thuringiensis (Bt) is a biological agent for insect pest management. Its toxins 
effectively control Spodoptera exigua Hübner (Lepidoptera: Noctuidae) larvae, but it is 
sensitive to ultraviolet (UV) radiation from the sunlight. This study aimed to investigate 
the effect of sericin extract from Samia ricini Boisduval (Lepidoptera: Saturniidae) cocoons 
as a UV protectant for Bt after exposure under direct sunlight for 1, 2, 3, and 4 weeks. 
After being exposed to sunlight, the Bt formulae were tested against 20 larvae of 24 hr 

old, the first larval instar in the laboratory. 
The larval mortality was observed 72 hr 
after the treatment. The results indicated 
that the mortality of S. exigua in Bt + sericin 
extract treatment was significantly different 
compared with Bt alone. For the first week, 
the mortality of S. exigua in exposed Bt + 
sericin exposed Bt alone, unexposed (Bt + 
sericin, and unexposed Bt alone were 80, 61, 
85, and 97%, respectively. Scanning electron 
microscopy analysis revealed that Bt + 
sericin, after being exposed to sunlight, still 
showed the presence of spore and crystal 
protein comparable to the unexposed Bt. 
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Based on the results, sericin provides good 
protection against sunlight and prevents the 
Bt spores from light-induced damage.

Keywords: Bt, Samia, Spodoptera exigua, UV 
protectant 

INTRODUCTION

The beet armyworm, Spodoptera exigua 
(Hübner) (Lepidoptera: Noctuidae), is a 
polyphagous insect pest that can damage 
many plants, such as wheat, cotton, pea, 
cauliflower, tomato, onion, and soybean 
(Adamczyk et al., 2008; Saeed et al., 2010; 
Taylor & Riley, 2008; Zheng et al., 2000; 
Zhou et al., 2011). The larvae can feed 
on leaves and attack flowers, buds, and 
fruits, causing slow growth and a decrease 
quantity and quality of the crops (Khattab, 
2013). Thus, controlling the insect pest 
population is critical, thereby promoting the 
use of chemical and biological insecticides 
(Meissle et al., 2011). Chemical pesticide 
reliance results in increased insecticide 
resistance, a greater risk to human health 
because of the lack of appropriate safety 
standards, and environmental pollution (Day 
et al., 2017). Bacillus thuringiensis (Bt) is 
an alternative solution for reducing insect 
pests. With a narrow species spectrum, 
these bioinsecticides are safe, eco-friendly, 
residual-free, and safe for most other 
organisms (Maagd et al., 2001; Schnepf et 
al., 1998).

Bt is a Gram-positive bacterium that can 
produce toxic proteins (para-spore crystals) 
when reaching the sporulation stage (Bravo 
et al., 2005). These insecticidal crystal 

proteins are predominantly encoded by 
Cry and Cyt genes, known as δ-endotoxins 
(Aronson, 2002). When insect larvae ingest 
such toxins during feeding, spore, and 
toxins (δ-endotoxins) are produced in the 
midgut. These molecules (Cry and Cyt) bind 
to receptors on the intestinal epithelium, 
causing irreversible damage to the epithelial 
cells by generating pores or lysing the target 
membrane of the midgut (Gill, 1995). Cry 
proteins show a highly specific spectrum and 
effectiveness in insect taxa, such as Diptera, 
Lepidoptera, Coleoptera, and Hymenoptera 
(Maagd et al., 2001). In addition, Cry1C is a 
major specificity determinant for S. exigua 
(Maagd et al., 2000). However, biological 
pesticides are easily degradable and unstable 
when applied in the field. For example, 
sunlight’s ultraviolet (UV) radiation might 
deactivate the Bt toxin (Sansinenea et al., 
2015). Therefore, treatment measures are 
necessary to address this difficulty.

Recently, scientists tried to improve 
the stability of bio-pesticides by covering 
Bt spores and toxins using biomaterials 
as UV protectants. For example, Bacillus 
thuringiensis kurstaki (Btk) was formulated 
with a biomaterial derived from olive oil 
(Maghsoudi & Jalali, 2017), tea leaves 
(Ningrum & Sumarmi, 2020), aloe vera 
(Tarigan et al., 2020), spinach leaves 
(Sumarmi et al., 2020), and sericin extract 
from eri and atlas silkworm (Sukirno et al., 
2022). Silk sericin is a biological polymer 
consisting of glycoprotein, essential for 
protecting the cocoon and pupa from UV 
radiation during pupal stages (Kaur et 
al., 2013). It also has antioxidant activity 
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that can protect against UV radiation and 
overcome oxidation (Kumar & Mandal, 
2019).

Recently, sericin from eri and atlas 
cocoon has been proven effective as a 
UV protectant of Btk (Sukirno et al., 
2022) against tobacco armyworm. This 
study evaluated the effectiveness of 
formulation of Btk and sericin extract of 
eri silkworm cocoon when sunlight against 
beet armyworm. In addition, the potency 
and viability of Btk spore crystals with the 
addition of sericin extract were evaluated in 
the laboratory. The results of this work will 
support the integrated management of insect 
pests in Indonesia.

MATERIALS AND METHODS

Beet Armyworm Insect Rearing

Beet armyworm larvae were collected from 
onion farms in Magelang, Central Java, 
Indonesia. The larvae were maintained 
in the lab using an artificial diet (Shorey 
& Hale, 1965) with some modifications 
(Sukirno et al., 2018) until pupation. Thirty 
pupae were each transferred in a glass 
jar (7 cm × 23 cm) with an opaque paper 
supporting adult emergence, mating, and 
egg laying. Adults were provided with a 
cotton ball dipped in a 10% honey solution 
for feeding. Eggs were monitored and 
collected daily, then kept in plastic cups 
(6.5 cm × 4 cm) containing an artificial diet 
and then covered with tissue until hatched 
into first instar larvae. Insects were kept 
in lab conditions of 28 ± 5°C and relative 
humidity of 50 – 70%. A 24 hr old first 
larval instar of F2 was used in this study.

Bio-pesticide and Sericin Extract 
Preparations

Dipel WP®, a commercial product by Abbot 
Co. (Indonesia), was used as a source 
of B. thuringiensis kurstaki, whereas eri 
silkworm cocoon was collected from Jantra 
Mas Sejahtera (JAMTRA, Indonesia) wild 
silk production house. Five grams of dried 
cocoon was cut into small pieces and 
added into 100 mL of autoclaved distilled 
water (dH2O) containing 1 g of Turkey 
Red Oil (TRO, Indonesia) powder. Then, 
the mixture was boiled for 60 min using 
a stirring machine and filtered to obtain 
a stock of 5% sericin solution. Before the 
experiment, the stock solution was diluted 
using autoclaved dH2O to make a 1% 
sericin solution.

Larval Toxicity Bioassay

The 1% sericin extract was added to make 
a Bt suspension at 10 times the lethal 
concentration of 95% (LC95) (2 × 108 CFU/
ml) (Sukirno et al., 2022). Autoclaved 
dH2O as a negative control was used to 
compare the effectiveness of UV protectants. 
One milliliter of each Bt suspension was 
transferred homogenously to the surface 
of the disposable Petri dish (55 mm × 
15 mm). After that, the Petri dishes were 
exposed to direct sunlight for 1, 2, 3, and 
4 weeks. After respective exposure, the 
dried Bt was then homogenously mixed 
with 10 ml of autoclaved dH2O to make 
the final concentration at LC95. Afterward, 
1 ml of each formula was poured onto an 
artificial diet surface in a plastic cup (6.5 
cm × 4 cm). The Bt-contaminated diet was 
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allowed at room temperature for 2 hr before 
adding the 24 hr old first larval instar of S. 
exigua. The experiment used five replicates 
on each formula and exposure period, with 
20 larvae per replicate, for a total of 2,000 
treated larvae. The mortality was recorded 
at 72 hr after treatment and scored as dead 
when there was no movement when touched 
with a fine brush. In this study, the first larval 
instar of beet armyworm was used as an 
indicator for the effectivity of UV protectant 
of Bt as it is susceptible.

Sublethal Effects of Bt Formulation on 
Beet Armyworm Larvae

Sublethal effects can be physiological, 
behavioral, survival rate, and body weight 
after treatment with sublethal amounts of 
toxic compounds (Desneux et al., 2007; 
Rajathi et al., 2010; Tao & Wu, 2006). 
The sublethal effects of Bt on the larval 
body weight beet armyworm in the present 
were observed on the sixth day after the 
treatment. 

Scanning Electron Microscopic 
Observation of Bt Formulation

Scanning electron microscopy (SEM) 
(JSM-6510LA, JEOL Ltd., Japan) was used 
to evaluate the presence and the structure 
of spores and crystals. One milliliter of 
Btk suspension was centrifuged at 16,000 
× g for 15 min at 4°C and air dried on a 
castable vacuum system. Samples were then 
placed on a brass stub, sputter coated with 
gold at 3.3 Pa and 20 mA for 120 s, and 
photographed in a JEC-3000 FC (JEOL Ltd., 
Japan) at 15 kV.

Statistical Analysis

Before statistical analysis, the data on 
mortality percentage was corrected using 
the Abbott formula (Abbott, 1925; Finney, 
1977). Then, the mortality percentage and 
larval weight were analyzed using a one-
way analysis of variance (ANOVA). The 
exposure period and formula were used 
as independent factors, with mortality 
and larval weight as dependent factors for 
analysis. Before the ANOVA, the mortality 
percentage was arcsine-transformed. After 
the ANOVA, the means were subjected to 
post hoc multiple pairwise comparisons 
across each formula and exposure period (P 
< 0.05; least significant difference [LSD]). 
Statistical Product and Service Solutions 
(SPSS) Statistic (ver. 23.0) was used for all 
statistical analyses.

RESULTS 

Mortality of the First Instar Larvae of 
S. exigua

The percentage of larval mortality was 
significantly different for each formula 
during the first week of exposure (F4,20 
= 12.75; P = 0.000) and the fourth week 
of exposure (F4,20 = 9.14; P = 0.001). 
Meanwhile, no statistically significant 
differences were identified after the second 
week of exposure (F4,20 = 2.75; P = 0.077), 
the third week of exposure (F4,20 = 0.36; P = 
0.782), and without sunlight exposure (F4,20 

= 2.11; P = 0.139).
In the first week, the pathogenicity of 

the Bt + sericin had higher toxicity against 
beet armyworm larvae (80%) than the Bt 
without sericin (61%). By contrast, Bt + 
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sericin and Bt without sericin in unexposed 
sunlight had relatively higher pathogenicity 
to S. exigua larvae, with mortality of 85 
and 97%, respectively. It showed that the 
formula of Bt mixed with sericin was more 
pathogenic to S. exigua than Bt alone when 
exposed under sunlight, with values ranging 
from 56 to 93%, except on the second week 
of exposure. The pathogenicity value of 
the combination of Bt + sericin without 
exposure to S. exigua ranged from 85 to 
98%, whereas that of Bt alone without 
exposure ranged from 81 to 99%. The death 
rate showed a synergistic effect of sericin 
when added to Bt and tested against beet 
armyworm (Table 1).

Delayed Mortality and Sublethal Effects 
on the First Instar Larvae of S. exigua

Figure 1 shows that the percentage of 
surviving larvae during the exposure period 

until the sixth day was not significantly 
different in all treatments. The percentages 
were 3.97, 3.97, 1.48, and 0.72% (F3,12 = 
1.36; P = 0.300) for exposed Bt + sericin, 
exposed Bt without sericin, unexposed Bt + 
sericin, and unexposed Bt without sericin, 
respectively. The average larval weight in 
Bt + sericin is greater than that of exposed 
Bt without sericin, unexposed Bt + sericin, 
and unexposed Bt without sericin treatments 
(Figure 2). The larval weight on those 
treatments was 1.67; 0.93; 0.29, and 1.00 
mg (F3,12 = 0.37; P = 0.774), respectively. 
Meanwhile, the larval weight during the 
2-week exposure period was significantly 
different and higher than other exposure 
periods, whereas 1, 2, 3, and 4 weeks was 
0.38, 3.27, 0.20, and 0.03 mg (F3,12 = 7.05; 
P = 0.005), respectively. On the other hand, 
based on the larvae survivorship, it showed 
that there was no significant difference 

Table 1
Mortality percentage of the first instar larvae of Spodoptera exigua (mean ± SE) after being treated with 
Bacillus thuringiensis kurstaki formulation at different exposure periods

Period 
(Week)

Mortality exposed (%) Mortality non-exposed (%)
Statistic

Bt + sericin Bt without sericin Bt + sericin Bt without sericin

0 93.63 ± 2.31aA 82.60 ± 6.51aA 96.35 ± 0.92aA 93.04 ± 3.39aAB F4,20 = 2.11; 
P = 0.139

1 80.00 ± 4.18abA 61.14 ± 7.08aB 85.00 ± 3.53bA 97.14 ± 2.85cB F4,20 = 12.75; 
P = 0.000

2 56.00 ± 13.72aB 86.33 ± 5.71aA 93.78 ± 5.06aA 81.76 ± 5.02aA F4,20 = 2.75; 
P = 0.077

3 91.04 ± 5.57aA 87.00 ± 4.89aA 89.00 ± 8.57aA 96.04 ± 0.98aAB F4,20 = 0.36; 
P = 0.782

4 93.09 ± 2.52abA 86.00 ± 1.87aA 98.00 ± 1.22bA 99.04 ± 0.95bB F4,20 = 9.14; 
P = 0.001

Statistic F4,20 = 3.34; 
P = 0.030

F4,20 = 2.99; 
P = 0.044

F4,20 = 1.73; 
P = 0.183

F4,20 = 3.37; 
P = 0.029

Note. Means with the same row followed by the same lowercase letters are not significantly different at P 
< 0.05. The numbers with the same column followed by the same uppercase letters are not significantly 
different at P < 0.05
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Figure 1. Effects of different Bt formulations on the average number of Spodoptera exigua survival on the 
sixth day after treatment

Figure 2. Sublethal effects of different Bt formulations on the larval weight of Spodoptera exigua on the sixth 
day after treatment
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in 1-, 2-, 3-, and 4-week treatment. The 
survivorship on those treatments was 3.97, 
3.45, 1.98, and 0.74% (F3,12 = 0.94; P = 
0.448), respectively.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) 
((JSM-6510LA, JEOL Ltd., Japan) has 
successfully detected the spore and crystal 
of Bt in the treatment, especially on the 

formula with and without exposure to direct 
sunlight. This research found many spores 
within various crystal shapes, including 
bipyramidal, cuboidal, and spherical crystals 
(Figures 3 and 4).

DISCUSSION

The protein sericin content in silkworm 
cocoons is lower than fibroin, around 20–
30% (Eom et al., 2020). Sericin is rich in 

Sunlight exposure (week)

Sunlight exposure (week)
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amino acids, particularly serine and aspartic 
acid, and each cocoon layer has different 
sericin contents (Aramwit et al., 2010). 
Several studies have shown that sericin 
has a high concentration of antioxidant 
molecules, which play an important role in 
preventing UV-induced oxidative damage 
(Kaur et al., 2013). A previous study has 
demonstrated that sericin from eri silkworm 
can absorb UVA and UVB radiation and has 
a high toxicity effect on Spodoptera litura 
larvae when mixed with Btk for bioassay 
(Sukirno et al., 2022). UV radiation is an 
electromagnetic spectrum that is categorized 
into three regions: 320–400 nm as ultraviolet 
A (UVA), 280–320 nm as ultraviolet B 
(UVB), and 200–280 nm as ultraviolet C 
(UVC). UVA accounts for 90–98% of total 
UV radiation reaching the earth, whereas 
UVB accounts for 1–10%. Moreover, UVC 
radiation is absorbed by the ozone layer 
(Hou et al., 2015; Kaur et al., 2013).

We evaluated a small concentration (1%) 
of sericin extract as UV protectant Bt under 

direct sunlight exposure in the present study. 
The results showed that sericin significantly 
affected the persistence of Bt to prolonged 
time exposure, as revealed by the mortality 
percentage of S. exigua larvae, which was 
greater in Bt with sericin than in Bt alone 
(Table 1). This extensive research also tested 
the efficacy and survivability of Bt spore 
crystals. SEM analysis revealed that after 
prolonged exposure to the formula with the 
addition of sericin extract (1%), spores and 
crystals were still observed despite being 
exposed to sunlight for three weeks. Many 
spores within various crystal shapes were 
found (Figures 3 and 4), which included 
bipyramidal, cuboidal, and spherical 
crystals. These results are consistent with 
the research results of Lozano et al. (2018), 
who discovered the crystal shape of Btk 
S-1905. Larvicidal toxicity was commonly 
due to spores and crystal proteins. The 
Cry 1 protein, which is efficient against 
Lepidoptera, is associated with bipyramidal 
crystals, whereas the Cry 2 protein, which 

Figure 4. Scanning electron microscopy of the 
mixture of Bt spores, crystals, and sericin extract (1%) 
after three weeks of exposure
Note. S = Spore; CC = Cuboid crystals; BC = 
Bipyramidal crystal; SC = Spherical crystal

Figure 3. Scanning electron microscopy of the mixture 
of Bt spores, crystals, and sericin extract (1%) without 
exposure
Note. S = Spore; CC = Cuboid crystals; BC = 
Bipyramidal crystal
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is effective against Diptera and Lepidoptera, 
is associated with cuboidal crystals (Silva 
et al., 2004). Other factors, including the 
structure and function of the intestine, toxin 
diversity, structure and solubilization of 
protein, and toxin interactions, were also 
investigated (Gill, 1995). The presence 
of spores and germination can affect Bt 
insecticidal activity (Liu et al., 1998). The 
spores can be protected by various localized 
biological structures, such as spore coats on 
Bt, allowing crystal formation to continue 
during sporulation. Spores of Bacillus 
species are seven to 50 times more resistant 
to UV radiation at 254 nm, the wavelength 
that kills most cells, than vegetative cell 
killing (Setlow et al., 1998). Furthermore, 
according to Hart et al. (2006), spores have 
an outer layer known as an exosporium, 
which surrounds the dense spore and serves 
as a protective barrier. This layer is present 
in some spore species, such as Bacillus 
anthracis and Bacillus thuringiensis, but 
absent in others.

Larval body weight as an indicator of 
sublethal effects was significantly related 
to the proportion of surviving larvae, which 
led to major changes in the biology of the 
treated larvae and their offspring. The results 
showed that the Bt formulation with sericin 
extract after the fourth week of exposure 
decreased the proportion of survivors. 
In addition, the larval weight emergence 
rate was significantly reduced on the sixth 
day after treatment for all formulas. The 
percentage of larval survival in P1 and 
P2 formulas had the same value but not 
with their body weight. Our hypotheses 

indicate that differences in survival ability 
can be observed among larvae, with a high 
adaptation to diet contamination. Another 
factor may be due to the different counts of 
spore present in each formula. According to 
Apaydin et al. (2008), almost all strains of 
Bt suppress the growth and development of 
the larvae, which might cause pupal stage 
failure.

CONCLUSION

The study showed that sericin (1%) from 
cocoons of S. cynthia ricini protected Bt 
from exposure to direct sunlight and that 
the formula was efficient against S. exigua 
larvae. In addition, the mortality percentage, 
sublethal effect, and existence of spores 
and crystals indicated the efficacy of the 
treatment. However, all bioassay processes 
are still conducted on a laboratory scale; 
thus, further studies may be required to 
evaluate their protective effectiveness 
directly in field conditions, particularly on 
onion crops.
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ABSTRACT
Pyrodinium bahamense var compressum is a harmful dinoflagellate that produces saxitoxin, 
which causes paralytic shellfish poisoning (PSP) that is deadly to humans. A non-axenic 
culture of P. bahamense was established using f/2 media from samples collected from 
Sepanggar Bay, Kota Kinabalu, Sabah. Toxin analyses of cultures harvested on days 60, 
120, 180, and 360 were performed using high-performance liquid chromatography with a 
fluorescence detector and compared with samples collected at the same location during the 
bloom in 2021. The highest cell toxin content was found in the bloom sample (86.2 fmole/
cell), and no toxin was detected in the culture 60 days old. In addition, cell toxin content 
for the P. bahamense culture was low (9.4-16.5 fmole/cell). Based on the toxin profile, P. 
bahamense comprises 84-98% of gonyautoxin 4. In summary, the current findings add to 
the existing knowledge of the toxin profiling of P. bahamense, a toxic, harmful algal bloom 
species, thus, leading to better toxin management. 

Keywords: Gonyautoxin, HPLC, PSP, Pyrodinium bahamense, saxitoxin 

INTRODUCTION

Pyrodinium bahamense var. compressum 
is a thecate dinoflagellate and one of 
the most harmful algal bloom (HAB) 
organisms. The P. bahamense bloom is 
mainly distributed in the tropical Indo-
Pacific and the pacific Atlantic coasts of 
Central America, including Florida (Usup 
et al., 2012). Paralytic shellfish poisoning 
(PSP) consists of more than 57 saxitoxin 
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analogues (Oyaneder-Terrazas et al., 2017). 
The highest PSP concentration is usually 
recorded during or after an algal bloom. PSP 
is an illness caused by consuming shellfish 
contaminated with toxic dinoflagellates, a 
vector of PSP in humans due to the presence 
of saxitoxin (STX) in their tissue (Wiese 
et al., 2010). The STX PSP outbreak is 
usually associated with the algal bloom of 
toxic dinoflagellates, such as P. bahamense, 
Gymnodinium catenatum, and Alexandrium 
spp., often responsible for the paralytic 
shellfish poisoning toxin (PST) that can 
impact human health. Saxitoxin was isolated 
and named after the Alaskan butter clam 
(Saxidomus gigantes) in 1957 (Schantz et 
al., 1957). 

Pyrodinium bahamense bloom has been 
a constant occurrence in Sepanggar Bay, 
Sabah, Malaysia, for decades. This species 
is the main cause of harmful algal blooms 
(HABs) in Sabah coastal waters besides 
Margalefidinium polykrikoides. Therefore, 
this area is regularly monitored for PSP by 
the Department of Fisheries, Sabah (DOFS). 
A warning will be released to the public 
once the P. bahamense population exceeds 
7,000 cells/L and the shellfish toxicity 
level exceeds 80 μg poison 100/g of meat 
(Jipanin et al., 2019). In 2013, 64 patients 
were hospitalised, and four deaths were 
recorded (Jipanin et al., 2019; Suleiman 
et al., 2017) due to the consumption of 
contaminated shellfish, such as mussels 
(Atrina fragilis), green mussels (Perna 
viridis), and oyster (Crassostrea belcheri) 
collected from Kota Kinabalu (Suleiman 
et al., 2017). In addition, PSP cases have 

become increasingly common along the 
west coast of Sabah, including Tuaran, 
Kuala Penyu, and Membakut (Suleiman 
et al., 2017). Generally, shellfish toxins, 
especially in green mussels (Montojo et 
al., 2006; Suleiman et al., 2017), remain in 
their tissue as decarbomyl and other STX 
derivatives for up to two years before being 
released as waste (Mustakim et al., 2016).  

Besides P. bahamense, other marine 
dinoflagellates, such as Alexandrium 
minutum, Alexandrium tamiyavanichii, 
and G. catenatum, are also associated with 
PSP in Malaysia (Mohammad-Noor et al., 
2018; Usup et al., 2006). Despite that, P. 
bahamense has caused more fatalities than 
other species (Usup et al., 2006, 2012). The 
P. bahamense is challenging to culture in 
the laboratory and is not widely distributed, 
hence the lack of studies on the physiology of 
this species. In the laboratory, P. bahamense 
can grow in the enriched seawater media 
(ES-DK) (Usup et al., 1994) and f/2 medium 
(Gedaria et al., 2007; Mustakim et al., 2019), 
yielding less than 10,000 cells/mL; much 
lower than other saxitoxin producers, such 
as Alexandrium spp. (Usup et al., 2012). 
Since 1976, there has been no record of P. 
bahamense blooming in other Malaysian 
coastal waters (Yñiguez et al., 2021). 
Moreover, field data obtained during P. 
bahamense bloom suggests that this species 
thrives in waters with high salinity and 
temperature (Adam et al., 2011; Banguera-
Hinestroza et al., 2016; Lorons et al., 2022; 
Mohammad-Noor et al., 2014; Morquecho, 
2019; Phlips et al., 2006). Meanwhile, 
the specific growth rate of P. bahamense 
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increased when cultured at higher salinities 
under laboratory conditions (Gedaria et 
al., 2007; Muhammad Shaleh et al., 2010). 
Pyrodinium bahamense also coexists with 
Margalefidinium polykrikoides and G. 
catenatum; hence salinity, temperature, and 
pH may not be limiting factors of the bloom 
(Adam et al., 2011). 

Generally, PSP is caused by exposure 
to STX (an alkaloid) and other analogues, 
such as gonyautoxins (GTXs), neosaxitoxin 
(NeoSTX), dicarbamoyl-saxitoxin (dcSTXs), 
decarbamoyl-neosaxitoxin (decneoSTX), 
and decarbamoyl-gonyautoxins (dcSTXs) 
through the consumption of contaminated 
shellfish (Farabegoli et al., 2018). Therefore, 
it is essential to discover the toxin produced 
by various algae to protect consumers 
from lethal food poisoning (Farabegoli et 
al., 2018; Hummert et al., 1997). Natural 
and cultured P. bahamense samples from 
the Indo-Pacific coasts contain dc-STX, 
STX, neo-STX, B1, and B2 (Usup et al., 
2012). Meanwhile, the toxin content of 
P. bahamense batch culture from Kota 
Kinabalu and the Philippines is higher 
during the exponential phase based on the 
high-performance liquid chromatography 
(HPLC) analysis (Gedaria et al., 2007; Usup 
et al., 1994; Yahumin et al., 2022). 

The cellular toxin content of P. 
bahamense might increase with a lower 
growth rate and remains unaffected by 
different growth conditions (Usup et al., 
2012). Microalgae release toxins in the 
water body and toxicity levels of shellfish 
are affected by the abundance and duration 
of exposure to the toxic microalgae 
(Tang et al., 2021). In this study, a post-

column oxidation HPLC-FLD method was 
performed according to Oshima (1995) to 
analyse the toxin level and profile of P. 
bahamense at different culture ages (60, 
120, 180, and 360 days) after the death phase 
to see how long the toxin can be sustained 
and bloom according to the AOAC Official 
Method 2011.02 (AOAC International, 
2011). The findings will act as additional 
information regarding the toxin content of 
P. bahamense. 

MATERIALS AND METHODS

Cultures and Field Sample Collection

Pyrodinium bahamense culture (CC-
UHABS-040(M)) was obtained from the 
Borneo Marine Research Institute (BMRI), 
isolated during blooms in Sepanggar Bay 
in 2012, and established into unialgal non-
axenic cultures in f/2 media (Guillard & 
Ryther, 1962). The media was prepared 
using autoclaved filtered seawater, with 
a salinity of 30 and pH of 8 ± 0.1. The 
culture was maintained at 25–26oC with a 
12:12 light-dark cycle illuminated by LED 
lights with an intensity of 100 µmol quanta/
m2/s. For the experiment, P. bahamense was 
cultured for 360 days at a similar condition. 
In addition, P. bahamense was collected 
from the field during the bloom in December 
2021 at Sepanggar Bay using a plankton 
net (20 µm) and transported to the lab for 
further analysis. 

Sample Preparation for Toxin Analysis 
(Figure 1)

For toxin extraction, about 1 to 2 L of P. 
bahamense at different culture ages (60, 
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120, 180, and 360 days) and bloom samples 
were harvested and filtered using 45 mm 
glass-fibre GF/F filter paper (Whatman) to 
obtain a volume of 50 ml. A volume of 30 ml 
filtered cells was used for toxin extraction. 
Pellets were obtained by centrifuging the 
filtered cells at 1,900 × g for 7 min and 
discarding the supernatant. Afterwards, the 
pellets were mixed with 1 ml 0.03 M acetic 
acid (Merck, Germany) using a vortex for 1 
min and homogenised in the ultrasonic water 
bath (Branson 2510, USA) for 15 min. Next, 
the samples were soaked in the mixture for 
30 min and homogenised again for 15 min, 
followed by centrifugation at 1,900 × g for 7 

Figure 1. Sample preparation for toxin analysis

min. Next, the supernatant was filtered using 
the 0.45  µm syringe filters (Whatman). 
The protocol was repeated on bloom 
samples collected from the field. Finally, 
cell densities were calculated using the 
Sedgewick Rafter chamber for the cultured 
and field samples at 400× magnification 
under the light microscope (Zeiss Axiostar, 
Germany), and the cell sizes (n = 20) were 
recorded. 

Toxin Analysis by HPLC

For PSP toxin calibration, gonyautoxin-4/1 
(GTX4/GTX1), gonyautoxin-3/2 (GTX3/
GTX2), gonyautoxin-5 (GTX 5), dcSTX, 
and STX standards were purchased from 
the National Research Council (NRC), 
Halifax, Canada. The PSP toxins were 
analysed via HPLC (Shimadzu, Japan) with 
the post-column device and fluorescence 
detector utilising the isocratic post-column 
derivation with a slight modification from 
Oshima (1995). First, the samples were 
separated using a Luna C18(2) column 
(150 mm × 4.6 mm inner diameter, 120 
Å, 5 μm) (Phenomenex) with a security 
guard cartridge (C18, 4.0 mm × 3.0 mm 
inner diameter) (Phenomenex, USA) at 
a flow rate of 0.8 ml/min. The column 
temperature was kept at 27ºC, while the 
post-column temperature was set at 65ºC for 
all runs. Toxin verification was performed 
in non-oxidising post-column conditions by 
substituting distilled water for the oxidising 
reagent. The reaction coil was kept in an ice 
bath during the analysis. 

The chromatographic conditions are as 
follows: 1) STX = the mobile phase was 2 

Pyrodinum bahamense culture/bloom

Filtered, GF/F 
membrane

50 ml filtered cells

30 ml cells
Centrifuge: 
1,900 × g, 7 min 
supernatant discarded

Pellet

Add 0.1 ml 0.03 M acetic acid
•	 1 min vortex, 15 min ultrasonic bath
•	 30 min soaking, 1 min vortex
•	 15 min ultrasonic bath, 1 min vortex

Centrifugre: 1,900 × g, 7 min
Filter supernatant 
through 0.45 µm 
syringe filter

HPLC-FLD
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mM heptanesulfonate (Fisher Scientific, 
USA) in 30 mM ammonium phosphate 
buffer (Fisher Scientific, USA) and 5% 
(v/v) of acetonitrile (v/v, pH 7.1; 2) (J. T. 
Baker®, USA), and for the GTXs mobile 
phase was 2 mM heptanesulphonate (Fisher 
Scientific, USA) in 10 mM ammonium 
phosphate buffer (Fisher Scientific, USA) 
and 1% of acetonitrile (v/v, pH 7.1) (J. 
T. Baker®, USA). The acidifier was 0.5 
M acetic acid (J. T. Baker®, USA), and 
the post-column oxidising reagent was 7 
mM periodic acid (J. T. Baker®, USA) in 
10 mM sodium phosphate buffer (Fisher 
Scientific, USA) at pH 9.0. The sample 
injection volume was 10 to 20 μl at a flow 
rate of 0.4 ml/min for each post column. 
Detection wavelengths were set at 330 nm 
for excitation and 390 nm for emissions. 
Toxin identification and quantification were 
carried out via comparisons with standard 
toxin materials. The concentrations of 
each toxin or epimeric pair (GTX1/4, 
GTX2/3, GTX5, STX, and dcSTX) were 
calculated with linear calibration curves 
achieved using PSP-certified references 
standards. The results were expressed in 
relative amounts of each toxin on a molar 
basis (mole %) and cellular toxin content 
as fmole/cell. 

Statistical Analysis 

After the data normality was tested, a 
one-way analysis of variance (ANOVA) 
was conducted, with a significance level 
of p ≤ 0.05, followed by a Tukey post hoc 
test using Statistical Package for Social 
Science (SPSS) ver. 21.

RESULTS

The PST profile in the Pyrodinium 
bahamense culture isolated from Sepanggar 
Bay in 2012 and the seawater sample 
collected during a bloom of P. bahamense in 
2021 from the same area was characterised 
by HPLC-FLD. The data obtained show 
that the culture and field bloom of P. 
bahamense produces dcSTX, STX, GTX1, 
GTX2, GTX3, GTX4, and GTX 5 (Figure 
2). No toxin was detected on day 60, and 
GTX4 was the major toxin, constituting 
about 84-98 mole% among whole PSP 
toxins in other samples (Figure 3). The 
SXT toxin was absent in 120 days culture 
but comprised 4.3 mole% in the field bloom 
sample. However, no dcSTX toxin was 
detected in the field bloom sample, but 
high dcSTX was detected in the 360 days 
culture (5.4%). The proportion of GTX 1 
in 180 and 360 days of culture was 5.4 and 
5.9 mole%, respectively. The contribution 
of other toxins, such as GTX 2, GTX 3, 
and GTX 5 was less than 5 mole% in all 
samples.

The study findings also show that the 
cell size of cultured P. bahamense was 
not significantly different (p < 0.05) from 
the field bloom sample (Table 1). The 
highest cell toxin content was found in P. 
bahamense of the field bloom sample at 
86.2 fmol/cell, and no cell toxin content 
was found in a culture of 60 days. The 
high number of P. bahamense cells 
(18,000 cells/mL) from the field bloom 
contains a high toxicity potential per 
cell at 63.92 fmol STXequiv./cell. There 
were no significant differences in the total 



364 Pertanika J. Trop. Agric. Sci. 46 (1): 359 - 372 (2023)

Asilah Al-Has, Normawaty Mohammad-Noor, Sitti Raehanah Muhamad Shaleh, 
Mohd Nor Azman Ayub, Deny Susanti and Ghaffur Rahim Mustakim

Fi
gu

re
 2

. H
PL

C
 c

hr
om

at
og

ra
m

 p
ro

fil
e 

of
 th

e 
cu

ltu
re

 a
nd

 fi
el

d 
bl

oo
m

 o
f P

yr
od

in
iu

m
 b

ah
am

en
se

. A
) S

TX
 st

an
da

rd
; B

-C
) S

TX
 a

t 1
80

 a
nd

 3
60

 d
ay

s, 
re

sp
ec

tiv
el

y;
 

D
) S

TX
 a

t fi
el

d 
bl

oo
m

 sa
m

pl
e;

 E
) G

TX
 st

an
da

rd
; F

-H
) G

TX
 a

t 1
20

, 1
80

, a
nd

 3
60

 d
ay

s, 
re

sp
ec

tiv
el

y;
 I)

 G
TX

 a
t fi

el
d 

bl
oo

m
 sa

m
pl

e

7.5 5.0 2.5 0.0 –2
.5mV

 0 
    

    
    

 5 
    

    
    

10
    

    
    

 15
    

    
    

 20
    

    
    

 25
    

    
    

30
 

mi
n

De
t.A

 C
h1

A.

15.163 / dcsTX
16.375 / STX

5.0 2.5 0.0 –2
.5mV

 0 
    

    
    

 5 
    

    
    

10
    

    
    

 15
    

    
    

 20
    

    
    

 25
    

    
    

30
 

mi
n

De
t.A

 C
h1

B.

15.582 / dcSTX

16.749 / STX

12
5

10
0 75 50 25 0

mV

 0 
    

    
    

 5 
    

    
    

10
    

    
    

 15
    

    
    

 20
    

    
    

 25
    

    
    

30
 

mi
n

De
t.A

 C
h1

D.

16.208 / 16.656 / STX

5.0 2.5 0.0 –2
.5mV

 0 
    

    
    

 5 
    

    
    

10
    

    
    

 15
    

    
    

 20
    

    
    

 25
    

    
    

30
 

mi
n

De
t.A

 C
h1

C.

15.493 / dcsTX
16.639/ STX

10
0 75 50 25 0

mV

 0 
    

    
    

 5 
    

    
    

10
    

    
    

 15
    

    
    

 20
    

    
    

 25
    

    
    

30
 

mi
n

De
t.A

 C
h1

E.

13.356 / GTX4
15.271 / GTX1
15.749 / GTX5

17.696 / GTX3

21.502 / GTX2

15
0

10
0 50 0

mV

 0 
    

    
    

 5 
    

    
    

10
    

    
    

 15
    

    
    

 20
    

    
    

 25
    

    
    

30
 

mi
n

De
t.A

 C
h1

I.

13.851 / GTX4

14.775 / GTX1
15.492 / GTX5
18.536 / GTX3
20.711 / GTX2

7.5 5.0 2.5 0.0 –2
.5mV

 0 
    

    
    

 5 
    

    
    

10
    

    
    

 15
    

    
    

 20
    

    
    

 25
    

    
    

30
 

mi
n

De
t.A

 C
h1

F.

13.770 / GTX4
14.859 / GTX1

15.920 / GTX5
17.805 / GTX3

22.336 / GTX2

5.0 2.5 0.0 –2
.5mV

 0 
    

    
    

 5 
    

    
    

10
    

    
    

 15
    

    
    

 20
    

    
    

 25
    

    
    

30
 

mi
n

De
t.A

 C
h1

H.

13.775 / GTX

151.54.83396 / G / 
GTTXX51
18.122 / GTX3

22.329 / GTX2

5.0 2.5 0.0 -2
.5mV

 0 
    

    
    

 5 
    

    
    

10
    

    
    

 15
    

    
    

 20
    

    
    

 25
    

    
    

30
 

mi
n

De
t.A

 C
h1

G.

13.778 / GTX4
15.1459.28 / 4G 
/ TGXT5X1

18.263 / GTX3
22.220 / GTX2



365Pertanika J. Trop. Agric. Sci. 46 (1): 359 - 372 (2023)

PSP Profiles Produced by Pyrodinium bahamense

0.00

20.00

40.00

60.00

80.00

100.00

60 120 180 360 Bloom

M
ol

e 
(%

)

Days

STX

dcSTX

GTX3

GTX2

GTX5

GTX1

GTX4

Figure 3. Toxin profile (mole%) of Pyrodinium bahamense from the Sepanggar Bay cultivated in f/2 media 
at different culture ages and field bloom sample

Table 1
Cell size (µm), cell count (cells/mL), toxin profile, and toxin content (f mole/cell) of the Pyrodinium bahamense 
in different culture ages and field bloom

Culture age (days)
Bloom

60 120 180 360 
Size (µm)

Width 14.17 ± 1.42 14.34 ± 1.67 14.25 ± 2.33 14.35 ± 1.99 14.17 ± 2.43
Length 13.65 ± 1.80 14.36 ± 1.57 13.43 ± 1.65 14.29 ± 1.70 14.10 ± 2.03

Cell count (cells/mL) 1,866 2,910 4,050 4,116 18,000
Toxin  (fmol/cell)

GTX1 n.d. 0.10 (0.09) 0.52 (0.51) 0.78 (0.78) 0.16 (0.15)
GTX2 n.d. 0.08 (0.03) 0.10 (0.03) 0.12 (0.04) 0.03 (0.009)
GTX3 n.d. n.d. n.d. 0.04 (0.03) 0.05(0.03)
GTX4 n.d. 16.24 (11.85) 8.37 (6.11) 11.15 (8.14) 82.22 (60.02)
GTX 5 n.d. 0.06 (0.003) 0.12 (0.007) 0.28 (0.02) 0.06 (0.004)
dcSTX n.d. n.d. 0.28 (0.14) 0.72 (0.37) n.d.
STX n.d. n.d. 0.07 (0.06) 0.13 (0.13) 3.71 (3.71)

Total toxin/cell 0 16.47 9.45 13.23 86.22
STXequiv./cell 0 11.97 6.86 9.51 63.92

Note. n.d. = Not detected. Figure in brackets is the STX equivalent value for the derivative

toxicity potential per cell of P. bahamense 
samples at different culture ages (120, 
180, and 360 days) ranging from 6.7-12.0 
fmole STXequiv./cell.

DISCUSSION

This study detected six toxin compounds 
from P. bahamense sampled at Sepanggar 
Bay: GTX1, GTX2, GTX3, GTX4, GTX5, 
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dcSTX, and STX via HPLC-FLD analysis 
(Figure 2). Based on a previous study, 
these compounds also were detected in 
P. bahamense from nature, cultures, and 
vectors (shellfish, fish) exposed to P. 
bahamense (Table 2). The GTX4 was the 
major toxin compound found in different 
culture ages and field bloom samples 
collected. However, GTX3 was found as 
the primary toxin using the same culture 
but at an exponential phase (Yahumin et al., 
2022). It indicates that growth phases will 
determine the type of toxin produced besides 
other factors, such as temperature, medium, 
and chain length (Band-schmidt et al., 2006). 
In the P. bahamense batch culture, GTX 5 
increased from 25 to 55% as the temperature 
increased from 22 to 34oC, but NeoSTX 
decreased from 70 to 40%. In addition, the 
high light intensity can cause an inversion of 
the NEO/B1 ratio (Usup et al., 1994), while 
STX and dcSTX decrease by approximately 
20 mole% when P. bahamense is cultured 
in a high salinity environment (Gedaria 
et al., 2007). However, there was also the 
biotransformation of the of PSTs where 
less toxic PSTs into analogues of greater 
toxicity has been reported, such as C-toxin 
conversion into GTXs or GTX to STX (Wiese 
et al., 2010). The most toxic analogues are 
STX, NeoSTX, and gonyautoxin (GTX 
1-4), followed by the decarbamoyl group 
consisting of the decarbamoyl derivatives 
of STX, GTX 1-4, and Neo (Oshima, 1995). 

During the bloom of PSP producers, 
shellfish concentrate the toxins in their tissue 
from the water they filter when feeding 
(Montojo et al., 2006; Wiese et al., 2010). 

For instance, Alexandrium catenella at a 
low density (10 cells/ml) can accumulate 
up to 80 ug toxin 100/g in mussel tissue 
(Nishitani & Chew, 1984). During the P. 
bahamense bloom in 2013, the shellfish 
toxin level was 360–2920 µg STXequiv. 
100/g meat with a population of 34, 200 
cells/L (Suleiman et al., 2017). Furthermore, 
GTX 4 was found in green mussels two 
years after the P. bahamense bloom in Sabah 
(Mustakim et al., 2016). It is probably due 
to toxins that can be maintained in the cells 
even after cell death and the main toxin 
compound in GTX4, as observed in this 
study. Some bivalve species can maintain 
toxicities in their tissues for a long time 
after exposure to algal bloom (Mustakim 
et al., 2016; Oyaneder-Terrazas et al., 
2022). For instance, STX, NeoSTX, GTX 
5, and GTX 6 were found in bivalves after 
exposure to P. bahamense bloom. The exact 
analogues were present in P. bahamense 
in nature and cultures, but the toxin levels 
differ depending on the bivalve species 
(Montojo et al., 2006). The varying toxin 
profiles among shellfish may be attributed 
to the selective retention or elimination 
of toxins or enzymatic conversions by 
the molluscs (Oyaneder-Terrazas et al., 
2022). Determining toxin profile or PST 
analogues in shellfish, fish, and organisms 
accumulating the toxin is crucial due 
to the association with human health 
(Vilariño et al., 2018). Meanwhile, the green 
mussel showed high toxicity during the P. 
bahamense bloom, and the bivalve toxicity 
receded instantly when the bloom subsided 
(Montojo et al., 2006). The human intestinal 
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epithelium can absorb almost all PST 
analogues after consuming the contaminated 
shellfish (Rodrigues et al., 2021). Multiple 
factors must be considered in analysing the 
toxin content and toxic profile of shellfish; 
thus, Hayashi et al. (2006) recommend using 
a cell bioassay for routine monitoring.

This study shows that P. bahamense can 
survive in low cell numbers for up to 360 
days. After the cell entered the death phase, 
the morphology remained the same, and 
the cell size did not experience significant 
changes. This observation indicates the 
cell’s ability to utilise the nutrients from 
degraded cells and store them for later 
use (Phlips et al., 2006). Meanwhile, the 
P. bahamense from the Philippines had a 
low growth rate (0.2 div/d) that declined 
on day 35 and entered the death phase 
on day 43 (Gedaria et al., 2007). There 
were significant differences in toxin levels 
between field-collected and cultured P. 
bahamense, which aligned with previous 
reports. Toxin production rate is related to 
production of arginine (Arg) within the cells 
due to cell division (Anderson et al., 1990). 
PSP toxin content of a cell also relates to 
nitrogen within the cells (Usup et al., 2006). 
In this study, the toxin content of culture P. 
bahamense was constant. However, Usup 
et al. (2006) reported that the total toxicity 
potential per cell was higher in the field 
bloom sample with a toxin of 63.92 fmole 
STXequiv./cell compared to 59 fmole 
STXequiv./cell of P. bahamense culture. 
The high P. bahamense cell numbers reflect 
the high STX levels (Lopez et al., 2021). 
Moreover, Usop et al. (1994) found that the 

toxin level of isolated P. bahamense from 
Sabah increased at the beginning of the 
exponential phase and achieved maximum 
toxin content during the mid-exponential 
phase (400 fmole/cell), followed by a rapid 
decrease and plateau at 200 fmole/cell. 
Contrary to G. catenatum, no significant 
changes in toxin content with culture 
age were observed (Band-schmidt et al., 
2006). In contrast, Montojo et al. (2006) 
reported no significant difference in toxin 
content from five strains of P. bahamense 
harvested at the late exponential phase in 
the Philippines. Pyrodinium bahamense 
toxin content is not significantly influenced 
by different growth conditions but could 
affect the toxin profile in terms of the 
ratio of different PSTs (Usop et al., 2012). 
Furthermore, minimal differences were 
identified in PSTs detected in P. bahamense 
and shellfish (Montojo et al., 2006). Since 
there are discrepancies in the existing 
literature, it is essential to monitor P. 
bahamense bloom regularly to understand 
better the ecology and toxin mechanism 
of these STX producers. Furthermore, the 
findings can be utilised in developing a 
HAB programme to preserve human health 
and food safety.

CONCLUSION

This preliminary study showed that P. 
bahamense could sustain its growth for 
up to 360 days and produce toxins in low 
concentrations. Toxins GTX 4 is the main 
analogue found in P. bahamense, and a 
constant toxin cell content was found 
during the death phase. Furthermore, fresh 
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samples may contain more analogues than 
cultured cells, as observed in the bloom 
sample collected from the field. The study 
results align with previous findings that 
toxins are retained in the cell for a long 
time, although at low concentrations. 
Consequently, the vectors, such as the 
shellfish, will continuously accumulate 
toxins through filter-feeding after a bloom 
(death phase). Therefore, it is crucial to 
identify the environmental factors that 
trigger toxin production in harmful algae, 
such as P. bahamense, to ensure human and 
food safety and security.
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