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About the Journal

Overview

Pertanika Journal of Tropical Agricultural Science (JTAS) is the official journal of Universiti Putra Malaysia
published by UPM Press. It is an open-access online scientific journal which is free of charge. It publishes
the scientific outputs. It neither accepts nor commissions third party content.

Recognized 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.

JTAS 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 to authors around the
world regardless of the nationality.

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 three journals
as Journal of Tropical Agricultural Science, Journal of Science & Technology, and Journal of Social
Sciences & Humanities to meet the need for specialised journals in areas of study aligned with the
interdisciplinary strengths of the university.

After 37 years, 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.

Goal of Pertanika
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 14 weeks. The elapsed time from submission
to publication for the articles averages 5-6 months.

Abstracting and indexing of Pertanika

Pertanika is almost 40 years old; this accumulated knowledge has resulted in Pertanika JTAS being
abstracted and indexed in SCOPUS (Elsevier), Thomson (ISI) Web of Knowledge [BIOSIS & CAB Abstracts],
EBSCO & EBSCOhost, DOAJ, Agricola, Cabell’s Directories, Google Scholar, MyAlIS, ISC & Rubriq (Journal
Guide).

Future vision

We are continuously improving access to our journal archives, content, and research services. We have
the drive to realise exciting new horizons that will benefit not only the academic community, but society
itself.



Citing journal articles
The abbreviation for Pertanika Journal of Tropical Agricultural Science is Pertanika J. Trop. Agric. Sci.

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 takes seriously the responsibility of all of its
journal publications to reflect the highest in 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

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 ISSN as well as an e-ISSN.

Journal of Tropical Agricultural Science: ISSN 1511-3701 (Print); ISSN 2231-8542 (Online).

Lag time
A decision on acceptance or rejection of a manuscript is reached in 3 to 4 months (average 14 weeks).
The elapsed time from submission to publication for the articles averages 5-6 months.

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
Refer to Pertanika’s INSTRUCTIONS TO AUTHORS at the back of this journal.

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, and
References. Additionally, some papers include Acknowledgments and 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 INSTRUCTIONS TO AUTHORS.

Editorial process

Authors 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 usually sent to reviewers. Authors are encouraged to suggest names of at least three potential

reviewers at the time of submission of their manuscript to Pertanika, but the editors will make the final
choice. The editors are not, however, bound by these suggestions.
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Notification of the editorial decision is usually provided within ten to fourteen weeks 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.

As articles are double-blind reviewed, material that might identify authorship of the paper should be
placed only on page 2 as described in the first-4 page format in Pertanika’s INSTRUCTIONS TO AUTHORS
given at the back of this journal.

The Journal’s peer-review

In the peer-review process, three referees independently evaluate the scientific quality of the submitted
manuscripts.

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 seven steps to the
editorial review process:

1. The Journal’s chief executive editor and the editorial board examine the paper to determine
whether it is appropriate for the journal and should be reviewed. 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 three reviewers. Typically, one of these is from the Journal’s editorial board. Others are
specialists in the subject matter represented by the article. The chief executive editor asks
them to complete the review in three 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
literature.

3. The chief executive editor, in consultation with the editor-in-chief, examines the reviews and
decides whether to reject the manuscript, invite the author(s) to revise and resubmit the
manuscript, or seek additional reviews. Final acceptance or rejection rests with the Edito-
in-Chief, who reserves the right to refuse any material for publication. In rare instances,
the manuscript is accepted with almost no revision. Almost without exception, reviewers’
comments (to the author) are forwarded to the author. If a revision is indicated, the editor
provides guidelines 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 author(s) may also submit
a rebuttal if there is a need especially when the author disagrees with certain comments
provided by reviewer(s).

5. The chief executive editor sends the revised paper out for re-review. Typically, at least one of
the original reviewers will be asked to examine the article.

6. When the reviewers have completed their work, the chief executive editor in consultation
with the editorial board and the editor-in-chief examine their comments and decide whether
the paper is ready to be published, needs another round of revisions, or should be rejected.



If the decision is to accept, an acceptance letter is sent to all the author(s), the paper is sent to
the Press. The article should appear in print in approximately three months.

The Publisher ensures that the paper 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 Publisher. 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 article appears in the pages of the Journal and is
posted on-line.
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Foreword

Welcome to the First Issue 2018 of the Journal of Tropical Agricultural Science (JTAS)!

JTAS is an open-access journal for the Tropical Agricultural Science published by Universiti
Putra Malaysia Press. It is independently owned and managed by the university and run

on a non-profit basis for the benefit of the world-wide science community.

This issue contains 35 articles, out of which four are review papers, three are short
communication papers and 28 are regular papers. The authors of these articles come
from different countries, namely, Malaysia, Thailand, Iraq, Nigeria, Bangladesh, China,
Vietnam, India, Iran, Ghana, Saudi Arabia and Indonesia.

The first review paper aims to briefly cover the necessity of a herd health management
programme for dairy goat farms in Malaysia (Shahudin, M. S., Ghani, A. A. A., Zamri-Saad,
M., Zuki, A. B., Abdullah, F. F. J., Wahid, H. and Hassim, H. A.). The second review paper
focusses on the biological pre-treatment of agricultural biomass (Obeng Abraham Kusi,
Duangporn Premjet and Siripong Premjet), while the third examines the Kedah water
resources enactment 2008 for sustainable agriculture development (Siti Zuhaili Hasan
and Sarah Aziz). The last review article in this issue reports on sperm DNA impairment in
bulls, looking at the causes, influences on reproduction and related evaluation (Baiee, F.
H., Wahid, H., Rosnina, Y., Ariff, O. and Yimer, N.).

One of the short communication papers discusses the seroprevalence of neospora
caninum in sheep and goats of the Gua Musang district in Kelantan, Malaysia (Than
Kyaw, Athirah Mohd Mokhtar, Bee Lee Ong, Chee Hoek Hoe, Abd Rahman Aziz, Erkihun
Aklilu and Suratan Kamarudin). The subsequent two short communication papers look at
24-epibrassinolide mediated changes on germination and early seedling parameters of
vigna mungo (L). hepper var. shekhar-2 under salinity stress (Sombir Singh and Somveer
Jakhar) and light-harvesting complex and how it affects the growth of Arabidopsis
thaliana plants (Nozulaidi, M., Khairi, M., Alamri, S. and Jahan, M. S.).

The 28 regular papers cover a wide range of topics. In the first research paper, simple
net rainfall partitioning equations for nearly full to full-canopy stands is studied (Chong,
S. Y, Teh, C. B. S., Ainuddin, A. N. and Philip, E.). The next paper discusses the effect of



mevalonic acid (MVA) and linalool as a precursor in enhancement of limonene in citrus
grandis Osbeck albedo tissue culture (NikNorulaini, N. A. R, Thamare, K. M., Zarina, Z and
Tengku Norsalwani, T. L). The other papers are studies on: characterisation of fungi from
palm kernel cake (PKC) and the effect of storage temperature on fungi growth (Razali, S.
M., Lee, H. Y., Jinap, S. and Mahyudin, N. A.); biochemical and nutritional composition of
the giant African land snail (Archachatina marginata) from Southwest Nigeria (Bamidele,
Julius A., Ademolu, Kehinde O., Idowu, Adewumi B., Aladesida, Adeyinka A. and Oladele,
Adewumi O.); optimisation of soaking conditions to improve the quality of frozen fillets
of Bocourti’s catfish (pangasius bocourti sauvage) using response surface methodology
(RSM) (Chaluntorn Vichasilp and Sutee Wangtueai); effects of short- and long-term
temperature on seed germination, oxidative stress and membrane stability of three
rice cultivars (dular, KDML105 and riceberry) (Borriboon, W., Lontom, W., Pongdontri,
P, Theerakulpisut, P. and Dongsansuk, A.); kenaf-based composite posts as alternative
supports for black pepper (piper nigrum L.) (Khew Choy Yuen, Kevin Muyang, Chen
Yi Shang, Wong Chin Mee, Zehnder Jarroop and Siti Nur Aniza); genetic diversity and
relationship of Sabah traditional rice varieties as revealed by RAPD markers (Eric Tzyy
Jiann Chong, Lucky Poh Wah Goh, Jovita Jun Wong, Zaleha Abdul Aziz, Noumie @ Loumie
Surugau, Mariam Abd. Latip and Ping-Chin Lee); effect of naphthalene acetic acid (NAA)
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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.
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ABSTRACT

In Malaysia, an increasing number of new dairy goat farms are being opened by smallholders
due to increasing demand for dairy goat products. However, most of the dairy goat farms are
not managed well due to poor knowledge and information about the standard management
of dairy goat. Indeed, low performance of dairy goats with respect to growth performance,
feed utilisation, disease resistance and milk production has been associated with improper
rearing protocol, specifically, herd health protocol. For this reason, implementation of a
herd health management programme is important as a standard rearing management and
disease control programme for dairy goat farms. A herd health management programme
is a preventive programme intended to keep the herd healthy and free of disease through
comprehensive husbandry management that includes nutrition management, breeding,
parasite control, vaccination, biosecurity and environmental management with the

goal of improving the herd’s performance

and productivity. However, the level of

acceptance from farmers for implementing

herd health management programmes varies,
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INTRODUCTION

Rising human population has resulted in
a corresponding increase in demand for
food, especially food made from animal
products (Sarma & Yeung, 1985). This
has triggered an increase in goat farms to
meet the demand for goat products such
as meat and milk (Derks, 2013). In the last
two decades, expanding market demand for
goat milk has resulted in the establishment
of commercial dairy goat farms in several
Southeast Asian countries (Liang, 2014).
In Malaysia, dairy goat farms opened by
smallholders contribute to the increasing
dairy production for the local market.
However, these smallholder farmers lack
knowledge and information about standard
management of dairy goats, resulting in
poor farm production practice and methods
(Young, 2010).

To cope with the problem, a herd health
management programme was developed for
use as the standard in rearing management
and disease control. The programme,
for implementation in dairy goat farms,
intended to monitor, treat and prevent health
problems as well as ensure the welfare
of animals while being cost effective
(Sibley, 2000, 2006). The main purpose of
the programme is to prevent disease and
improve animal health and production by
introducing long-term strategies focussing
on the whole herd (Hall & Wapenaar, 2012).

Regardless of the fact that research
activities have developed comprehensive
herd health management programmes, there
are still problems in implementation at the
farm level, especially among smallholders.

Major concerns regarding animal nutrition,
disease control, breeding and husbandry that
directly affect production and profitability
do not seem to have been properly
understood by farmers and entrepreneurs
(Aziz, 2007). Therefore, there is a need
for a multidisciplinary approach involving
veterinarians, animal nutritionists and
theriogenologists in the work of transferring
this knowledge actively to farmers. As the
dairy industry has evolved tremendously,
the scope of veterinary work also has
grown; where in the past veterinarians were
called by farmers to diagnose and treat sick
animals, they now need to take the lead in
approaching farmers to share suitable and
relevant advice (Derks, 2013).
The objectives of this review were:

1. To provide a brief profile of the
dairy goat industry in Malaysia,

2. To highlight the common practice of
goat rearing in Malaysia and aspects
of a proper herd health management
programme that can be practised in
dairy goat farms, and

3. To outline the challenges and
problems in implementing a herd
health management programme
among smallholder goat farmers.

DAIRY GOAT INDUSTRY IN
MALAYSIA

The population of goats in Malaysia is
small compared to that in other developing
countries such as India, China, Thailand
and Indonesia. In 2005, the population
of goats in Malaysia was 428,263 heads,
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with approximately 200,000 heads reared
mainly by smallholders (Aziz, 2007). In
2015, the population of goats in Malaysia
had increased to 439,667 heads. Although
there was an increment of 2.7% in the
population of goats, the increment was
small and it could not meet local demand.
Therefore, the government had encouraged
the import of live goats from other countries,
and 102,445 heads of imported live goats
were brought into Malaysia in 2007
(Department of Veterinary Statistics, DVS,
2012). Nevertheless, in 2013, the number
of imported live goats had decreased to
82,821 heads (Table 1). This was due
to the government policy of increasing
participation of smallholders in goat farming
in order to lower dependence on imports to

Table 1
Information of goats in Malaysia from 2011-2015

meet the shortfall in domestic production
(Jamaluddin, 2012). Compared with the
commercialised pig and poultry sector,
the ruminant industry, particularly the
goat industry, was stagnant and lagging.
While the former had achieved domestic
self-sufficiency, mainly with the active
participation of the private sector, the
goat industry is kept going mainly by
smallholders, who generally start out
on low capital. Although there has been
enthusiastic participation by government
land development agencies aiming to
increase production in goat and sheep
rearing integrated with plantation crops, the
goat industry continues to lag in meeting
local demand (Devendra, 2007).

Item 2011 2012 2013 2014 2015
Goat population (Number) 479,444 462,510 434,202 429,398 439,667
Recorded slaughter of goats (Number) 37,121 37,653 64,368 67,858 66,466
Imports of live goats (Number) 102,445 110,117 82,821 80,065 50,634
Imports of mutton (Tonne) 17,805 18,007 18,400 22,116 18,143
Local production of mutton (Tonne) 3,091.5 4,806.2 4,688.8 4,546.1 4,367.3

The dairy goat industry is part of the
world dairy industry and has to confront
competition with cow, sheep and even
buffalo milk products (Dubeuf, Morand-
Fehr, & Rubino, 2004). This is because the
organisation of the goat milk sector appears
to be reliant on existing competition from
the cow milk sector, as goat milk is generally
still not widely sold although consumed
locally. However, goat milk production
could meet its potential role as a significant

milk alternative especially in developing
tropical countries. This is because in 2000,
FAO projected that demand for milk in
the developing tropical world would reach
an estimated 242 million tonnes, whereas
the projected supply was estimated to be
only 177.6 million tonnes. This increase
in demand for milk production could be
met by goat milk as 90% of the total world
goat population comes from developing
countries in the tropics (Knights & Garcia,

Pertanika J. Trop. Agric. Sci. 41 (1): 1 - 18 (2018) 3



Shahudin, M. S., Ghani, A. A. A., Zamri-Saad, M., Zuki, A. B., Abdullah, F. F. J., Wahid, H. and Hassim, H. A.

1997). In addition, according to Lai (2012),
goats are generally more efficient than other
domesticated ruminants in digesting low-
quality roughage in both tropical and arid
environments and are more efficient than
sheep in temperate zones. This shows that
goats are well adapted and their abundance
of population in the tropics can be used as an
important source in milk production.

Dairy goat farming in Malaysia began
in 1950 when imported breeds were used
such as the Saanen, Anglo Nubian, British
Alpine and Jamnapari. While the most
common breed used was the Saanen, dual
purpose breeds such as Anglo Nubian,
Boer and Jamnapari as well as Shami goats
have been used in Malaysia since 2009.
In 2009, a total of 115 dairy goats were
imported to Sarawak by the Agriculture
Department; they consisted of the Saanen,
Anglo Nubian, Toggenburg, Australian
Brown and British Alpine breeds and were
meant to meet demand from local dairy goat
producers. Table 1 shows information on
goats in Malaysia from 2011-2015 (DVS,

2017). Up until now, there is no official
recorded data of goat milk production
and its consumption in Malaysia. This is
because the majority of milk production in
Malaysia is still dominated by cow’s milk
and statistical data often categorised goat
milk together with cow and buffalo milk
(Table 2). Nevertheless, in 2013, there were
8,195 heads of dairy goats in Peninsular
Malaysia, with about 50% of the dairy
population located in Johor (Shanmugavelu
& Nizamuddin, 2013). The biggest share
of dairy goat products in the local market
is fresh goat’s milk. Also available are
fermented goat’s milk and pharmaceutical
products made from goat’s milk such as
soap and shampoo. Although there is a lack
of official data on goat’s milk in Malaysia,
it does seem clear that there is a significant
increase in demand for goat’s milk since
claims of its benefit to health rose among
the public. Indeed, various studies have been
done to compare the nutritional advantage
of goat’s milk compared to milk from other
animals. According to Chadan et al. (1992),

Table 2

Production quantity, ex-farm value and vonsumption of major livestock products in Malaysia for 2012 and

2015
Product Production (000MT) Ex-Farm Value Consumption (000MT)

(RM million)
2012 2015 2012 2015 2012 2015

Beef 51.28 50.50 1,031.78 1,411.72 181.48 214.87
Chevon/Mutton 4.81 4.37 146.12 143.18 24.38 38.10
Poultry (Live) 1,374.50 1,613.92  6,867.81 9,421.27 1,301.48 1,544.78
Pigs 218.47 215.76 1,988.88  2,459.41 225.82 228.03
Eggs (Mil. units) 643.00 775.05 3,274.03  4,641.24  545.00 683.00
Milk (Mil. L) 72.41 76.04 144.82 152.08 1,046.28 1,087.83

Adapted from DVS (2017)
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the average of fat globule size in goat milk
is significantly smaller compared to that of
cow’s milk. It also has a greater amount of
selenium, which is an important nutrient
requirement for infant milk formulae, and
thus, it has been used widely as replacement
milk for infants (Haenlein, 1992). In the
case of infants who have cow’s milk protein
intolerance, goat’s milk also can act as a
viable dairy option in meeting nutritional
requirements.

One of the issues and challenges facing
dairy goat smallholders in Malaysia is the
dependency on imported breeding stock to
meet local demand (Jamaluddin, 2012). To
overcome the problem, in the 1980s, the
development of a breeding programme was
started to produce a synthetic goat breed
called Jermasia, which is a combination of the
German Fawn breed and the Katjang breed.
This is a dual-purpose breed developed by
University of Malaya and the Department
of Veterinary Services (DVS). Nevertheless,
the number of goat produced under this
programme is small and still not able to meet
local demand. Thus, to further encourage
development of dairy goat production and
its sustainability, Malaysia developed the
Malaysian Livestock Breeding Policy in
2013. The objective was to enable breeding
of quality livestock through sound genetic
principles and practices that satisfy the need
for an economical and sustainable livestock
industry and to fulfil market requirements
(DVS, 2013). Since then, many programmes
have been initiated by the DVS to boost
the development of dairy goat production.
In 2013, the DVS set up a National Boer

Breeding Centre (NBBC) in Pondok Tanjung,
Perak to harness the superior qualities
of the Boer breed, which has undergone
systemic genetic selection in South Africa.
Besides developing a systematic breeding
programme through application of breeding
technology, this centre also provides training
and incubator programmes to ensure that
the technology and knowledge can be
transferred to commercial goat farmers and
thus, production quality will be consistent.

COMMON PRACTICE OF

GOAT REARING IN MALAYSIA
AND ASPECTS OF A PROPER
HERD HEALTH MANAGEMENT
PROGRAMME IN DAIRY GOAT
FARMS

Malaysia has a long history of goat rearing,
with most of the production being carried
out by farmers and lower-income farming
families (Devendra, 2013). In the past, the
traditional farming system was observed;
farms were usually a family-orientated
business and the goats were inherited from
previous generations of the family. Most
of the goat products were used only for
family consumption, providing the family
with food security as its principal means
of survival. The productivity of the goats
during this time was low due to the fact that
the goats were reared using an extensive
system, which allowed them to graze in
small plots of land or wander freely while
scavenging natural vegetation that had low
nutrient content (Gatenby, 1986). However,
commercial goat farms in Malaysia began
to increase in the last 20 years. There has
been some improvement in rearing practices
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in this time, as these smallholders have
started to use the intensive farming system
to increase the production of goat products.
However, information on standard rearing
management for goats is limited and most
farmers still rely on traditional knowledge
to rear their goats.

The herd health programme is a
preventive programme intended to keep
the herd healthy and free from disease
(Salisi et al., 2012). The programme is a
comprehensive husbandry management
programme, which includes nutrition
management, breeding, parasite control,
vaccination, biosecurity and environmental
management aimed at improving herd
performance and productivity. Developing
an effective herd health programme is very
crucial as it can determine the success of
a dairy goat farm. A farm management
programme that integrated herd health,
animal welfare, public health and farm
production was developed in the 1990s
(Noordhuizen & Wentink, 2001) and it
has resulted in improvement of animal on
farms (Sol & Renkema, 1984; Hogeveen
& Dykhuizen, 1992). Relying solely on
feeding and breeding will not result in
maximum production if goats are exposed
to disease and not kept in good health
(Salisi, 2012). Diseases have a major effect
on reproduction, growth, survival rate and
performance of the goats. When disease
occurs and treatment is required, in the event
of ineffective treatment, production losses
may occur.

Feeding Programme

Common feeding practice by smallholders
in Malaysia relies on locally available
forage and commercial concentrated feed.
Common forage includes Guinea grass,
Napier grass and Bracharia spp., while
goats are usually fed legume species like
Lucaena spp., Gliricidia spp. or Mulberry
spp. (Shanmugavelu & Nizamuddin, 2013).
One of the major constraints in developing
dairy goat production is the difficulty of
maintaining a balanced diet throughout the
year for the animals (Islam, 2000). This
is due to shortage of available grazing
pasture, the hot and humid climate, which
limits the ability to grow quality grass for
ruminants (Rahman, 2015). The farmers
have been using concentrates (goat pellets)
and low-quality forage extensively to
overcome the problem. In recent years,
various agro-industrial by-products such
as oil palm fronds, rice straw and soy bean
waste have been utilised as animal feed.
Malaysia produces 2 mil tons of agro-
industrial by-products every year. Indeed,
the use of agricultural by-products as source
of feed for animals has been accepted and
is widely practised by smallholder farmers
in Malaysia.

Most of the farmers have limited
knowledge of a systematic feeding
management that takes into account all
nutritional requirements needed based
on the goat’s stage (Devendra, 2013).
According to a study by Abdullah (2015),
only 59% of smallholder goat farmers in
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Malaysia understand the importance of good
feeding management for herds. They do
not comprehend the usage of proper rations
and minimal amount of nutrients such as
protein, carbohydrate and fat required in the
different stages of goat growth. Balanced
nutrition is essential for the health and
productivity of all animals and is the basis
of successful production systems. A well-
planned preventive health programme
without a proper feeding programme cannot
overcome problems that are created by
poor nutrition (Hart, 2008). Besides that,
nutrition is a production factor that reflects
the total production and profit of a farm as
it is the easiest aspect of management for
farmers (Morand-Fehr, 2005). Therefore,
goat nutrition is of paramount importance
for successful goat production (Abubakr,
2015).

Like other ruminants, goats have four
compartments in their stomach, three of
which contain microbes that will break down
feed. To promote proper fermentation in the
stomach, the microbes need to be provided
with an optimum amount of energy, protein,
fibre, minerals and vitamins. Each nutrient
should be given in correct proportion to
meet the minimum daily requirements.
The nutritional requirements are expressed
on the basis of either percentage or grams
per kilogram of the total ration, which
comprises the minimum daily requirement
for each nutrient group. Indeed, energy and
protein are the most crucial nutrients needed
by goats to build new tissue for growth or
tissue replacement (Mowlem, 1992).

With respect to nutritional management,
adequate nutrients should be given to
animals according to their sex, age and
body size as well as the production system,
climate and physiological stages (Rashid,
2008). Planning nutrient requirements for
each stage of animal growth should address
the requirements for maintenance, growth,
pregnancy and lactation, during which
energy is needed to maintain a steady live
weight as well as special needs related to
the stage.

Health Monitoring and Vaccination
Programme

Poor animal health due to disease infection
may result in low milk production and
indirectly lead to low profit margin. Goats
in herds, especially in an intensive farming
system, are more prone to infection with a
higher mortality rate. This is because diseases
in a high stocking density environment
are more easily transmittable between
animals through the air, faeces and urine.
Since past times, smallholders have been
using traditional medication to treat their
goats; for example, goats with respiratory
problems are given mulberry leaf, while
goats infested with helminth parasites are
given areca nut palm in their drink as a
means of deworming and goats suffering
from bloating have coconut oil rubbed on
the affected area and are fed water mixed
with tamarind fruit and ginger. However,
the growing number of goats imported from
other countries has led to the emergence of
zoonotic and infectious diseases such as foot
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and mouth disease (FMD) and brucellosis;
these together with the increasing number of
common diseases such as mannheimiosis,
caprine arthritis encephalitis (CAE) and
enterotoxaemia (pulpy kidney) highlight
the importance of proper health monitoring
and a vaccination programme to ensure
that the production and health of the goats
are not affected (Salisi, 2012). A study by
Abdullah (2015) showed that only 35%
of goat smallholders in Malaysia have
complied with good health management.
This includes participation in vaccination
programmes, deworming programmes,
disease monitoring and data recording
for disease incidence and mortality. This
shows that herd health management is very
important as it determines the productivity
of the farm and thus, smallholders need to
implement herd health programmes on their
farms.

A vaccination programme is one of
the important components in herd health
programmes. It can ensure that goats
are protected from various types of
disease. Vaccination helps the animal to
develop its immune system at an earlier
stage of life (Smith & Sherman, 2009).
There are two types of vaccine that are
commonly given to goats: killed vaccine
and modified live vaccine. In Malaysia,
the vaccination programme is aimed at
treating various infectious diseases such
as pneumonia, foot and mouth disease
and caseous lymphadenitis (CLA), among
others. Pneumonia is a respiratory problem
that commonly occurs in goats, especially
young goats. The main causative agent

of respiratory problems in Malaysia
is Mannheimia haemolytica serotypes
A2, A7 and A9 (Salisi, 2011). Under
stressful conditions such as transportation,
overcrowding, malnutrition and weaning
following concurrent viral infection and
other diseases, disease can compromise the
animal’s immune system, exposing them to
infection and disease (Davies et al., 1982;
Zamri-Saad et al., 1989). During the rainy
season, the number of pneumonia cases
increases, especially among young goats
(Jasni et al., 1991). Vaccination against
Mannheimia haemolytica is normally
given at six-month intervals, in March
and September, prior to the rainy season.
Vaccination can also be given to newly
introduced goats on a farm to ensure the
goats are healthy and protected from disease.

Besides pneumonial infection,
vaccination in Malaysia currently also
combats foot and mouth disease (FMD)
(Abdullah, 2015), which is caused by
Apthovirus under genus Picornaviridae and
is highly contagious among cloven-footed
animals and can affect livestock production
(Abdul-Hamid, 2011). It is characterised
by fever, loss of appetite, hypersalivation
and vesicular eruptions on the feet, mouth,
udder and teats (Wongsathapornchai, 2008).
According to Edwards (2004), the disease
is endemic in Peninsular Malaysia with
mainly serotype O and occasionally A and
Asia 1. Nevertheless, Sabah and Sarawak
have been declared as FMD-free zones,
which means there is no need of an FMD
vaccination programme for animals in
those states. Besides strict management of
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animal movement, vaccination is one of the
important measures to control the disease.
Vaccination against FMD is normally given
twice a year to all goats, especially those
in high-risk zones and bordering Thailand
(Gleeson, 2002).

Under Malaysian Veterinary Protocol,
Mannheimiosis and foot and mouth disease
have been categorised as a notifiable disease
which should be reported to the Department
of Veterinary Diseases (DVS, 2011). Under
the protocol, there is a standard operating
procedure (SOP) to control and eradicate
the disease; the SOP includes treatment to
infected goats and a vaccination programme
carried out by the authorities. The vaccine
for the disease is controlled by the Control
and Eradication Section under the DVS and
is distributed to each state DVS for farm
vaccination programmes.

Parasitism Management and
Deworming Programme

Parasitism is one of the biggest problems
occurring on farms and needs to be
tackled effectively. In Malaysia, infectious
diseases such as parasitism, together with
mismanagement and nutritional deficiencies,
are the main reason for high losses on goat
farms (Dorny, 1994, 1995; Fatimah, 1992;
Syed, 1976; Symoens, 1992; Zamri-Saad,
1987). Parasites can vary from ectoprasites,
endoparasite and blood protozoa. Parasitism
results in weakness, low body condition,
lowered resistance to disease, mortality and,
ultimately, loss of productivity and income
from the affected stock. One of the common
parasitic gastroenteritis diseases among

goats in Malaysia is caused by Haemoncus
contortus (Symoens, 1992). It is considered
to be the most prevalent and pathogenic
nematode species to infect small ruminants
in Malaysia (Dorny, 1995). Favourable
conditions such as a hot and humid climate
throughout the year and free grazing usually
practised by smallholders encourage the
development of these nematodes in the
goats’ gastrointestinal system, causing
haemonchosis ((Dorny, 1994; Ikeme, 1987).
Besides haemonchosis, coccidiosis is also
typically occurring among goats in Malaysia
(Dorny et al., 1995). Coccidiosis, which is
caused by Eimeria sp., commonly occurs
among young goats. It is known as one of
the main factors of mortality among kids;
the mortality rate among kids in their first
year of age can reach up to 63% (Symoens
et al., 1993).

A good herd health programme must
include a plan to manage the common
parasites that are a threat to goats. A good
parasite control programme should be
focused on preventive rather than therapeutic
action. Indeed, treating goats after heavy
parasite loads has less impact on reducing
future contamination of the environment.
Besides that, goats tend to shed worm
eggs back into the environment even after
treatment.

Whether or not goats are in an intensive
system of free grazing, it is best to practise
deworming every two or three months for
adult goats. Kids should be dewormed
at weaning and this should be repeated
after 21 days. Antihelminthic drugs such
as albendazole or fenbendazole should
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also be given orally. These drugs are
effective against gastro-intestinal nematodes
such as Haemonchus contortus, Oestergia
circumcinta, Trichostrongylus axel,
lung nematodes such as Dictyocaulus
viviparous, cestodes such as Moniezia
expansa and hepatic nematodes such as
Fasciola hepatica. A good parasite control
programme also should include a scheduled
screening programme; faecal samples from
goats in the herd should be collected once
every three months and the most common
parasite diagnostic tests, faecal floatation,
should be carried out.

Breeding Management Programme

Under the smallholder goat farming
system in Malaysia, goats are often kept
under a wide range of minimal husbandry
conditions (Holst, 1999). Whether they
practise intensive or extensive farming,
farmers lack understanding and proper
implementation of breeding programmes for
their farm. Indeed, there is no recorded data
on goat breeding by smallholder farmers
in Malaysia. Only 48% of smallholders
comply with proper breeding management
(Abdullah, 2015). Most of them use native
local breeds such as the Katjang for milk
and meat production. Even though the
breed is known to be adaptive to the local
environment and is able to breed all year
round, it is not an efficient milk producer
due to the female’s small udder size and low
effective reproductive or maternal ability.
Furthermore, most smallholders do not keep
proper breeding records. Record keeping
in breeding management is important as it

can help the farmer to select high quality
traits from their goats to be used for future
breeding. It also can help them to reduce
production cost by culling unproductive
goats (Doye, 2004).

A good breeding programme should start
with a clear objective of farm production and
what traits are important for the particular
environment of the farm (Carles, 1983;
Solkner et al., 1998). Indeed, different farms
have different aims of production i.e. either
for meat, milk or both. Thus, breeds suitable
for a particular production can be selected
to improve production and profit in the long
run. Selection and replacement of goats to
be used for breeding should be based on the
important traits for the purpose of breeding.
For instance, the selection of the buck
should be based on structural and breeding
soundness. The buck should be healthy
and free from any reproductive disease
and should have good male characteristics
such as masculinity, adequate muscling,
conformation of head and neck and standard
buck vocalisation. The doe or female goat
should have a proper oestrous cycle, be
free from any reproductive disease, have
good conformation and a healthy udder for
milk production. Selection of suitable traits
for breeding is important because these
traits will contribute to the genetic makeup
of every kid born and will determine the
performance of the herd on the farm.

Biosecurity Programme

Another important aspect of a herd
health programme is biosecurity control.
Biosecurity can be defined as a prevention
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plan to control disease on the farm or
spreading around the farm by implementing
certain practices or procedures on the farm
(Delabbio, 2006). Biosecurity control
includes daily cleaning of the animal pens,
buying animals and other products from
approved sources, control of traffic on the
farm, disposal of dead animals, quarantine
and isolation of new and sick animals,
hygiene control by personnel, foot dips at
the entrance of the farm and animal house
and many other practices (Delabbio et. al.,
2006). The type and frequency of biosecurity
controls implemented on a farm varies based
on the level of awareness of the importance
of biosecurity by the farmer (Gillespie,
2000; Sanderson, 2000; Lee & O’Bryen,
2003) as well as the characteristics of the
farm itself such as species grown, number
of staff and adequate source of water on the
farm (Delabbio et. al., 2003, 2004, 2005). A
study done by Nooraisyah (2014) to measure
the biosecurity status of small ruminant
farms in Peninsular Malaysia found that
only 40% of the total farms surveyed
adopted proper bio security practices. The
remaining 60% of farms practised poor
biosecurity by not implementing proper
isolation, traffic control or sanitation. The
main causes of poor practice of biosecurity
controls, especially among goat farmers in
Malaysia, is the lack of time to maintain a
biosecurity programme, the cost of running
such a programme and the lack of technical
knowledge about biosecurity programmes
(Abdullah, 2015).

Implementation of biosecurity has
been said to be able to reduce disease

risk on a farm (Ganter, 2008), improve
production efficiency and thus, increase
farm revenue (Stott, 2003; Gunn, 2004).
However, implementation of biosecurity
controls on a farm should be seen as
simple, practical and not burdensome or
expensive (Ganter et al., 2008). Indeed,
the effectiveness of biosecurity plans on a
farm depends on the ability of the farmer
to continuously adhere to the plan for the
farm. As implementation of a biosecurity
programme is very low among smallholder
dairy goat farms, particularly in Malaysia,
it is important for farmers to understand the
essence of such a programme in preventing
disease occurrence and to implement it
efficiently on the farm.

Depending on the level of biosecurity
planning to be implemented on the farm, the
planning should start from proper selection
of new animals on the farm. This includes
purchasing animals from a known source
that is free from any diseases, keeping
proper health records for the animals and
performing health screening in a quarantine
pen once new a new herd arrives on the farm.
This is important for ensuring the newly
introduced animals are healthy and free
from any transmittable disease. Besides that,
proper farm planning is also a biosecurity
measure that needs to be addressed, such
as one-way entry to the farm, a vehicle dip
with disinfectant at the entry of the farm
and proper fencing surrounding the farm
to ensure that the farm is restricted from
outsiders who might harbour disease and
affect animals on the farm.
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Challenges and Problems Facing the
Implementation of a Herd Health
Programme Among Smallholder Farms

Despite the tremendous growth of dairy goat
farming in Malaysia with the participation
of many smallholders in this profitable
venture, implementation of a herd health
programme as the standard in goat rearing
management of a farm in Malaysia is
still low (Abdullah, 2015). One of the
reasons is that this programme is seen
among smallholders as being too ideal
even though some are aware of the benefits
of implementing the programme in terms
of farm production and profit (Kristensen,
2008). A herd health programme is a new
thing in dairy goat production in Malaysia
as most dairy goat production depends on
smallholders. Most smallholders perceive
a herd health programme as being too
ideal because their farm operation is small-
scale, whereas implementation of such
a programme will need a huge overhead
in terms of medication, feed cost and
restructuring of the farm for the addition of
biosecurity controls, among other reasons.
According to Esslemont (1992), farmers in
the United Kingdom are not implementing a
herd health programme on their farms due to
the extra cost it will require. This is affirmed
by Lievaatt and Noordhuizen (1999), who
reported that high cost was the main reason
that Dutch farmers did not implement a
herd health programme and instead, stuck
with the traditional farming system. Thus,
it is important that the veterinarian be able
to plan an effective herd health programme

that is able to reduce disease incidence and
mortality of goats on the farm; hence, it
could successfully improve the productivity
and profitability of the farm. Besides that,
the veterinarian also needs to have vast
knowledge of calculating costs and benefits
of running a herd health programme.

Most smallholders think that a
veterinarian’s role is only to treat sick
animals, control disease, support animal
health and make welfare decisions (Hall
et al., 2012). They seem unaware that
veterinarians can also play an important
role as advisor in optimising production and
decreasing the overall cost of running their
farms. Thus, the role of veterinarians on
farms should be emphasised to farmers; they
should be made aware that veterinarians can
help by giving advice and guidance in every
aspect of farm management.

A herd health programme is also
difficult to implement in a family-orientated
farm (Hall et al., 2012). This type of
farm is passed down the generations of
farming families, and farming skills are
gained from the experience and knowledge
passed from one generation to the next. It
is indeed difficult to change the attitudes
and ideas passed down in families; only an
experienced veterinarian would be able to
come against such entrenched thinking and
habits (Jansen, 2010).

Good communication skills play a
crucial role in developing a good relationship
between farmers and veterinarians and
enable effective delivery of knowledge
(Derks, 2012). A strong relationship between
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both parties indeed determines the success
of a farm’s herd health programme (Maister,
2000).

CONCLUSION

It is important for goat farmers, especially
smallholders, to know the standard
management practices needed to run a goat
farm effectively and successfully, through
implementation of a herd health programme.
Such a programme can control the disease
incidence and mortality rate on the farm,
thus improving production and profitability
of the farm. Veterinarians play a vital role in
bringing new knowledge and technology to
dairy goat farmers, especially smallholder
farmers. It is hoped that the formulation
of a standard herd health programme can
guide dairy goat producers to proper herd
management, increasing the productivity
of their farms.
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ABSTRACT

Pre-treatment is a key step in the production of bioethanol from lignocellulosic biomass.
Current pre-treatment techniques including physical, chemical and physico-chemical
methods may increase the cost of production and produce inhibitors. In addition, they
are not environmentally friendly. On the other hand, biological pre-treatment is mild, less
costly, eco-friendly and consumes less energy. Despite all these benefits, several factors
affect the biological pre-treatment process including microbial strain, the culture and
environmental conditions as well as the type of lignocellulose material. To overcome these
setbacks, different forms of biological pre-treatments such as microbial and ligninolytic
enzyme pre-treatments as well as processes are studied. This review presents an overview
of different forms of biological pre-treatment, various processes carried out with the aim
of enhancing delignification and drawbacks of this pre-treatment process.
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(Lopez-Abelairas et al., 2013a). Different
types of biomass can be used for bioethanol
production (Oke et al., 2016). Crops such
as corn, sugar beets, sorghum and sugar
cane are being used for the production of
bioethanol (Lemée et al., 2012). However,
the use of food crops to produce bioethanol
contributes to high food prices globally
(Larran et al., 2015).

Lignocellulosic biomass, a non-food
source, can be transformed into useful
products such as bioethanol, methane or
other important chemicals (Cianchetta et
al., 2014). Lignocellulosic biomass is rich
in energy, less expensive and abundant all
over the world (Okeke et al., 2015). This
biomass comprises residue from crops and
forest products that are not used. They are
essentially made up of lignin, hemicellulose
and cellulose (Horisawa et al., 2015) and
are a good source for bioethanol production
(Castoldi et al., 2014). However, access
to the sugar component of lignocellulosic
biomass is the major problem of bioethanol
production from such materials (Garcia-
Torreiro et al., 2016). The presence of lignin
serves as a protective cover preventing
enzymatic access to the hemicellulose
and cellulose (Castoldi et al., 2014). A
suitable pre-treatment technique which is
able to eliminate and/or reduce or alter the
lignin component; exposing the cellulose
and hemicellulose for degradation and
fermentation is, therefore, very important
(Ma & Ruan, 2015).

Pre-treatment of lignocellulosic biomass
can be physical, chemical, biological or a
combination of these (Larran et al., 2015).

Physico-chemical pre-treatment techniques,
although effective, may produce substances
that may impede sugar hydrolysis and the
fermentation process (Salvachua et al.,
2013). These techniques are also costly and
may not be environmentally friendly (Asgher
et al., 2016). Biological pre-treatment is
more eco-friendly and requires less energy
as well as mild conditions (Garcia-Torreiro
et al., 2016). It is a promising alternative to
non-environmentally friendly physical and
chemical pre-treatment methods (Arora et
al., 2016). This review sought to discuss
different forms of biological pre-treatment,
its various processes carried out with the aim
of' enhancing delignification and drawbacks
of this pre-treatment technique.

AGRICULTURAL BIOMASS

Different stages in crop production generate
materials that may be used as feedstock for
bioethanol production (Serna et al., 2016).
Biomass from crop cultivation is rich in
energy, less expensive (Okeke et al., 2015)
and abundant in supply all over the world
(Placido et al., 2013). The cell wall of plants
is made up of a network of polysaccharides,
structural proteins and phenolic compounds
(Jenkins, 2014) that make the cell wall rich
in chemicals and fermentable sugars for
biofuel production (Guerriero et al., 2016).
Although agricultural biomass has the same
major components, there is variation in its
composition from one species to another
(Galbe & Zacchi, 2012).

The sustainable availability of
agricultural residue is very important in
the quest to increase the production and
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utilisation of bioethanol as an alternative
to fossil fuel (Cardoen et al., 2015). Searle
and Malins (2016) reported that majority of
European Union (EU) member states will
have more than enough feedstock in 2020 to
meet the directive of 0.5% advanced biofuel
blending targets for transportation. Among
the EU member states, France and Germany
are the largest producers of agricultural
residue. Cardoen et al. (2015) stated that
611 Mton/year of agricultural field residue is
generated in India, out of which 158 Mtons
(25%) are deemed to be surplus. Out of this
surplus agricultural residue, 41 Mton/year
are from sugarcane bagasse, 28 Mton/year
from paddy straw, 21 Mton/year from wheat
straw and 19 Mton/year from cotton stalk.
Gao et al. (2016) reported that the overall
agricultural residue in China is 10,818 PJ,
out of which 8,419 PJ are available for the
production of energy. The energy potential
of rice residue (2,418 PJ), corn residue
(2,334 PJ) and wheat straw (1,232 PJ) makes
up 71% of the overall avaible energy supply.
Rice husk, corn cob, sugarcane bagasse and
peanut hull make up about 12% to 15% of the
total available agricultural residue in China.
Saini et al. (2015) indicated that worldwide
production of the main agricultural residue
18 354.34 million tons of wheat straw, 731.3
million tons of rice straw, 128.02 million
tons of corn straw and 180.73 million tons
of sugarcane bagasse. The largest amount of
rice and wheat straw are produced in Asia,
while corn straw and sugarcane bagasse
are generally from America. Research into

the effective utilisation of lignocellulose
materials from agricultural biomass is on
the increase (Wang et al., 2013). Different
types of agricultural biomass including
wheat straw, corn stover, corn cob, banana
stalk and sugar cane bagasse have been
biologically pre-treated for bioethanol
production (Table 1 and 3).

PHYSICAL AND CHEMICAL PRE-
TREATMENT

Physical, chemical and physico-chemical
methods have been used to pre-treat
lignocellulose materials (Maurya et al.,
2015). Methods including milling, chipping,
grinding and/or irradiation (gamma rays and
electron beam) have all been applied to pre-
treat lignocellulose material. However, these
processes demand high energy, making them
very expensive (Zhu, 2011).

Chemical pre-treatment is the most
extensively used method. Chemicals
such as acids, bases, ionic liquids and
organic solvents are used for pre-treatment
of lignocellulose materials (Aver et al.,
2014). Sulphuric, nitric, hydrochloric and
phosphoric acids have all been used (Nieves
et al., 2016). However, high concentration
of these acids is dangerous and corrosive
(Kristiani et al., 2013). Partial hydrolysis of
the cellulose and hemicellulose components
(He et al., 2014) as well as production of
inhibitors, including furfural derivatives,
acetic acid, phenolic and other aromatic
compounds, may also occur (Kim et al.,
2016). Dilute phosphoric acid has been
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reported as less corrosive and toxic compared
to dilute sulphuric acid (Siripong et al.,
2016), although very expensive (Nair et al.,
2015). Organic solvents such as methanol,
ethanol, acetone, ethylene, glycerol, acetic
acid, glycols or phenols are also sometimes
used to chemically pre-treat lignocellulose
material (Hideno et al., 2013). Organic
acids including maleic, oxalic, fumeric and
citric acids are also used for pre-treatment
(Lewandowska et al., 2016). Ionic liquids
produce less inhibitory compounds but are
expensive and can be toxic to hydrolytic
enzymes (Ninomiya et al., 2013). Alkaline
solutions including sodium, potassium
or ammonium hydroxides can also break
the bonds linking lignin to carbohydrates
(Steffien et al., 2014).

Combinations of both physical and
chemical methods have also been reported
as an effective pre-treatment method. Steam
explosion, hydrothermolysis, wet oxidation
and ammonia fibre explosion (AFEX) are
all types of physico-chemical pre-treatment
methods. Steam explosion may produce
inhibitors, while hydrothermolysis and wet
oxidation requires consumption of large
amount of energy. AFEX pre-treatment,
however, is not suitable for biomass
containing high lignin content (Galbe &
Zacchi, 2012). Generally, physical, chemical
and/or physico-chemical techniques may
require special equipment and machines
as well as harsh conditions, and this
normally results in high energy demand and
production of inhibitors that impede enzyme
hydrolysis and fermentation processes.

BIOLOGICAL PRE-TREATMENT

Biological pre-treatment makes use of
either microorganisms or the enzymes they
produce to break down the lignin content of
lignocellulose material (Ishola et al., 2014).
Biological pre-treatment should be able to
significantly reduce carbohydrate loss. It
is, therefore, very important to choose a
microorganism with high delignification
potential but with less ability to break down
cellulose during the pre-treatment process
(Lopez-Abelairas et al., 2013b).

Microbial Pre-Treatment

A number of microorganisms such as
bacteria, fungi and actinomycetes have
the ability to reduce the lignin content in
lignocellulose materials (Ma & Ruan, 2015).
However, the ability of a microorganism
to degrade only lignin is very important in
preventing the loss of cellulose during the
pre-treatment process. The best combination
is a microorganism that will degrade low
amounts of sugar and high amounts of lignin
within the shortest possible time (Garcia-
Torreiro et al., 2016).

Fungi are very important in the
biological pre-treatment process as they
are able to produce ligninolytic enzymes to
break down lignin (Ghorbani et al., 2015).
Lignin-degrading basidiomycetes (white-
rot fungi) are the major decomposers in the
forest ecosystem (Kamei et al., 2012) and
are the most widely used microorganisms for
biological pre-treatment of lignocellulose
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materials (Pinto et al., 2012). The widespread
use of white-rot fungi is due to their ability
to produce high levels of ligninolytic
enzymes (Cianchetta et al., 2014). Unlike
other fungal groups, white-rot fungi are
able to degrade all the major components
(lignin, hemicellulose and cellulose) of
lignocellulose materials. Some white-rot
fungi may degrade lignin, hemicellulose
and cellulose at the same time. However,
others will selectively degrade lignin over
the other components (Hatakka & Hammel,
2010). The degradation rate of white-rot
fungi differs from one species to another
(Castoldi et al., 2014). Although the major
components of lignocellulose materials are
the same, different fungi will act differently
when cultured on these materials (Garcia-
Torreiro et al., 2016). A number of white-rot
fungi have been successfully used to reduce
the lignin content of different lignocellulose
materials (Table 1). Microscopic analysis
of biologically pre-treated Fucalyptus
grandis sawdust by Castoldi et al. (2014)
revealed extreme changes in the structure
of pre-treated sawdust, including separation
of fibre and pore formation in much of
the surface of the cell wall, compared to
untreated sawdust. These changes were
reported to be clearly related to the growth of
the fungi studied. Pores formed in material
pre-treated with Pleurotus pulmonarius,
Trametes sp. and Ganoderma lucidum
were more visible compared to the others
although pre-treatment was done under the
same conditions. This resulted in differences
in total cellulose composition after pre-
treatment (Table 1). Variations in growth and

degradation rates of the fungi were stated as
the possible cause for the structural and total
cellulose differences observed (Castoldi et
al., 2014). Similarly, Lopez-Abelairas et
al. (2013) reported different sugar yields
of 46 + 2% and 65 + 2% after pre-treating
wheat straw with Pleurotus erynii and Irpex
lacteus, respectively for 21 days under
the same optimised conditions. Saha et al.
(2016) observed great variations in the rate
of delignification (1.5 £ 0.0% to 51.4 +
2.9%) of corn stover by various fungi under
the same pre-treament conditions of 74%
moisture level and 28°C temperature for
30 days (Table 1). Wang et al. (2014) also
reported variations in delignification rate for
Trametes velutina and Trametes orientalis
after pre-treating Populus tomentosa with
the two microorganisms for 12 weeks to
enhance enzyme hydrolysis (Table 1).
Pre-treatment of corn stalk with
Phanerochaete chrysosporium (Zhao et al.,
2012) and Pleurotus ostreatus (Saha et al.,
2016) under different conditions resulted in
differences (35.3% and 54.7%, respectively)
in the rate of delignification between the
two processes. These differences may be
attributed to the fungi variation and/or
differences in the pre-treatment conditions.
Environmental as well as nutritional
conditions greatly affect microbial
growth and hence, delignification. An
effective lignin degrading microorganism
and an efficient process of culturing are
very important for ensuring high rate of
delignification (Chang et al., 2014). Saha
et al. (2016) reported that under optimum
culture conditions of 84% moisture, 28°C
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temperature and 42 days of incubation,
Phlebia brevispora was able to increase the
sugar yield of corn stover by 15.4% after
pre-treatment. The metabolic activities of
microorganisms may be influenced by the
type of substrate they are cultured on. The
composition of agricultural residues may
vary from one species to the other (Galbe &
Zacchi, 2012). Irpex lacteus pre-treatment
of different agriculture residue under the
same conditions resulted in differences in
the rate of delignification among the various
residues (Table 1). This was attributed to
variations in the structure of agricultural
residues with respect to species, tissue,
origin and growth period (Garcia-Torreiro
et al., 2016).

Brown-rot fungi have the ability to
degrade wood. However, brown-rot fungi
degrades mainly the hemicellulose and
cellulose components of lignocellulose
materials, leaving behind a chemically-
modified lignin residue. They are able
to degrade hemicellulose and cellulose
without the removal of lignin, or remove
only a very small part of it. Their ability to
degrade both hemicellulose and cellulose
without lignin removal has been attributed
to both oxidative and hydrolytic attacks. It
has been suggested that the oxidative non-
enzymatic attack by these fungi is through
the use of low molecular weight chemicals
that are able to diffuse and degrade cellulose
(Hatakka & Hammel, 2010). Several brown-
rot fungi produce low molecular weight
chemicals, including hydrogen peroxide and
oxalic acid, which are used during the non-
enzymatic degradation process (Schilling et

al., 2012). Schilling et al. (2012) reported
the use of the brown-rot fungi Gloeophyllum
trabeum and Postia placenta to break down
aspen, spruce or corn stover for a period
of 16 weeks before saccharification with
enzymes. Generally, pre-treatment with
the brown-rot fungi increased sugar yield
threefold. Gloeophyllum trabeum pre-
treatment of aspen for two weeks provided
the best yield i.e. 72% glucose.

Ascomycetes and mitosporic fungi
are responsible for soft-rot decay in
wood. These soft-rot fungi predominantly
degrade carbohydrates in lignocellulose
material, causing extensive reduction in
the carbohydrate content. Some soft-rot
fungi can, however, partly degrade lignin.
Compared to the white-rot fungi, not much
study has been done on the degradation of
lignocellulose material by soft-rot fungi
(Hatakka & Hammel, 2010).

Certain bacteria have been effectively
used to pre-treat lignocellulose material. The
bacteria Bacillus sp. isolated from forest soil
in Japan have been used to degrade alkali
lignin. Initial concentrations of 0.05-2.0
g/l cell culture were able to degrade not
less than 61% alkali lignin within 48 h.
Pre-treament of rice straw by Bacillus sp.
also resulted in 20% degradation of Klason
lignin, with 3.2% cellulose degradation
(Chang et al., 2014). Pourcher and Peu
(2016) isolated and identified five strains
of lignin-degrading bacteria from soil and
sediments. The isolates included Serratia
sp. JHTO1, Serratia liquefacien PTO1,
Stenotrophomonas maltophilia PT03,
Mesorhizobium sp. PT04 and Pseudomonas
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chlororaphis PT02. All the isolates were
able to significantly grow and degrade
lignin. Pre-treatment of rice straw with
lactic acid bacteria produced a total sugar
concentration of 30% compared to 16% for
untreated rice straw (Chang et al., 2014).
Unlike white-rot fungi, pre-treatment
with actinomycete results in the easy
recovery of degraded lignin. Saritha et al.

Table 1

(2013) reported the use of Streptomyces
griseorubens ssr 38 for degradation of lignin
in paddy straw. A large amount (25%) of
acid-precipitable polymeric lignins (APPLs)
was recovered from pre-treated paddy
straw. Delignification helped to increase
the carbohydrate content, and this resulted
in an increase in saccharification efficiency
(97.8%).

Delignification effect of different microorganisms on Lignocellulose material

Organism Substrate Incubation Effect of Delignification Reference
Time
(days)
Phanerochaete chrysosporium Eucalyptus 30 2.8% total cellulose (Castoldi et
Pleurotus ostreatus grandis al., 2014)
Pleurotus pulmonarius 16.7% total cellulose
Trametes sp 15.4% total cellulose
10.1% total cellulose
Irpex lacteus Wheat straw 21 42.3 +2.3% delignification  (Garcia-
Torreiro et al.,
2016)
Pleurotus eryngii (ATCC Corn stover 45.8 + 3.5% delignification (Lopez-
90787) Abelairas et
al., 2013)
Irpex lacteus (Fr. 238 617/93)  Corn cob 17.1 £ 5.3% delignification
46 + 2% sugar yield
P. chrysosporium NRRL-6370 Wheat straw 21 65 £ 2% sugar yield (Saha et al.,
P, sanguineus NRRL- Corn stover 30 51.4 +2.9% delignification 2016)

FP-103506

L lacteus FP-101234

C. stercoreus NRRL-6573
P. compactus NRRL-A-2351
P. brevispora NRRL-13108
A. bisporus NRRL-20762
C. cinereus NRRL-20638
B. fumosa FP-135285-T

F velutipes NRRL-2367

R. crocatus MJL-1465
Panaeolus sp.FP-102035

51.0 + 1.2% delignification
46.7 + 1.8% delignification
46.2 + 0.8% delignification
45.4 + 1.5% delignification
39.6 £ 1.6% delignification
7.1 £ 0.6% delignification
6.6 £ 0.8% delignification
4.4 £ 0.0% delignification
3.6 £ 0.2% delignification
2.4 £ 0.1% delignification

Pertanika J. Trop. Agric. Sci. 41 (1): 19 - 40 (2018) 25



Obeng Abraham Kusi, Duangporn Premjet and Siripong Premjet

Table 1 (continue)

C. pannocincta FT-100624

Populus 84
tomentosa

Trametes orientalis

Trametes velutina

P. chrysosporium Corn stalk 15

Pleurotus ostreatus Corn stalk 30

Phlebia brevispora NRRL- Corn stover 42

13108

2.2 £ 0.0% delignification
1.5 £ 0.0% delignification

47.3% delignification (Wang et al.,
2014)

58.1% delignification

35.3% delignification (Zhao et al.,
2012)

54.7% delignification (Chen et al.,
2016)

15.4% increase in sugar (Saha et al.,

yield 2016)

Process of culturing microorganisms
for delignification. For effective and
efficient delignification, microbial growth
and activities should be optimum. The
culturing process as well as the environment
should lead to optimum growth and
activities. Understanding the behaviour
of microorganisms and the conditions
under which they grow best will help to
optimise the conversion of lignocellulose
material into bioethanol (Shi et al., 2014).
Different culturing techniques and processes
have been employed with the aim of
optimising microbial growth and activities
for enhancement of delignification.

Solid state fermentation (SSF) process
has been reported to offer several benefits
compared to submerged fermentation (SmF)
including higher yields, lower cost, easy
recovery of products and absence of froth
in medium (Asgher et al., 2016). Pinto et
al. (2012) reported that fungi pre-treatment
under solid state fermentation resulted in
higher saccharification compared to when
using a liquid medium. Addition of a source
of metabolic energy to the culture medium
such as glucose was reported by Castoldi et

al. (2014) to improve microbial growth. The
glucose helped to decrease the breakdown
of the carbohydrate content of lignocellulose
materials. However, Ghorbani et al. (2015)
reported that a lower amount of glucose
supplement is more effective for improving
the process of delignification compared
to larger amounts. Surfactants have also
been reported to enhance delignification.
Ghorbani et al. (2015) revealed that addition
of a surfactant (Tween 80) to the culture
medium used in their study increased the
rate of delignification from 31% to 42%.
Salvachua et al. (2013) reported that adding
0.3 mM Mn(Il) increased glucose yield
up to 68% compared to 62% and 33% for
pre-treated biomass without Mn(II) and the
non-treated biomass, respectively. Saha
et al. (2016) indicated that enhancement
of pre-treatment conditions including the
incubation period (42 days) and moisture
content (84%) led to a higher sugar yield of
442 + 5 mg/g from 383 + 13 mg/g of Phlebia
brevispora NRRL-13018 pre-treated corn
stover, an increase of 15.4%. Ghorbani et al.
(2015) revealed that low biomass-to-liquid
ratio increases delignification efficiency.
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However, very low ratios result in a decrease
in the efficiency of delignification. The
optimum biomass-to-liquid ratio in their
study was 0.041 g/L.

Naturally, different microorganisms
form associations and depend on each other
for growth and survival. On the other hand,
the presence of some microorganisms might
inhibit the growth and survival of others
(Wang et al., 2014). Effective and efficient
breakdown of lignin in lignocellulose
materials may be achieved using consortia
of microorganisms. Investigations into the
biological pre-treatment of Napier grass by
three different groups of microorganisms
designated, WSD-5 (Coprinus cinereus
and Ochrobactrum sp.), MC1 (thermophilic
bacteria) and XDC-2 (mesophilic bacteria
in the genera Clostridium, Bacteroides,
Alcaligenes and Pseudomonas) revealed
that the lignin degradation efficiency of
all the microbial groups was above 30%
after 21 days (Wen et al., 2015). However,
the nutritional as well as environmental
conditions might not be favourable to
all the microorganisms carrying out the
processes (Berlowska et al., 2016). Wang
et al. (2014) reported that monoculture
of Lenzites betulinus, Trametes orientalis
and Trametes velutina generally showed
higher delignification efficieny compared
to their respective co-cultures. The poor
performance of co-culturing in their
study was attributed to the inability of
these microorganisms to co-exist. After
microscopic observation, it was revealed
that the hyphae of different microbial
species do not enter each other’s zone. For

effective and efficient delignification, the
best combination of microorganisms and
biomass is very significant (Cianchetta et
al., 2014). It is very important therefore
to screen for species that can co-exist and
support each other’s growth.

Enzymatic Pre-Treatment

Biological pre-treatment with lignin
degrading enzymes might help to prevent
the loss of hemicellulose and cellulose
that occurs during microbial pre-treatment
processes (Wang et al., 2013). The use of
ligninolytic enzymes is on the increase
because of their ability to act on specific
reactions (Chen et al., 2012). The enzyme
set-up for delignification is determined by
the type of microorganism, substrate as
well as environmental conditions during
culturing. Different microbial strains
produce different types of these enzymes at
varying rates (Ma & Ruan, 2015).

Ligninolytic enzymes. Different types of
enzymes including laccases, peroxidases and
oxidases that produce hydrogen peroxide
are involved in the breakdown of lignin in
lignocellulose materials. However, laccase
(EC 1.10.3.2), manganese peroxidase
(MnP, EC 1.11.1.13) and lignin peroxidase
(LiP, EC 1.11.1.14) are the most widely
used ligninolytic enzymes (Daéssi et al.,
2016). The type of ligninolytic enzyme(s)
responsible for delignification of a particular
process is dependent on the fungi species,
substrate and culture conditions. Among
these enzymes, laccase is the most widely
studied. Laccase is a copper-containing

Pertanika J. Trop. Agric. Sci. 41 (1): 19 - 40 (2018) 27



Obeng Abraham Kusi, Duangporn Premjet and Siripong Premjet

enzyme that uses molecular oxygen as
oxidant. Majority of white-rot fungi have the
ability to synthesise laccase (Ma & Ruan,
2015). The production of laccase by white-
rot fungi can be induced by adding copper,
xenobiotic compounds or dyes. Laccase has
the ability to degrade numerous compounds
that have a phenolic structure because of its
low substrate specificity. This has resulted
in the use of laccase in a wide range of
areas including biomass delignification
and degradation of xenobiotic compounds
(Wong, 2009). MnP and LiP are heme-
proteins and they require hydrogen peroxide
as an oxidant. They also have low substrate
specificity, hence they are capable of
oxidising various nonphenolic lignin model
compounds as well as phenolic aromatic
substrates. They were first identified in
cultures of Phanerochaete chrysosporium.
MnP is the most common lignin degrading
peroxidase found in ligninolytic fungi
(Hatakka & Hammel, 2010). Despite being
a peroxidase, LiP is able to oxidise substrate
at high redox potential (Wong, 2009).

Ligninolytic enzyme production.
Inadequate production of ligninolytic
enzymes by white-rot fungi has been reported
as an important factor preventing the use
of ligninolytic enzymes in biotechnology
(Asgher et al., 2016). The slow activity
of synthesised enzymes also hinders the
commercial use of these biological agents
for pre-treating lignocellulose material
(Hyeon et al., 2014). Optimisation of the
nutritional and environmental conditions
of the production medium helps to increase

enzyme production and activity. However,
extreme nutritional and environmental
conditions might inactivate enzymes,
leading to a decrease in their activity (Asgher
et al., 2016). Changing the fermentation
medium or culture conditions can help to
increase the production of these enzymes.
Lignocellulose material containing large
amount of lignin may be ideal in enhancing
the production of ligninolytic enzymes
(Rastogi et al., 2016). Mediators such as
MnSO; also influence ligninolytic enzyme
production by increasing the surface area
for microbial growth (Asgher et al., 2016).

Different microorganisms have been
used for the production of ligninolytic
enzymes under different nutritional and
environmental conditions (Table 2). Under
optimum conditions of 50% moisture, 5 g
substrate, pH 5.5, 30°C temperature, 2%
fructose as carbon source, 0.02% yeast
extract as nitrogen source, 25:1 carbon-
to-nitrogen ratio, and 5 ml fungal spore
suspension for four days, Ganoderma
lucidum produced higher MnP activity
followed by LiP and laccase (Asgher et
al., 2014). Asgber et al. (2016) reported
that culturing Schizophyllum commune on
rice straw under solid state fermentation
recorded the highest ligninolytic enyme
production after 144 hours. Saritha et al.
(2012) revealed that Trametes hirsute
cultured on Reese’s mineral medium with
1% paddy straw as the sole carbon source in
a submerged culture yielded higher activity
of laccase compared to LiP and MnP after
seven days. However, enzyme activities
decreased with further incubation beyond
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seven days. Ma and Ruan (2015) indicated
that laccase was the key enzyme produced
when Coprinus comatus was cultured in
a liquid fermentation medium comprising
agricultural waste materials. The highest
activity of laccase was recorded on Day 6
(1520 U/ml). Cultivation of Trichoderma
reesei, on the other hand, showed very
low laccase activity (<10 U/ml) after
seven days of incubation. Co-culturing
of the two fungi, however, resulted in the
highest laccase activity (2180 U/ml) after
five days. Rastogi et al. (2016) cultivated
Pyrenophora phaeocomes on different types
of agricultural residue moistened with five
parts of salt solution for the production of
a ligno-hemicellulolytic enzyme cocktail.
Wheat straw had the highest (25413.23 +

Table 2

35.06 1U/gds) laccase activity compared to
all the other material (Table 2). Production
of ligninolytic enzymes can be significantly
enhanced by changing the fermentation
medium. The presence of lignin and/or
lignin-related compounds in the substrate
can activate the production of these enzymes
(Mann et al., 2015). Culturing of Coridus
versicolor CV-1 at 28°C to 30°C on a
shaker at 150 rpm for seven days resulted
in laccase, Lip and MnP activities of 2066
+ 15, 0.21 £ 0.05 and 0.25 + 0.03 U/ml,
respectively. Phanerochaete chrysosporium
PC-1 also cultured at 37°C to 39°C statically
for a period of nine days yielded 0.54 £0.07
(LiP) and 20.52 = 1.36 (MnP) U/ml enzyme
activity (Wang et al., 2013).

Microbial production of Ligninolytic enzymes under different conditions

Microorganism Amt. of Substrate  Incubation Ligninolytic Enzyme Activity Reference
Culture Time Enzyme
(Days)
Ganoderma Sml Wheat 4 LiP 532+ 4.2 U/ml (Asgher et
lucidum straw al., 2014)
MnP 882+ 13.3 U/ml
Laccase 340+ 6.4 U/ml
Schizophyllum 4 ml Rice straw 6 LiP 1347.2 U/gds (Asgher et
commune al., 2016)
IBL-06
MnP 1846.7 U/gds
Laccase 316.28 U/gds
Coprinus Sml LEPBM 6 LiP 1347.2 U/gds (Ma & Ruan,
comatus 2015)
MnP 1846.7 U/gds
Laccase 316.28 U/gds
Trichoderma Sml LEPBM 7 Lip 0 U/ml
reesei
MnP 0 U/ml
Laccase 1520 U/ml
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Table 2 (continue)

Microorganism Amt. of Substrate  Incubation Ligninolytic Enzyme Activity Reference
Culture Time Enzyme
(Days)
C. comatus & 7 ml LEPBM 5 Lip 0 U/ml
T reesei (1:1)
MnP 0 U/ml
Laccase <10 U/ml
Lip 0 U/ml
MnP 0 U/ml
Laccase 2180 U/ml
Pyrenophora 5 dics (7 Wheat 4 LiP 25413.23 £35.06 IU/ (Rastogi et
phaeocomes mm) straw gds al., 2016)
S-1
Corn MnP 22305.79 + 128.55
stover 1U/gds
Dried laccase 16669.42 + 3.00 1U/
grasses gds
Rice straw 10859.51 +46.74 1U/
gds
Phanerochaete 3 loops  Peroxidase 9 LiP 0.54 +0.07 U/ml (Wang et al.,
chrysosporium  of medium 2013)
PC-1 spores
MnP 20.52 +1.36 U/ml
Laccase 0 U/ml
Coridus 3 dics Laccase 7 LiP 0.21 £ 0.05 U/ml
versicolor CV-1 (12 mm) medium
MnP 0.25+0.03 U/ml
Laccase 2066 £ 15 U/ml
Trametes 5discs  Reese’s 7 LiP 35.2+0.86 IU/ml (Saritha et
hirsute (6 mm) medium al., 2012)
MnP 6.67 +0.69 IU/ml
Laccase 57.9+1.08 IU/ml

Note: Lignocellulolytic enzyme production basal medium (LEPBM)

Delignification of lignocellulose material
with enzymes. Compared to purified
ligninolytic enzymes, crude ligninolytic
enzymes used for delignification offer
several benefits in the existence of factors
such as protein and mediators in the medium

that helps to improve the activities of the
enzyme (Asgher et al., 2016). The amount
of crude enzyme extract as well as length
of pre-treatment can affect the process
of delignification. Different ligninolytic
enzymes or combinations of enzymes play
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a key role in the process of delignification
depending on the type of microorganism
they are produced from (Ma & Ruan, 2015).

Various studies have been conducted on
delignification of lignocellulose materials
from agricultural residus using crude
enzyme extract (Table 3). The lignin
content of wheat straw was decreased by
39.6% after pre-treatment with 25 ml of
ligninolytic enzyme extract (Asgher et
al., 2014). Asgher et al. (2016) reported
a significant reduction (72.3%) in the
lignin content of sugarcane bagasse after
pre-treatment of different agricultural
residue under the same conditions with 25
ml of crude ligninolytic enzyme extract
from Schizophyllum commune for 48 h.
Delignification rates in the other residue
were also encouraging (Table 3). The
differences in the rate of delignification may
be attributed to variations in the structure
and composition of the various agricultural
residue. After ligninolytic enzyme pre-
treatment of sugarcane bagasse for 48
hours at 35°C, maximum delignification of
33.5% was recorded with 25 ml enzyme
extract (Asgher et al., 2013). As stated
earlier, different microorganisms will
produce different types of ligninolytic
enzymes (Ma & Ruan, 2015). Crude
ligninolytic enzymes from co-culturing
of different microorganisms may enhance
the delignification process. Delignification
of corn stover with crude enzyme extract
from the co-culturing of Coprinus comatus
and 7 reesei resulted in the highest lignin
removal (45.1%) compared to the extract
from monocultures of C. comatus and T.

reesei after 72 h (Ma & Ruan, 2015). Using
complex enzyme systems is also another
way of biologically breaking down the
lignin component in lignocellilosic biomass.
Hyeon et al. (2014) genetically engineered
an efficient laccase complex by combining
the laccase CueO of E. coli and the dockerin
domain of a cellulosome system. The
system was then fused with the scaffoldin
miniCbpA to form a laccase-miniCbpA
complex, which was used to pre-treat barley
straw. The pre-treated barley straw was
effectively fermented by cellulase, allowing
S. cerevisiae to produce 2.34 g/L ethanol
after 72 h, 2.1-fold higher than without
laccase complexes.

CHALLENGES IN BIOLOGICAL
PRE-TREATMENT

Although biological pre-treatment yields
less waste and uses small amount of energy
in addition to being eco-friendly, there are
major setbacks hindering the success of
this technique (Aver et al., 2014). Several
factors affect the biological pre-treatment
process, including the microbial strain,
culture and environmental conditions as
well as the type of lignocellulose material
(Gai et al., 2014). Biological pre-treatment
has been described as a very slow process
that needs an aseptic environment. Problems
associated with contamination can hinder
the biological pre-treatment process; hence,
the need for aseptic conditions. It requires
a longer incubation time, normally several
weeks to months. Various microbial strains
differ with the rate at which they are able to
carry out the delignification process (Tian et
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al., 2012). Insufficient ligninolytic enzyme
production by white-rot fungi is a major
problem contributing to the long incubation
time (Asgher et al., 2016). In addition,
the slow activities of enzymes produced
prolong the delignification process (Hyeon
et al., 2014). Biological pre-treatment may
produce low sugar yield as some fungi
break down and utilise sugars from cellulose
(Larran et al., 2015). Chen et al. (2012)
reported that microbial pre-treatment may
result in significant loss in the amount of
dry matter. Furthermore, the large amount
of space required for this process makes it
industrially unfeasible.

Optimisation of biological pre-treatment
processes can, however, help to increase the
microbial and enzymatic activities. Culture
conditions such as incubation time, pH and
temperature should be varied to obtain the
optimum conditions for microbial growth.
This will help to enhance the growth and
metabolic activities of ligninolytic fungi.
Supplementing the culture medium with
sources of carbon and nitrogen in addition
to mediators, can also stimulate enzymatic
activities and improve yield (Castoldi et al.,
2014). Carbon (glucose, starch, molasses)
and nitrogen (peptone, yeast extract, urea)
sources as well as mediatiors such as
veratryl alcohol, oxalate, hydrogen peroxide
and manganese (II) sulphate can be added
to the culture medium (Asgher et al., 2016).

Various ligninolytic fungi species
have been studied and recommended for
the production of ligninolytic enzymes
(Duangporn & Siripong, 2015). P.
chrysosporium is an efficient producer

of LiP and MnP, while Phlebia radiate
secrets laccase, LiP and MnP. Ceriporiopsis
subvermispora, Phlebia tremelosa, Phellinus
pini and Pleurotus ostreatus have all been
reported as having high delignification
efficiency (Hatakka & Hammel, 2010).
Under optimum culture conditions and with
a suitable substrate, these fungi species can
effectively degrade lignin. Isolation and
study of new ligninolytic fungi species
from the natural environment will also
help to solve the problems associated with
biological pre-treatment.

Ligninolytic enzyme production can
be induced by the presence of a wide range
of substrates. Choosing a suitable substrate
is, therefore, very important to ensure
efficient production of ligninolytic enzymes.
Lignocellulose materials containing a
large amount of lignin may be ideal for
the production of ligninolytic enzymes
(Rastogi et al., 2016). Agricultural, forestry
and agro-industrial wastes are all potential
substrates for the production of ligninolytic
enzymes. Spent mushroom substrate
(SMS) is an organic medium obtained
from the cultivation of mushrooms. It
is made up of agricultural residue and
mushroom mycelium that remains after
harvesting of mushrooms. It is very rich
in extracellular hydrolytic and oxidative
enzymes synthesised from the mushrooms
that were growing on it (Phan & Sabaratnam,
2012). SMS may be a potential source of
ligninolytic enzymes for delignification of
lignocellulose materials. The Solid-State
Fermentation (SSF) process provides an
environment similar to the natural habitat
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of fungi and helps to enhance fungi growth
and increase their metabolic activities
(Asgher et al., 2016). Culturing ligninolytic

Table 3

fungi by SSF process will, therefore, help
to increase the rate of delignification and
enzyme production.

The effect of enzyme delignification under different conditions

Microorganism Amount Substrate Incubation Delignification ~ Reference
of Crude Time (h)  Effect
Enzyme (ml)
Ganoderma lucidum 25 Wheat straw 48 39.6% (Asgher et al.,
delignification 2014)
Schizophyllum 25 Banana stalk 48 61.7% (Asgher et al.,
commune IBL-06 delignification 2016)
Corn cob 47.5%
delignification
Sugarcane 72.3%
bagasse delignification
Wheat straw 67.2%
delignification
Coprinus comatus 100 Corn stover 72 41 +£1.6% (Ma & Ruan,
delignification 2015)
Trichoderma reesei 100 0.5+0.2%
delignification
C. comatus & T. reesei 100 45.1+£0.7%
(1:1) delignification
P, ostreatus IBL-02 25 Sugarcane 48 33.5% (Asgher et al.,
bagasse delignification 2013)

CONCLUSION

Biological pre-treatment is a mild process
that is less costly and eco-friendly and it
consumes less energy compared to other
pre-treatment processes. Ligninolytic
fungi or enzymes are used for biological
pre-treatment. Ligninolytic enzyme
pre-treatment has been identified as a
potential alternative process to overcome
the drawbacks of microbial pre-treatment
including long pre-treatment time as well
as utilisation of sugars in some cases.
However, inadequate production of

ligninolytic enzymes coupled with low
activity has been reported as an important
factor impeding the use of ligninolytic
enzymes in biotechnology. The biological
pre-treatment processes are continuously
optimised by varying the culture conditions
to enhance microbial growth as well as
enzyme production and activities. Despite
the different optimisation processes of
biological pre-treatment, an extremely
effective biological pre-treatment technique
with satisfactory level of delignification is
yet to be established.
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ABSTRACT

The agriculture sector in Malaysia contributes significantly to the country’s economic
growth and to national development. The series of Malaysia Development Plans (Plans)
or ‘Rancangan Malaysia’, has set out strategies to ensure that productivity and growth of
the agricultural industry become a mainstay of the five-year development programmes.
The link between sustainable agriculture and sustainable water resources is acknowledged
in the plans, and in several policy documents. In Kedah, Malaysia’s rice bowl, the Kedah
Water Resources Enactment 2008 provides nine key regulatory aspects that can help realise
the goals of sustainable agriculture. This paper briefly discusses the enactment, particularly
the role it can play in ensuring sustainable development of the agriculture sector through
efficient water-resource management.
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third of the Gross Domestic Product (GDP),
provided employment and accounted for
about 50% of Malaysia’s foreign exchange
earnings. In the Eleventh Malaysia Plan
(2016-2020), it was noted that the sector had
contributed RM455 billion to the nation’s
GDP, with a 2.4% growth per annum during
the years of the Tenth Malaysia Plan, 2011
to 2015.

The Eleventh Malaysia Plan, which is
currently in implementation, lays further
emphasis on transforming and modernising
the agro-food and industrial commodity
sector so as to ensure that it will yield higher
revenue and become a sustainable sector
(Eleventh Malaysia Plan, 2015). Seven
strategies were proposed in an effort to
support the transition of the agriculture sector
into an agribusiness sector i.e. improving
and increasing the income of agroprenuers;
promoting the training and development
of agropreneurs, particularly among the
youth; strengthening institutional support
and extension services; building capacity of
agricultural cooperatives and associations
along the supply chain; improving market
access and logistical support; scaling
up access to agricultural financing; and
intensifying performance-based incentives
and certification programmes (Eleventh
Malaysia Plan, 2015).

This echoes the directions put into place
in the previous Third National Agricultural
Policy spanning the period from 1998 to
2010 (NAP3) that outlined the strategies and
approaches, which among others, focussed
on optimising productivity as well as
securing and enhancing food security (Third

National Agricultural Policy, 1998). With
the aspiration of becoming a high income
country by the year 2020, the Government
has taken the initiative to include the sector
in its Economic Transformation Programme
(ETP) as the sector has been identified as
one of the 12 National Key Economic Areas
(NKEAs) given its potential to contribute to
the nation’s Gross National Income (GNI)
(PEMANDU, 2013).

Following on from this, the National
Agro-Food Policy (2011-2020) has been
adopted to replace the NAP3, focussing
on ensuring food availability, security and
safety; competitiveness and sustainability
of the agrofood industry; and income
increase of agropreneurs (National Agro-
Food Policy, 2011). Measures relating to
the export of agricultural commodities
have been further strengthened with the
adoption of the National Commodity Policy
2011-2020, with strategic directions set to
increase the development of the plantation
and commodities industry towards meeting
the aspirations of achieving Vision 2020
(Economic Planning Unit, 2013).

The sustainability of the sector is
dependent on many factors, one of which
is the availability and secure supply of
water. Water-resource management is a
critical aspect in the Eleventh Malaysia
Plan 2016-2020, and both water resources
and agriculture have been given specific
focus, particularly to aid efforts to mitigate
the impact of climate variability and
change (Eleventh Malaysia Plan, 2015).
This is echoed in the National Agro Food
Policy 2011-2020, which recognises the
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importance of improving irrigation and
drainage infrastructure to help manage
water resources efficiently to support the
productivity of crop yields and secure
food supply through measures such as the
introduction of paddy seed varieties that
use less water (National Agro Food Policy,
2011).

A dedicated National Water Resources
Policy adopted in 2012 (‘2012 Policy’) also
sets out policy direction and strategic thrusts
to ensure sustainable use of water resources.
The 2012 Policy emphasises the need to
ensure the security and sustainability of water
resources, which is made a national priority
to ensure adequate and safe water for all.
The 2012 Policy takes on a complementary
two-pronged approach i.e. the sustainable
use, conservation and effective management
of water resources enabled by a mechanism
of shared partnership involving all
stakeholders. The sixth policy thrust of the
2012 Policy makes specific mention of the
need for conservation and protection of
water resources setting out specific targets,
where priority use and users are determined
at the outset before an allocation and
management plan is developed based on
demand priority and resource availability
(National Water Resource Policy, 2012).

The state of Kedah, in the north of
Peninsular Malaysia, is given focus in this
paper, as it is historically known as the
country’s ‘Rice Bowl’ or ‘Jelapang Padi’,
with paddy farming areas making up 14.4%
of the state’s agricultural area (Kedah
Structure Plan 2020, 2011). Areas under the
Muda Scheme, the Department of Irrigation

and Drainage irrigation scheme in the
district of Yan and west of Kubang Pasu will
continue to remain as paddy farming areas
and will continue to receive further attention
to spur optimal production to help meet food
security targets (Kedah Structure Plan 2020,
2011). Kedah was also chosen because it has
a specific water-resources related enactment
that can be used as a means to translate the
national policy directions stated earlier.

The Kedah Structure Plan 2020 also
sets out policy measures for controlled
development so as to ensure that water
supply, quality and yield are not affected so as
to negatively impact paddy production. This
sits well with the Kedah Water Resources
Enactment 2008 (‘2008 Enactment’),
which seeks to provide for controlled
use, development and protection of water
resources in a more integrated manner. As
the agriculture sector is the main growth
sector in Kedah, the management of its
water resources for multiple and equitable
use is critical, and options to translate ideal
solutions for sustainable agriculture and
water development will have to be made
within the remits of the law. This would
ensure that proper measures are instituted
and a chain of responsibility as well as
accountability is established.

The following sections of this paper
briefly discuss the role of the Kedah Water
Resources Board as established under the
said 2008 Enactment and the statutory
provisions therein on the role it plays and
can play in ensuring sustainable agriculture
development through efficient water-
resource management. In order to identify
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the provisions that fit the options for
balance, the basic elements that are essential
for sustainable agriculture are looked at,
albeit, cursorily.

WATER AND SUSTAINABLE
AGRICULTURE DEVELOPMENT
The sustainable development goals of
2015 (SDG 2015) place great emphasis on
food security and promotion of sustainable
agriculture (United Nations, 2014). At The
World Food Summit 1996, food security
was defined as the condition in which all
people, at all times, have physical, social
and economic access to sufficient, safe
and nutritious food that meets their dietary
needs and food preferences for an active
and healthy life. The FAO (2015) looks at
sustainable agriculture as being that which
involves increasing and generating adequate
crop yield and livestock products without
compromising the equal status of people,
natural resources and ecosystem services.
There is a strong connection between
sustainable agriculture, food systems, and
agri-food value chains, as noted by the
United Nations, that can help address issues
relating to hunger and food insecurity, thus
reducing cases of malnourishment. It also
has the potential to help balance and meet
the growing demand for food, feed, fuel and
fibre, as this link will ensure agricultural
systems become more productive and less
wasteful (United Nations, 2013). In order to
sustain food supply for the future, the United
Nations (2014) recommended the adoption
of ecologically and socially sustainable
agriculture through better investments,

enhanced legal frameworks, provision of
secure access to information, particularly
in land and water management, and better
agricultural practices as well as land use
planning, which can help build resilience
to impact from climate change.

Velten et al. (2015) noted that there are
multiple takes on the definition or concept of
sustainable agriculture, given that there are
various viewpoints grounded on different
types and sectors of agriculture. Abubakar
and Attanda (2013) suggested that the
concept of sustainable agriculture should
be closely linked to environmental changes
and their impact on society, the environment
and economic value. Pretty (2008) proposed
that sustainability in agricultural systems
encompasses the concepts of resilience
and ability to address economic, social and
environmental outcomes. Among the key
elements identified are the integration of
biological and ecological processes into
food production processes, minimisation
of the use of non-renewable inputs, better
use of existing resources, minimisation of
human capital costs and also cooperation
from various stakeholders in addressing
and solving agricultural problems (Pretty,
2008). The United Nations (2013) noted
that sustainable agriculture and food
security would require specific actions that
are comprehensive in application. These
actions should take into account the need
to increase agricultural productivity and
improve efficiency of resource use; increase
the income of farmers and employment
opportunities; conserve ecosystems and water
as well as improve land use management;
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improve the access and distribution of food
supply; take into consideration value-added
aspects of primary commodities and agri-
food value chains; and institute measures
to ensure resilient food production systems
and promotion of food security. These
considerations will also require recognition
of indigenous and local knowledge in
developing agricultural policies.

The need to consider ecological and
environmental changes and to ensure
sustainability highlights water as the key
component in agricultural activity that
requires specific focus. The agriculture
sector is the biggest consumer of water;
several studies have noted that the sector
consumes about 70% of water resources
(Braimoh, 2013; FAO, 2013; Lal, 2015;
UNESCO, 2015). The utilisation of water
resources for agriculture is expected to be
adequate up to 2050 globally; however, due
to the unsustainable use of water resources,
there will be water scarcity in many regions
(FAO, 2015; Lenton, 2014). Furthermore,
various publications have also cautioned
that unsustainable agricultural practices
can lead to pollution and degradation of
the environment, which in turn will have a
big impact on the sector (Braimoh, 2013;
Lenton, 2014). Other potential impacts
will also have to be looked at, including
salinisation and waterlogging (Heuperman
et al., 2002; Cai et al., 2011) as well as city
expansion and urbanisation, which can lead
to stress to existing and future availability
of water (Cai et al., 2011).

There is also a need to take into account
the potential threats and impact from climate

change and extreme climate events; despite
assurances of adequacy, the situation could
be made worse in light of emerging threats
and the ensuing risks (Braimoh, 2013;
Bakkes et al., 2009). Extreme climate events
have great bearing on the sustainability of
the sector. A case in point would be the
prolonged drier climate or the ‘Big Dry’ in
the Murray Darling Basin, Australia from
1997 to 2009 that impacted farmers greatly,
resulting in a decrease in the yield of crops
and deterioration of the environment (Wei
etal., 2011).

Braimoh (2013), for example, proposed
that agriculture should be pinned to climate-
smart agriculture (CSA). CSA looks to
address the challenges of food security and
climate change, including agriculture, which
is a source of greenhouse gas emission
(FAO, 2015). Assouline et al. (2015)
proposed the use of desalinated water (DS)
as an alternative to freshwater for irrigation.
The application of treated effluents (TE) for
irrigation may have an adverse impact on the
quality of soil over the long term (Assouline
etal., 2015).

Country examples were also noted, such
as Australia, which adopted water trading
as one of the measures to help address
the problem of water scarcity (Ashton et
al., 2009). Furthermore, as in the case of
Australia, the prolonged critical drought led
farmers to change their water application
methods as well as to enhance the irrigation
infrastructure (Ashton et al., 2009).

Another option to deal with water
scarcity is to put into place measures for
water productivity assessment, with a focus
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on improving yields, with less water used
in securing food supply and maintaining
livelihood (Cai et al., 2011). This was
also echoed by Chartzoulakis and Bertaki
(2015), who described sustainable water
management in agriculture as an approach
that facilitates meeting water supply and
demand both in quality and quantity in time
and space, at reasonable cost and without
compromising the quality of environment.

The legal and institutional framework
plays an important role in sustainable water
resource management in agriculture. An
institution or an agency should be set up
for water resource planning, management,
operation and decision making so as to
avoid conflict with various authorities
(Chartzoulakis & Bertaki, 2015). Tilman
et al. (2002) stated that policies for
sustainable agriculture should be outlined
in a way that gives priority to environmental
consideration. The Australian National
Water Commission supported the idea of
environmental needs becoming a priority
for consideration in water allocation as
reflected in the National Water Initiative
(NWC, 2009).

In order to tackle the conflicting issues
between different water users, engagement
and consultation between different
stakeholders should be included in water
resource planning and management (Wei
et al., 2011). Lenton (2014) suggested
that in developing policies for irrigated
agriculture, several issues will need to be
addressed such as groundwater resource
sustainability; water storage management;
use-conflict between agricultural purposes

and environmental needs; and incentives for
water-efficient application. In developing
any agricultural or food security policies, the
need to consider water resources is critical
as these policies are strongly interlinked
with one another (FAO, 2012). This will
enable the issues related to water scarcity
to be identified and tackled (FAO, 2012).

Traditionally, water management for
agriculture has focussed on the irrigation
system and farming (Cai et al., 2011). This
segmented approach to management can
cause further problems, as water resources
need to be managed holistically, taking
into account the entire river basin, as the
issues do not stem only from agricultural
problems, but are interlinked, particularly
the hydrological aspects and its people (Cai
et al., 2011). Multidisciplinary approaches
are required in order to address the issues for
sustainable use of water resources (Assouline
et al., 2015) even in soil application,
which requires comprehensive monitoring
strategies of soil health as soil properties,
and their application is closely related to
irrigated agriculture and sustainable use of
water resources.

Due to water scarcity, disputes can arise
among users of water resources, making
institutional and legal frameworks key in
helping to resolve existing and emerging
issues (Vaidyanathan & Jairaj, 2009).
Salman and Bradlow (2006) noted that
water-related legislation is relevant and
important in managing water resources.
This includes addressing ownership and
responsibility (Iyer, 2010). There is also the
idea of water resources being a public trust,

46 Pertanika J. Trop. Agric. Sci. 41 (1): 41 - 62 (2018)



Water Resources Enactment for Sustainable Agriculture

where the State acts as public custodian of
water resources (Salman & Bradlow, 2006).

In guiding the decisions pertaining to
water resources, principles and priorities
pertaining to conservation, protection,
equitable allocation and sustainable use
including development of plans for water
resources should be specified (Salman &
Bradlow, 2006). Others elements suggested
by Salman and Bradlow (2006) for water
legislation include the regulation of water
use, which relates to the requirement
of permits and licences; protection of
water resources from non-point and point
sources; regulation pertaining to wastewater
discharge, land use and procedures for
enforcement of water quality standards;
regulation of water infrastructure;
institutional and financial arrangements;
enforcement of the regulations and elements
of dispute settlement.

Based on the selected literature
referenced here, there are several aspects that
will have to be considered in determining
the role that can be played by the Kedah
Water Resources Board through the 2008
Enactment. There is a need for measures
and mechanisms that can look at and address
environmental change and its impact on
society; environmental and economic value
of multiple and related resources; direction
of development; and the means to improve
land use management. It should also look at
establishing assessment measures that will
look at the state and condition as well as
productivity of the sector.

In addition, the measures and
mechanisms should also look at existing,

emerging and potential threats and impact of
different hazards or environmental impact,
including the impact of climatic hazards.
Planning options should also be looked at so
as to optimise what is available and ensure
its sustainability in addition to addressing
potential conflict between use and users.

LAW, WATER RESOURCES AND
AGRICULTURE IN KEDAH

There are five key regulatory instruments
that are directly related to water resources
and agriculture in the state of Kedah. These
five instruments have bearing on different
aspects of water and agriculture. The
Kedah Water Resources Enactment 2008
(‘2008 Enactment’) serves as the primary
legal instrument where water resources
is concerned for the State of Kedah.
The 2008 Enactment makes provisions
for the establishment of a Kedah Water
Resources Board (‘Board’) with a mandate
to provide for the integrated management
of use, development and protection of
water resources in Kedah (State of Kedah
Legislative Assembly 2008).

The second instrument that has bearing
on water would be the National Land
Code 1965 (NLC), which provides a
comprehensive administrative framework
for dealings related to land, including
water resources (see Section 5 of the NLC).
The NLC does not set out to control State
resources but serves to aid the governing
of land resources through processes and
procedures enforced through rules and
regulations. This is crucial, as if water is
understood as it is defined in the NLC’s
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definition of land, which is provided for in
Section 5, then the State Authority, in lieu of
a specific regulatory instrument over water
resources, can still regulate water resources
using the NLC. Section 5 interprets land as:

(a) The surface of the earth and all
substances forming that surface;

The earth below the surface and all

(b)

substances therein;

(c) All vegetation and other natural
products, whether or not requiring the
periodical application of labour to their
production, and whether on or below the
surface;

(d) All things attached to the earth or
permanently fastened to anything
attached to the earth, whether on or

below the surface; and

(e) Land covered by water.

Section 40 of the NLC vests the State
Authority with the entire property of all
State land within the territories of the State,
including all mineral and rock material not
disposed of. This would include water as
defined in Section 5 above.

The NLC empowers a State Authority to
divide territories, districts or sub districts as
well as to vary or alter boundaries, which in
turn affects the administration and control of
water bodies and resources. Rules in relation
to objects and purposes pertaining to land
and any dealings related to it can be issued,
which includes access to, permission and
licences as well as regulation and control
of dealings related to a particular land

concerned that also includes any water body
on it. Section 58 of the NLC for example,
addresses matters pertaining to rights
of access to and use of alienated lands,
whereby a State Authority may carry out
works to facilitate the passage of water. In
addition, under Section 62, a State Authority
can reserve land for any public purposes;
this includes land with water bodies in
or on top of it, indicating what cannot be
separated from water resources and vice
versa. This does seem to mean that water
can be understood here to fall within the
definition of land.

The Muda Agricultural Development
Authority Act 1972 sets out the mandate for
the promotion, planning and management
of MADA-gazetted areas. In addition, it
also makes provision relating to matters
pertaining to drainage and irrigation
infrastructure; management of water
resources for granary areas; and improving
the economic and social status of farmers.

MADA areas can only be determined,
delineated and gazetted after the Ministry
of Agriculture and Agro-Based Industries
(MOA) consults with the State government
of Kedah and Perlis. Urban development
is restricted in MADA areas. This legal
instrument applies only in areas that have
been gazetted under MADA, but as far as
water resources that course through these
areas are concerned, the 2008 Enactment
prevails.

The Irrigation Areas Act 1953 (revised
1989) provides the mandate related to
the declaration of irrigation areas for
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paddy cultivation (Sections 3 and 4) and
classification of land within an irrigation
area (Section 6). Any area that has been
declared an irrigation area cannot be used,
nor activities planned or developed there
except for paddy cultivation purposes
(Section 5). Section 7 and Section 8 look
at payable water rates and their collection.

Under the Irrigation Areas Act 1953
the power to manage irrigation areas by
a Drainage and Irrigation Engineer or an
officer appointed by the Ruler in Council
or Yang DiPertua Negeri in Council of the
particular state (Section 9). The person
appointed is obliged to provide reports to
the Council or Yang DiPertua Negeri in
Council of the particular State on matters
related to the area in his charge, furnish
annual balance sheets showing the receipts
on account of water rates and disclose the
expenditure on construction, management,
supervision and maintenance of the works
in his charge. Similar to MADA areas, as far
as water resources are concerned the 2008
Enactment prevails.

Sections 10 to 24 of the Irrigation Areas
Act 1953 spell out the powers of the officer
appointed, which also includes control of
matters related to filling up obnoxious water
ways, removal of trees or refuse, damage
to irrigation works, obstruction or damage,
a penalty for wasting water, passage of
water, pollution, use of vehicles as well as
tampering with irrigation works. The power
of arrest for offences against provisions
in a number of sections of the Act is also
provided for under the said Act.

Land use planning and development
has had a great impact on water resources
in Kedah. The Kedah Town and Planning
Department holds the mandate to oversee,
in as far as land use planning for the whole
State in concerned, provided for under the
Town and Country Planning Act 1976.
There are two levels of land use planning
and development that are documented
into detailed plans and gazetted by the
State Authority. They are the Kedah State
Structure Plan 2020, endorsed and gazetted
in 2011, which is to be used for the whole
State, and several separate city, municipal
and district area local plans that translate
into actions, policies and strategies in
the Structure Plan. These plans help set
the direction that will guide physical
development but does not in any way control
land or water.

There are also special area plans that
are prepared to facilitate micro planning and
land use control at specific levels in specific
areas either within district boundaries on
inter-district boundaries. In Kedah, water
resources and water bodies as well as
overall use, particularly for irrigation areas
and conservation of water bodies are given
much focus in the Kedah Structure Plan
2020. The policy emphasis of the Structure
Plan revolves around three key factors i.e.
conservation, sustainable use and protection
of environmentally sensitive areas. In the
preparation of such plans, be it State, Local
or Special Area Plans, public participation
is mandatory under the Town and Country
Planning Act 1976.
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SUSTAINABLE AGRICULTURE
DEVELOPMENT AND THE KEDAH
WATER RESOURCES ENACTMENT
2008

Water resources in the 2008 Enactment are
interpreted to include any river, river basin,
ground water or water body, and the term
‘water body’ is taken to mean “any river,
lake, pond, wetland, coastal waters, ground
water and other bodies or water whether
natural or artificial, including its banks and
bed or any part thereof or its surroundings”
(Section 3). The preamble states that the
2008 Enactment is intended to provide
for the integrated management of the
use, development and protection of water
resources in the State of Kedah. It serves
as the encompassing legal instrument that
will serve as the management instrument
for water resources in Kedah.

In order to manage water resources
in Kedah, a Water Resources Board is
established, made up of membership
from related government departments,
agencies and statutory bodies as well as
experts who are appointed by the State
Authority. In addressing multiple use of
water resources in Kedah, subject to Section
6, the Board functions to ensure, maintain
and facilitate the integration of water-
resource management in order to support the
continuous role of ecosystems and maximise
the social, economic and environmental
benefits; to regulate the transfer of water
resources; to promote coordination and
cooperation between various stakeholders; to
coordinate the development and exploration
of additional water resources; to improve
their capacity and expertise as an integrated

water-resource management centre; and to
advise the State in terms of water transfer
between states.

The Board has the power to approve
river basin plans; formulate or review
legislation, directives and procedures
aimed at promoting or facilitating the
implementation of integrated water-
resource management (‘IWRM?’); approve
development projects related to IWRM;
and divide the State into river basin districts
and designate and determine boundaries
for proper management by a River Basin
Committee. It can also approve guidelines,
performance standards, methods and
procedures pertaining to management,
utilisation and conservation of water
resources and issue directives (Section 7).

These functions provide an ideal
platform to set out measures towards ensuring
sustainable agriculture development in
Kedah, as it looks at management from
an integrated perspective, grounded in
maintaining the balance between the role
of ecosystems and the benefits gained from
development. It also recognises at the outset
that there are multiple stakeholders, and
three steps are offered to help bring together
the many stakeholders i.e. through a River
Basin Committee, the development of plans
and promotion of cooperation.

A Water Resources Director is appointed
by the Board, with specific functions, which
includes preparation of river basin plans for
approval of the Board and State Authority.
The Director also ensures that each plan
contributes to the integrated approach in river
basin management; prepares and publishes
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annual reports on the state of the water
environment; prepares and publishes reports
on Board activities and implementation of
duties and the function of relevant agencies
provided for under the 2008 Enactment;
prepares development proposals for IWRM;
and looks into the administration and
management of the Board. The Director also
holds the responsibility of ensuring the flow
and exchange of information on projects,
plans and activities that have bearing on
IWRM and keeps the Board informed and
updated on Federal Government initiatives
on IWRM that have implications for the
State (Section 11). In order to carry out
his functions, the Director may issue a
directive requiring any person or body to
provide assistance or data as well as to make
inquiries (Section 11).

The functions and roles of the Board
and the Director are useful in setting out the
platform for collective action, direction and
measures relevant for ensuring sustainable
agriculture. In addition, with the delineation
of river basin areas, issues pertaining to
allocation and measures to address issues
that may affect availability and quantity of
water required for agriculture, including
measures to address threats and risks to
agriculture and water resources can be
looked into. Nine aspects are considered in
determining the best measures to help ensure
water-resource sustainability for agriculture.

River Basin Committees

The Board has powers to identify and publish
in a gazette delineated river basin districts,
with each district having a River Basin

Committee responsible for investigating
matters that affect management of the area;
assisting the Water Resources Director
in the preparation of river basin plans
and other related reports; and devising
programmes stipulated in the river basin
plans (Section 15). In carrying out their
functions, committee members are required
to consult relevant stakeholders from
government agencies and members of the
public.

Section 15 of the 2008 Enactment
does provide an opportunity, where
sustainable water resources and agriculture
are concerned, to firstly engage all
stakeholders, be they mandate holders,
users or beneficiaries of the plan. This will
allow for concerted action to ensure that
each plan devised is able to balance different
needs as well as meet as far as practicable
the different expectations of different users
and mandate holders. This platform can
help ensure that the point of conversation
will be centred on the river basin, and that
a collaborative approach is taken.

The committee will also have an
opportunity to consolidate all relevant
indicators and benchmarks that will
be brought together from a river basin
perspective. This will allow discussions on
development of indicators that have bearing
on water and agriculture, such as scarcity
indicators, particularly during incidences of
drought. It can also address issues that may
arise in relation to determining appropriate
volumetric control, including rate of intake,
that will aid effective allocation during rainy
and dry seasons, as well as weigh options to
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put into effect better storage and recharge of
catchment areas.

River Basin Plans

Section 7 of the 2008 Enactment provides
the Board with powers to approve river basin
plans and development projects related to
integrated water-resource management,
guidelines and procedures; to advise and
assist the State Authority in formulating
or reviewing legislations; as well as to
designate and divide the State according to
its river basin districts. Section 20 makes
provisions for the preparation of river
basin plans in consultation with relevant
agencies that have a stake in the river basin.
A platform is also made available in Section
21 for the public to provide comments and
objections to any plans to be approved in
Section 20. The approved plans will be
translated through the mandate of respective
key agencies and stakeholders (which
includes the private sector and community
groups).

The plan should include, as outlined in
detail in Section 20, three key components
that look at policy implications; state of
water, including activities and impacts that
have influence, with measures to address
them; and measures for conservation,
protection, development and use. This
would require setting out a statement of
objectives; references to related policies and
plans; identification of water resources; state
of quality and quantity including conditions
and development trends; activities that
influence quantity and quality with impact
assessment; water quality objectives for

each water body; strategies and measures
for protection, conservation, development
and use including quality improvement;
inclusion of indicators; identification of
water reserve areas; variation of river
reserves; and areas of extraction of sand
and rock material. Each plan is subject to
comments and objections from the public.

This provides a great opportunity for
complementing the existing physical plans,
and to an extent, influence existing structural
and physical development plans that have
been gazetted by the State. The plan can be
framed to include six keys aspects that can
help ensure water resources and agricultural
sustainability i.e.:

* Identify priority use and users according
to seasonal weather changes, and
anticipated climatic hazard events, such
as extreme drought or El Nino;

*  Develop use-based allocation, to ensure
that the rate of extraction will remain
within acceptable thresholds that are
set by the River Basin Committee
that is specific to different areas and
conditions;

* Develop specific measures to address
environmental needs to help reduce
risks, threats and impact arising
from changing climatic conditions or
incidences of hazards such as landslides
and riverbank erosion;

» Identify and develop specific measures
that will allow for adaptation to climatic
changes and hazard incidences, taking
into account multiple needs, conditions
and users (human and environment),
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particularly environmental needs,
source availability including man-
made sources (e.g. recycled rain water
or treated wastewater) and rate of
recharge;

* Develop specific response and
management plans in times of drought,
flooding or other hazard events or
incidences of environmental impact;

*  Explore and set out options for on-site
(paddy areas) water storage and capture.

Abstraction and Irrigation

Abstraction of water from any water body
will require a license, as per Section 24 of
the 2008 Enactment, which will only be
granted if it does not pose any threat to
or have an undue adverse impact on the
quality, quantity or flow of the water, or
the water environment or conflict with any
river basin plan that has been adopted. The
licence for abstraction, however, does not
apply for irrigation for paddy cultivation in
declared irrigation arecas (Irrigation Areas
Act 1953) or under the Muda Agricultural
Development Authority Act 1972.
Exploration too is regulated, where
abstraction or use of drilled ground water
or enlargement of existing wells or drilling
of land for the purposes of ground water
exploration will require a licence (Section
26 of the 2008 Enactment). A copy of the
licence is to be transmitted to the Director
General of the Minerals and Geosciences
Department within 30 days of issuance.
The Director General, under the Geological
Survey Act 1974, regulates aspects related

to information and methods related to the
drilling of wells. Exemption is also given for
abstraction for households and subsistence
agricultural use from ground water on his
premises or from any water body with
frontage to the premises owned or occupied
by him, provided that the amount abstracted
in a day does not exceed 10 m* or serve
more than 20 persons. In the case of ground
water, the amount abstracted in a day must
not exceed 2500 L and the abstraction does
not require a well to be drilled (Section 27).

Section 28 of the 2008 Enactment
provides that no one can divert or disrupt
the natural flow of water in a water body or
put or cause or permit to be put or to fall or
to flow into any water body any object that
may interfere with the natural flow of water.
Anyone who wishes to do any of the two
prohibited acts can only do so if they are
permitted by a licence issued by the Water
Resources Director.

These sections provide a good
opportunity for the Board to develop clear
measures that will provide the means:

* to control and gather information
pertaining to all manner of abstraction,
irrigation and diversion, based on
licence application, that in return will
allow for better understanding of the
rate, frequency and types of use, not just
those for agricultural purposes;

* to provide measures to determine
the rate of abstraction and scale of
diversion;

e to establish measures to set volumetric
control and rate of intake;
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* to develop strategic policies for
abstraction and diversion, taking into
account environmental and social
factors;

* to explore options for setting quotas
during drought seasons or hazard
events; and

* to explore options for deficit irrigation.

Control of Contaminants and Sewage
Discharge

Part VI of 2008 Enactment addresses
aspects related to protection of water
resources. In Section 29, the discharge of
contaminants into any water body or land is
prohibited except when a licence has been
granted according to the requirement of the
provisions. Under Section 31, effluents may
be permitted to be discharged if licensed for
under the Environmental Quality Act 1974
or the sewage is discharged into a sewerage
system in a sewerage services area, with
added provisions that the person doing so
is required to avoid, remedy or mitigate
any adverse effects on the water body or
environment arising from the licensed
activities. This allows the Board to set the
threshold for helping to control elimination
or total removal of contaminants or effluent
discharges. This also allows the setting of
timelines for phasing out discharge.

Control of Activities

The Board is also responsible for certain
aspects of control of land use activities
in Kedah, as provided for in Section 32,
where activities related to water bodies are

regulated on land, particularly earthwork.
An application will have to be made to
relevant authorities for approval, and an
earthwork plan will have to be sent to the
Water Resources Director, who will make
recommendations on measures relating
to erosion mitigation and sedimentation
control.

The 2008 Enactment also looks at the
protection of special areas, river reserves and
water conservation areas. Section 35 makes
provisions for the control of activities in
water reserves, which involves the removal
of natural vegetation or material, felling of
trees, erection of structures or buildings,
carrying out of agricultural activities or
alteration to or interference with a water
body. The State Government of Kedah, on
advice of the Board shall gazette areas of
land or water bodies as water conservation
areas and the Director of the Kedah Water
Resources Board may direct the occupier
or the owner of the premises within those
water conservation areas to take measures
or action to conserve and protect the area.

Section 39 makes provision for the
extraction of sand and other rock material.
According to the provisions, no person shall
extract sand or rock material unless that
extraction is carried out at a sand mining site
in an approved river basin management plan
or at a site located in an area not covered by a
river basin plan, provided that application is
accompanied by studies by experts showing
that the sedimentation rate is sufficient even
though there is an extraction, or removal is
required for flood mitigation purposes or for
maintenance of navigation channels.
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Recreational activities are also
controlled under the 2008 Enactment in
Section 40, where owners or operators of
all recreational or leisure activities on or in
water bodies have to take appropriate steps
to avoid causing damage to the bed, banks or
shore of a water body; or contamination of a
water body; or obstruction to navigation; or
danger or being a nuisance to any person or
property. The Water Resources Director can
from time to time issue directives spelling
out measures to help avoid or reduce any of
the impacts arising from recreational use.

These provisions, when read with the
larger river basin management plan, can
actually address issues arising from multiple
use and users, as well as conflicting interests,
particularly during extreme weather
conditions. It will allow for measures and
procedures to be set out so as to ensure that
limits are set and risks to water resources
minimised.

Protection of Special Areas

Two key areas are addressed in the 2008

Enactment, river reserves and water

conservation areas. The 2008 Enactment

states that river reserves are areas (Section

34):

»  within 50 m of the top of the bank of a
river, including its estuary, where the
river channel is 40 m or more than 40
m in width;

»  within 40 mof the top of the bank of a
river, including its estuary, where the
river channel is 20 m or more than 20
m but less than 40 m in width;

*  within 20 m of the top of the bank of a
river, including its estuary, where the
river channel is 10 m or more than 10
m but less than 20 m in width;

*  within 10 m of the top of the bank of a
river, including its estuary, where the
river channel is 5 m or more than 5 m
but less than 10 m in width; or

e within 5 m of the top of the bank of a
river, including its estuary, where the
river channel is 1 m or more than 1 m
but less than 5 m in width.

The Board can recommend to the State
Authority to either reduce or increase
the distances in respect of specified
river reserves in existing built-up areas,
particularly for flood mitigation purposes.
Section 35 makes provisions for activities
within river reserves that require a licence.
These activities include removal of natural
vegetation, felling of trees or the removal
or deposition of any material; erection
of a structure or building; operation of a
commercial or agricultural activity; and
alteration to, obstruction of or interference
with any water body. This is to ensure that
the activities do not cause a reduction in the
volume or flow of water or degradation to the
quality of water or the water environment.
If they do, the owner or occupier is required
to either modify or cease the activity; or
modify, relocate or remove the structure
or building; or restore the river reserve or
water body to the condition in which it was
immediately prior to the carrying out of the
activity or the erection of the structure or
building.
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In order to protect water bodies or
even land areas so that they are adequately
protected from change in flow, contamination
or degradation or to ensure they can serve as
a water catchment area for an impounding
reservoir or water supply intake, the 2008
Enactment in Section 36 makes provisions
for the declaration of such areas, setting out:

* the limits of the area and the purpose
of declaring such areas as a water
conservation area;

* the types or classes of activity or
development and the specific measures
or work that apply;

» the types of activities that are prohibited;

¢ the terms, conditions and restrictions
that apply to activities, measures
undertaken or development within the
area respectively; and

* the body empowered to manage the
area.

The Water Resources Director also has
additional powers in Section 37 to direct
owners or occupiers in a water conservation
area:

¢ to take measures to slow down, reduce
or prevent water from running off the
premises into a water body;

* to plant specific types of vegetation;
¢ torelocate structures;

* to undertake an activity, including an
agricultural activity, in a specific way;

» to take such other measures as the Water
Resources Director may specify to

prevent degradation of water resources;
and

e to restore the river reserve or water
body within the area to the condition
in which it was immediately prior to
the commencement of the activities or
development in the area.

These sections provide the Board with
powers that can ensure the development and
adoption of special measures to protect and
conserve special areas that can help balance
the needs of different users and ensure water-
resource sustainability. This can be adopted
in river basin management plans to ensure
that not only are allocation and distribution
strategically planned, but conservation
measures are put into place and carried out
by owners or occupiers of these areas. It
does seem to suggest that a partnership can
be formed between the authority and the
public so as to ensure that water bodies and
their land area are protected. This is critical
for sustainable agriculture, as it will allow
for clear direction and procedures to ensure
balance between multiple use and users.

Minimising Threats, Impact or Risks in
Extreme Events

Sections 41 to 43 of the 2008 Enactment
makes provision for emergency measures
in cases of acute contamination, drought
and flood. In case of accidents or events
resulting in significant undue contamination
of any water body, or which gives rise to
the risk of such contamination, the person
involved has a duty to promptly take such
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measures as are necessary to minimise the
impact or risk to the environment and to
promptly inform the police or the Water
Resources Director (Section 41). The
Water Resources Director in turn may issue
directives setting out actions required to add
any threats to public health or safety or to
the environment. The power to redress harm
is spelt clearly, and this is useful in cases
where immediate action is required.

In cases of drought (Section 42), the
Board may, by reason of an exceptional
shortage of rain, where a serious deficiency
of supply of water in any area exists or is
threatened, abstract or direct any person
to abstract water from any water body or
discharge water to a place specified in a
specific directive, or prohibit or limit the
abstraction by any person of water from
any water body or the supplying of water
to any person. This provision allows for
the establishment of an allocation plan for
cases that will need help to ensure recharge
of water bodies or minimisation of usage
of any water body. This will require a set
of strategies for action to be outlined in a
river-basin management plan.

Section 43 of the 2008 Enactment sets
out measures to control and manage floods
that includes the formation, organisation
and operation of flood defence committees
for river basins; the adoption of mitigative
measures to lessen the impact of flooding;
and steps necessary for the proper
management of flood defence. This sets
the premise for an opportunity to develop a
comprehensive plan to address events that

give rise to threats and risks to water bodies
and their surrounding land area.

Licensing

Section 44 of the 2008 Enactment sets out
a detailed description of what is required
in licences. Licences require information
that states the nature of the relevant activity
and all the works and measures necessary
to undertake the activity and the measures
to control and mitigate any adverse effects
of the activity on the water environment.
The Water Resources Director can also
request information on the use of the best
available techniques pertaining to measures
that are proposed or should it not include
such techniques, the applicant will have to
include information on the efficiency and
effectiveness of the alternative techniques.

What is critical here is that Section 45
mandates that the Water Resources Director
publish details of any significant activity
requiring a licence in at least two local
newspapers, and objections are invited from
the public. This form of public engagement
is positive, as it allows for better feedback
and to an extent, is a platform for informed
consideration. Depending on the objective
lodged, the Water Resources Director may
require an applicant to also conduct a public
forum. Significant activities are defined as
(Section 45):

* any activity that in the opinion of the
Water Resources Director is likely to
have a significant impact on the quality,
quantity or flow of water or on the
environment;
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e water abstraction at a rate of more than
100 m? per day from ground water or
from a river of less than 5 m in width
or any other maximum rate stipulated in
directives under this Enactment;

e water abstraction at a rate of more than
500 m? per day from a river of 5 m or
more in width, or any other maximum
rate stipulated in directives under this
Enactment;

* waste water discharge at a rate of
more than 10 m® per day or any other
maximum rate stipulated in directives
under this Enactment;

* river works and structures that may
obstruct navigation; or

* any other activity prescribed by the
Board as significant.

It can be said that licence issuance is
not merely an administrative process,
particularly for significant activities, where
the public has a role to play. In cases where
planned development is underway with
activities that may impact a water body, a
public forum may result, and in the spirit of
sustainable agriculture, public engagement
is one of the tenets that has been pushed
forward for consideration.

Licences are also subject to variation
(Section 51) if there has been a significant
change in circumstances, which include the
following:

* new information on adverse effects
on human health or the environment
caused by contamination is obtained, or

legislation laying down environmental
quality standards have been changed;

* new techniques have become available
that make it possible to reduce the
environmental impact of the activity
significantly;

» the operational safety of the process
requires other techniques to be used; or

» reconsideration is required by other
legislation.

CONCLUSION

As agricultural activities are heavily
dependent upon water resources, the need
to restructure water-resources management
and changes of agricultural practices are
required. Present agricultural practices
require a large quantity of water and can
be the main polluter of water resources.
The concept of sustainable agriculture
can increase productivity and yields of
agricultural products without compromising
the need to sustain ecosystem functions as
well as to conserve water resources, both in
quantity and quality. In terms of resolving
disputes among water users for multiple use
and for better decision making, a regulatory
framework is the best option for managing
water resources.

The Kedah Water Resources Enactment
2008 provides the regulatory means that
can help push the sustainable agriculture
agenda through sustainable use of water
resources. What is critical is the formation
of a River Basin Committee to bring
together all key stakeholders and the
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development and adoption of a river basin
plan that includes directions and measures
related to priority use and users; allocation,
abstraction and extraction; ways to reduce
environmental risks, threats and impacts and
incorporate environmental needs in decision
making, planning and licensing; adoption
of measures to address and allow for
adaptation to climatic changes and hazard
incidences; addressing environmental
needs, particularly environmental flow and
recharge of water bodies; and development
of specific management and response plans
to address droughts, floods, environmental
impacts and other hazard events.

The plans could also look at the adoption
of measures as well as long-term strategies
for water storage and capture, recharge and
water-resource augmentation, focusing
on water resources security. An allocation
plan for multiple use of water resources
would also be beneficial, particularly in
times of crisis. The 2008 Enactment also
makes room for public engagement, which
would allow for better resource planning and
agriculture development, and this should be
capitalised on to ensure informed planning
and development of the agricultural sector
in Kedah. Examples drawn from this can
perhaps be considered in other states in
Malaysia that have specific enactments for
water regulation.
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ABSTRACT

Conventional semen examination involving sperm motility, viability and morphology
remains the backbone of assessing the fertility status of a sire. However, there remains
instances where these semen parameters appear normal but cases of low conception rates or
failure of pregnancy occur. This review highlights the causes of sperm DNA damage and the
effectiveness of techniques designed to evaluate the contribution of sperm DNA damage to
lowered fertility in bulls. Among the many causes of sperm DNA impairment are imperfect
spermatogenesis, faulty apoptosis, reactive oxygen species, in-vitro handling, impact of
environment, radiography and the stress of cryopreservation processes. Furthermore, DNA
impairment impairs fertilisation, interferes with embryonic development and implantation
and blocks blastocyst formation. The most frequently used tests to determine DNA damage
are the acridine orange test (AOT) using acridine orange stain with examination under a
fluorescence microscope and the sperm chromatin structure assay (SCSA) using the same
stain but examined with flow cytometry.
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response to rural development. Sperm are
haploid cells and the chromosomes in them
are mono-chromatid structures. The sperm
cell nucleus is mainly occupied with DNA,
which is responsible for approximately 40%
of its dry matter. Bull sperm comprise 3.44
pg DNA/nucleus (Bochenek et al., 2001).
The cell nucleus is the most vital component
of sperm ultrastructure, as fertilisation
efficiency is influenced by the presence of
a normal structure. Chromatin of sperm is
systematised in toroids that are steady and
solid structures that are attached to nuclear
matrix through toroid linker regions. These
linker regions are the most vulnerable to
DNA injury (Sotolongo et al., 2003) with
single (ssDNA) or double strand breaks
(dsDNA; Aitken et al., 2013).

In both bull and human spermatozoa,
there is a high quantity of chromatin
heterogeneity (Evenson et al., 1980a;
Takeda et al., 2015). Even so, conventional
semen examination comprising examination
of sperm motility, viability, sperm count
and morphology has remained the pillar of
examining semen-associated male factor
of infertility. However, there remain some
conditions where these parameters are all
in the ‘normal’ range but the male has low
or reduced fertility (Dietrich et al., 2005).
Simon and Lewis (2011) found that from
all conventional parameters such as those
stated above there was only one negative
correlation (r=0.21) between sperm DNA
impairment and progressive motility. In
addition, Venkatesh et al. (2011) found out
that 15.5% of idiopathic infertile males had
normal semen parameters. Hence, sperm

features are essential for considering not
only the conventional parameters but also
for assessment of DNA, acrosome and the
fertilising ability of sperm. This review
aimed to discover the causes and also the
effectiveness and evaluations of sperm DNA
impairment in bulls.

Causes of Sperm DNA Impairment

Imperfect spermatogenesis. DNA
deficiency in sperm could largely be due
to imperfect spermatogenesis (Manicardi
et al., 1995; Sailer et al., 1995). One
example of imperfect spermatogenesis is the
presence of vacuoles in the sperm head. This
vacuole appearances could be associated
with chromatin destruction (Oliveira et al.,
2010; Franco et al., 2012). Furthermore, the
percentage of fertility rate was correlated
negatively with sperm vacuoles (Berkovitz
et al., 2006). The sperm head comprises
DNA almost fully and it has been reported
that in case of alterations in DNA structure,
morphologic abnormalities are expected
(Enciso et al., 2011). Nevertheless, several
studies have revealed that sperm containing
DNA dicondensation do not essentially
present morphologic alterations (Beletti,
et al., 2005; Soares & Beletti, 2006). An
earlier study by Beletti and Mello (2004)
showed a great positive relationship between
primary sperm defects and DNA alteration,
suggesting that sperm DNA structure
affects the morphology of sperm head.
Furthermore, Kipper et al. (2017) found a
strong relationship between compaction of
DNA and the morphometry of the sperm
head in Nelore bulls.
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In the course of spermiogenesis,
histones, the dominant protein in
spermatocyte nucleus, are replaced by
protamines in mature sperm (Zhao et
al., 2004). The protamines of sperm are
essential for providing structural rigidity
and maintaining highly condensed sperm
DNA packing (Miller et al., 2010). In fact,
it is now known that a reduction in sperm
protamine content could lead to increased
sperm DNA impairment (Fortes et al., 2014).
Thus, modification in chromatin rebuilding
during the process of spermatogenesis
might result in DNA impairment (Marcon
& Boissonneault, 2004).

Faulty apoptosis. Programmed cell death
(apoptosis) is an important factor offered
to remove unnecessary or damaged sperm
cells throughout spermatogenesis. In the
development of the sperm germ cell through
spermatogenesis, Sertoli cells take control
to induce apoptosis in 50% of sperm
cells that enter meiosis I (Mahfouz et al.,
2009); however, due to poorly understood
mechanisms, this procedure might not
operate well and some imperfect germ
cells that have evaded apoptosis might
progress on to the process of spermiogenesis
(Burrello et al., 2004). In the process of
apoptosis, anti-apoptotic protein (BCl-2)
and pro-apoptotic protein (BAX) deliver
a signalling pathway that supports and
maintains balance in a cell. The prorated
levels of these proteins are important for a
feedback mechanism. In fact, in the course
of spermatogenesis, pro-apoptotic protein
acts as a checkpoint for keeping the quality

of sperm (Oltvai & Korsmeyer, 1994; Dogan
etal., 2013).

Reactive oxygen species production
before ejaculation. It is clear that excessive
reactive oxygen species (ROS) induces
DNA impairment (Moustafa et al., 2004).
The source of ROS before ejaculation
can be from immature sperm or from
epididymal epithelial cells. Studies showed
that immature sperm in cauda epididymis
produce a high amount of ROS and these
could affect negatively on the DNA of mature
sperm (Ollero et al., 2001). Furthermore,
epithelial cells of epididymis, which could
be affected by environmental factors, play
an important role in increasing the amount
of ROS. This would cause an increase
in the antioxidant intake and thus, could
reduce the harmful effect of ROS on sperm
DNA (Sakkas & Alvarez, 2010). Although
the internal anti-oxidant enzyme capacity
of Karan Fries bulls was increased in hot
dry and hot humid seasons, the ROS and
malondialdehyde were significantly higher
in these seasons compared to in winter or
spring (Soren et al., 2016) and significantly
correlated with seminal quality.

Impact of environment. Fluctuating
environmental temperatures induce sperm
DNA impairment (Karabinus et al., 1997).
Bovine semen quality alterations due to
season have been recorded even though
bulls are not considered seasonal breeders
(Menegassi et al., 2015; Malama et al.,
2017). In dairy bulls there is a strong decline
in semen output owing to the stress of
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temperature and humidity (Al-Kanaan et
al., 2015). Lucio et al. (2016) revealed
that scrotal heat stress, which is induced
by scrotal insulation in crossbred bulls,
led to moderate to strong alterations in all
sperm head morphometric measures and
DNA integrity. Moreover, the roundness
of the sperm head is a major reflection of
heat stress. The adverse effects of rising
testicular temperature might have an effect
on meiotic stages of spermatogenesis and
can result in remodelling of sperm DNA
(Rahman et al., 2011; Lucio et al., 2016).
In contrast, Malama et al. (2017) found
that DNA integrity seemed to be stable
over the course of the seasons. Values of
DNA impairment of frozen-thawed semen
of Holstein-Friesian bulls did not change in
winter and summer. Whether extremes of
temperature significantly affect sperm DNA
is still not fully understood as Michael et al.
(2013) found that 91% of bulls from tropical
environments that are characterised by high
environmental temperature and humidity
do have stable sperm DNA. It should be
stressed here that males fed based on sub-
optimal feeding requirements have higher
sperm DNA impairment and reduction in
testicular mass, sperm motility and total
sperm count in ejaculates (Aitken et al.,
2012; Guan et al., 2014). The common
DNA impairment in males fed sub-optimally
is incomplete development of spermatid
during spermiogenesis. This could be
due to the positive relationship between
DNA impairment and poor chromatin
packaging as a result of under protamination

concentration in complete sperm (Gorczyca
etal., 1993; Guan et al., 2014).

In-vitro handling. Sperm DNA can undergo
impairment through handling and shipment
after collection (Bollwein et al., 2008;
Jenkins et al., 2015). Imperfect handling
of fresh, chilled or frozen-thawed semen
might lead to a change in pH, decrease
or increase in temperature and increase
in the amount of ROS (Jenkins et al.,
2015). Therefore, proper handling of
semen is priceless. Collecting tubes, sperm
handling, light exposure, washing, semen
processing and any sub-optimal condition
of ejaculated semen can increase the risk of
DNA impairment (Drevet, 2016) because
spermatozoa are exposed to environments
that are different from the physiological.

Radiotherapy and chemotherapy. It has
been stated that exposure to radiotherapy
or chemotherapy could cause sperm DNA
impairment. This is highlighted in a study
by O’Flaherty et al. (2008), who found that
the integrity of sperm DNA was affected
in patients with testicular cancer after they
were given any chemotherapy (O’Flaherty
et al., 2008).

Chilling and cryopreservation of semen.
Storage of semen in chilled temperatures
results in excessive production of ROS
(Crespilho et al., 2014; Daramola &
Adekunle, 2015), and this directly affects
sperm DNA (Morte et al., 2008). The
processes of thawing frozen semen could
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also lead to DNA impairment (Holt, 2000;
Métayer et al., 2002; Gadea et al., 2008;
Kumar et al., 2011; Papa et al., 2015; Ezz
et al., 2017), which could greatly affect the
fertility status of the semen.

In fact, the mechanisms accountable
for freezing and chilling induced DNA
impairment are not properly understood.
Data suggest that the consequence of
lipid peroxidation (LPO) in injurious
sperm chromatin (Kasimanickam et al.,
2007; Kumar et al., 2011). Simoes et al.
(2013) indicated that there was a negative
relationship between intact DNA and the
amount of ROS in bull semen. On the
other hand, Giirler et al. (2016) revealed
that not all kinds of ROS are harmful
to sperm DNA as only H202 is related
to DNA impairment. Moreover, sperm
nuclei exposure to high ionic strength in
the course of cryopreservation instigates
deterioration of chromatin assembly and
sequentially, makes post-thawing nuclear
DNA available to oxidative occurrence
through extra or intracellular ROS (Gadea et
al., 2008; Makker et al., 2009; Simdes et al.,
2013). Additionally, perhaps, unrestrained
post-thawing influx of wondering calcium
ions in frozen sperm (Holt, 2000) may
possibly encourage additional splitting of
nucleoprotein and DNA through endogenous
protease and nuclease stimulation (Métayer
et al., 2002).

Influence of Sperm DNA Impairment
on Reproduction

To date, there is no dependable data on the
effects of DNA impairment in bulls during

embryo development or pregnancy product
(Kipper et al., 2017). Spermatozoa lack a
DNA repair mechanism, and this could be
due to their unique structural differentiation.
In fact, spermatozoa are metabolically
silent with high condensed chromatin that
is unable to self-repair damaged DNA
(Smith et al., 2013). On the other hand,
oocytes have the ability to repair both its
own DNA and the DNA sperm, and this
repair occurs after fertilisation prior to
cleavage. However, sometimes, this repair
is possible because of a high level of sperm
DNA impairment or owing to low oocyte
repair activity (Drevet, 2016). Likewise,
Evenson et al. (1980a) revealed that sperm
with denatured ssDNA could have decreased
fertilisation efficiency both in vivo and in
vitro. Around 15% of sperm population
with impaired DNA is usually considered
normal, whereas a value between 15%
and 25% will result in decreased fertility,
and much higher values such as 25% and
above signify a higher chance of infertility
(Larson-Cook et al., 2003; Michael et al.,
2013). Despite these figures, some studies
have reported decreased fertility in bulls
having 10% injured sperm in their semen
(Bochenek et al., 2001). Kipper et al.
(2017) found that 4% to 16.15% of sperm
with DNA impairment did not reduce in-
vitro embryonic development until Day 8.
Similarly, Fatehi et al. (2006) confirmed
that DNA impairment in bull sperm did not
prevent fertilisation and early embryonic
development. However, it can lead to
induced apoptosis after the first cleavage.
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The presence of any damage(s) to the
sperm ssDNA can reduce the success of
fertilisation (Simon & Lewis, 2011; Ribas-
Maynou et al., 2012), while damage(s) to the
sperm dsDNA could lead to a disturbance
in embryonic development (Lewis &
Aitken, 2005), commonly resulting in
cases of miscarriage (Lewis & Simon,
2010). A contrary opinion to this has been
presented by Fatehi et al. (2006), who
revealed that sperm DNA impairment does
not cause any problems in fertilisation
of the oocyte or in first, second or third
cleavage achievement, though it can stop
formation of blastocysts through apoptosis
induction i.e. low sperm DNA impairment
can be successfully repaired by either the
ovum or the embryo leading to the birth of
normal offspring. Early embryonic death or
abortion is only linked with higher assault
to sperm DNA (Wyrobek et al., 2006). The
involvement of sperm DNA damage in
reducing breeding effectiveness of bulls
after artificial insemination (AI) (Bollwein
et al., 2008) permits consideration of
factors that could lead to deviation in the
chromatin structure in the course of in-vitro
semen processing. Spermatozoa with DNA
impairment have the potential to interrupt
genetic and epigenetic rule of embryonic
growth (Aitken & De Iuliis, 2007). Recent
studies revealed that higher proportions
of intact sperm chromatin correlates with
improved fertilisation success and normal
embryonic growth (Fatehi et al., 2006;
Khalifa et al., 2008). Fatehi et al. (2006)
induced impairment for sperm DNA by
exposure to irradiation with X- or Gamma

rays. The results showed that embryonic
growth was totally blocked at Day 7 and
the blastocyst percentage reduced from 28%
in non-irradiated sperm to less than 3% in
irradiated sperm.

Sperm exposure to traumatic situations
such as cryopreservation may compromise
the mechanism, resulting in inhibited
fertilisation or embryonic growth (D’Occhio
et al., 2007; Kasimanickam et al., 2007;
Khalifa et al., 2008). Kasimanickam et al.
(2007) and Lymberopoulos and Khalifa
(2010) showed that a rising proportion of
sperm DNA impairment was related to
declining field fertility of cryopreserved
bull semen. Similarly, Khalifa et al. (2008)
indicated that a substantial negative
association exists between the occurrence
of sperm DNA impairment in cryopreserved
semen and the developing capability of
bovine embryos in vitro. It is likely that the
procedure of semen thawing could have
a negative or positive effect on chromatin
uncertainty. For instance, fast thawing
of cryopreserved semen straws at a high
temperature (45°C for 30 s), is measured
by an empirically resultant procedure in
minimising intracellular hyper-osmotic
trauma at the course of re-warming of
sperm handled at a high freezing rate
(Hammerstedt et al., 1990). Furthermore,
a 240-min incubation of cryopreserved
semen at 25°C or 39°C doubled sperm
DNA impairment frequency, with the
degree of increase being intense at 39°C and
advancing the biologically important limit
(Bollwein et al., 2008).

68 Pertanika J. Trop. Agric. Sci. 41 (1): 63 - 80 (2018)



Sperm DNA Impairment

It has been suggested that antioxidants
safeguard frozen spermatozoa from DNA
disintegration (Gadea et al., 2008; Kumar
et al., 2011). The defence mechanism of
sperm cell against nuclear DNA injury
depends on the effectiveness of their
chromatin compaction, stoppage of
endogenous nucleases and degree of extra
and intracellular antioxidants (Aitken &
De luliis, 2007; D’Occhio et al., 2007). A
notable decrease in sperm DNA impairment
occurrence was seen after frozen-thawed
semen centrifugation and extracellular
milieu elimination, the main cause of
post-thawing production of ROS in the
existence of egg yolk and dead sperm cells
(Vishwanath & Shannon, 1996).

Research shows that bull semen cooled
in egg yolk extenders could not upset sperm
chromatin steadiness (Waterhouse et al.,
2006; Khalifa et al., 2008) and that there was
no relationship between sperm movement,
DNA injury incidence, agglutination and
LPO (Lymberopoulos & Khalifa, 2010).
DNA impairment was negatively related
to the fertility of the bull sperm (Garcia-
Macias et al., 2007). Moreover, there was
negative association of sperm DNA injury
with capacitation status, viability and
membrane reliability in buffalo (Pawar
& Kaul, 2011). It should be noticed that
fresh semen may contain a huge number
of dead and degenerated spermatozoa
with DNA impairment (Liu & Liu, 2013).
Thus, the consequence of DNA injury of
ejaculated sperm does not correctly replicate
DNA position of motile sperm portion.
Consequently, clinical evaluation of sperm

DNA impairment ought to be done in the
motile sperm portion and not the entire
ejaculated sperm using, for instance, the
swimming up procedure (Madrid-Bury et
al., 2003), self-migratory method (Makler
et al., 1984) or the discontinuous Percoll
gradient procedure (Berger et al., 1985) to
collect solely the motile sperm before doing
a DNA integrity test.

Evaluation of Sperm DNA Integrity

Evaluation of sperm DNA integrity has a
stronger capability to predict the fertility
rate of semen than other conventional
parameters such as percentage progressive
motility (Simon & Lewis, 2011). A number
of tests have been used for the evaluation
of sperm DNA integrity including the
acridine orange test, sperm chromatin
structure assay, TUNEL assay, single-cell
gel electrophoresis, sperm Bos-Halomax
assay and sperm chromatin dispersion test.

Acridine orange test (AOT). The most
regularly used test instrument for DNA
impairment identification is the acridine
orange staining test, which permits sperm
chromatin steadiness detection in an acidic
environment. The dye has metachromatic
characteristics. Spermatozoa having double-
stranded DNA discharges fluorescence in
the green band, whereas those having RNA
and single-strand DNA discharges red
fluorescence.

DNA-intercalating dyes such as acridine
orange have proved useful for examining
alterations in chromatin packaging. The
composition of normal double-stranded
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DNA results in the spatial separation of
acridine orange molecules, causing them
to act like the monomeric form of the dye
and emit green fluorescence. When excited
by a 488-nm light source, in the presence
of denatured (single-stranded) DNA, the
dye molecules bind electrostatically to the
strands and to each other to form aggregates,
whereby dye-dye interaction causes a
concentration-dependent loss of absorbed
energy and a subsequent metachromatic
shift to red fluorescence (Evenson et al.,
1980b). The microscopic assessment of
sperm chromatin integrity classifies acridine
orange-stained spermatozoa as normal
if fluorescing green and abnormal if red.
However, this visual classification introduces
some subjectivity to the assessment, since
the emission spectrum from individual
spermatozoa is often a mix of wavelengths,
with stained spermatozoa appearing yellow
to brown and not clearly identifiable with
either category.

The microscopic AOT has demonstrated
a significant relationship with male infertility
and with fertilisation and pregnancy
rates in IVF, independent of other sperm
characteristics including sperm zona binding
and morphology (Tejada et al., 1984; Liu &
Baker, 1992).

Sperm chromatin structure assay (SCSA).
Automation of the detection and analysis
of AO fluorescence is provided by flow-
cytometry (FCM) and employed in the
sperm chromatin structure assay (SCSA),
which was initially developed by Evenson
et al. (1980b) as a potential measure of

livestock fertility. Flow-cytometry provides
a powerful statistical advantage over manual
microscopic methods through objective and
rapid multi-parametric analysis of large
numbers of cells. The SCSA assay assesses
the integrity of sperm chromatin structure,
using AO as an enquiry to quantify the
vulnerability of sperm DNA to in-situ-
induced denaturation. The original assay
measured heat-induced denaturation, but
this has been replaced with the acid-
detergent treatment (pH 1.2, Evenson et
al., 1986). Spermatozoa with a normal
chromatin structure appear impervious
to treatment, while spermatozoa with an
abnormal chromatin structure undergo
partial denaturation (Evenson et al., 1980a).
The SCSA is a flow-cytometric technique,
while AOT is a microscopic method, and
the two quantify the metachromatic shift
of acridine orange fluorescence from green
(native DNA) to red (denatured DNA), and
the two methods mostly determine the DNA
impairment with the toroid linker region.
The SCSA evaluation has been commonly
used to assess sperm DNA excellence in
bulls through FCM (Januskauskas et al.,
2001, 2003; Waterhouse et al., 2006; Fortes
etal., 2012; Michael et al., 2013; Serafini et
al., 2015).

TUNEL assay. Another method for
DNA fragmentation assessment is using
the TUNEL assay. The TUNEL assay
identifies double- and single-stranded
DNA discontinuities by identifying a free
3-OH terminus with altered nucleotides
in an enzymatic response with terminal
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deoxynucleotidyl transferase (TdT) and
may be examined using a microscope or
through flow cytometry (Sharma et al.,
2013) or fluorescence microscope (Takeda
et al., 2015).

Single-cell gel electrophoresis (COMET)
assay. In this assay, sperm DNA breaks
move apart in the head region forming
‘comets’ after electrophoresis, while
complete DNA is intact in the normal
head location. The COMET assay includes
embedment of sperm in agarose using a
glass slide, electrophoresis and assessing
DNA movement in the comet tails using a
specific software programme in a computer.
The COMET assays (i.e. alkaline and
neutral) apparently permit stain admittance
to the toroid linker and toroid regions
(Shaman et al., 2007) for documentation
of ssDNA and dsDNA disruption. Evenson
et al. (2002) and Baumgartner et al. (2009)
suggested that the neutral COMET assay
recognises dsDNA disruption and closely
related ssDNA disruption, while the alkaline
COMET assay recognises ssDNA disruption
only. In bulls, the neutral COMET assay
identified higher DNA breakdown (i.e.
higher tail moment) in non sex-sorted
spermatozoa rather than in sex-sorted
spermatozoa (Boe-Hansen et al., 2005).

Sperm chromatin dispersion test (SCD).
SCD is a moderately new technique that is
introduced to evaluate spermatozoa DNA
disintegration (Fernandez et al., 2003).
The SCD test is centred on the belief that
spermatozoa having disjointed DNA fail to

give the distinctive halo of discrete DNA
loops that are witnessed in spermatozoa with
non-disjointed DNA after acid denaturation
and nuclear protein elimination. The sperm
tail was removed during the process of
the SCD test (Fernandez et al., 2003).
Fernandez et al. (2005) and Pawar and Kaul
(2011) modified the test’s protocol, so the
tail was unbroken from the sperm head.
Furthermore, the scoring patterns were four
different categories in the modified method
vs. five in the non-modified method (Pawar
& Kaul, 2011).

Sperm Bos-Halomax assay (SBH). The
Sperm Bos-Halomax (SBH) assay was
established for evaluation of spermatozoa
DNA reliability in bulls, and centres on the
Spermatozoa Chromatin Dispersion Test
(SCDt) for humans (Fernandez et al., 2003).
The SBH assay is comparable to the COMET
assay with the exemption that sperm treated
are not visible in an electrophoretic field.
Higher DNA disintegration gives rise to
more halos, while less DNA disintegration
produces fewer halos (Garcia-Macias et al.,
2007).

Sailer et al. (1995), Aravindan et al.
(1997) and Chohan et al. (2006) detected
a solid association between SCSA and
TUNEL outcomes for spermatozoa DNA
disintegration, while Simoes et al. (2013)
indicated that a positive correlation between
sperm DNA impairment and susceptibility
to ROS in two different methods, the SCSA
and the COMET assay, but there was no
correlation between the COMET assay and
the SCSA assay. Furthermore, there was a
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strong relationship between SCD and AOT
in the experiment that was conducted by
Pawar and Kaul (2011).

CONCLUSION

Sperm chromatin is arranged in toroids,
which are steady and solid structures; these
linker regions are the most susceptible
to DNA damage with single- (ssDNA)
or double-strand (dsDNA) breaks. DNA
defects are most likely due to to defective
spermatogenesis (genetic disorder), faulty
apoptosis, extreme reactive oxygen species
production, in-vitro treatment, impact of the
environment, exposure to radiography and
chilling and cryopreservation procedures.
A level of approximately 15% sperm with
injured DNA is considered to be quite
normal. DNA damage impairs fertilisation,
interferes with embryonic development
and implantation and also blocks blastocyst
formation. During fertilisation the damage
on the ssDNA of the sperm can be repaired
by the oocyte, while the dsDNA damage
leads to early embryonic death or abortion.
Antioxidants present in the semen may
guard frozen-thawed sperm from DNA
disintegration. There is no relationship
between spermatozoa motility, agglutination,
LPO and DNA impairment, while DNA
impairment was found to be negatively
correlated with the viability, membrane
integrity, capacitation and fertility of the bull
sperm. Hence, clinical evaluation of sperm
DNA impairment ought to be performed
in motile spermatozoa fraction than in the

entire ejaculated spermatozoa. The most
frequent tests that are used to determine
DNA damage are the AOT and SCSA tests,
as they enable sperm chromatin steadiness
determination in an acidic environment.
AOT and SCSA have demonstrated a
significant relationship with male infertility
and with fertilisation and pregnancy rates
in I[VF.
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ABSTRACT

Many net rainfall models have been developed, but they are often complex, data demanding
and usable only for a specific vegetation type. The focus of this study was to develop and
validate two simple equations (a two- and a three-coefficient equation) for nearly full
canopies of oil palm, rubber and pine trees. Throughfall and stemflow data from seven past
studies were used to determine the best-fit coefficients for the two equations. The three-
coefficient equation was Pn = Pg x exp [- {0.3443 — (Pg/ (58.9748 + Pg)} x 0.1639)] and
the two-coefficient equation was Pn = 0.7724 x Pg — 0.5845 (R? = 0.91), where Pn and
Pg are the net and gross rainfall, respectively. To validate these two equations, field data
collections were started. Thirteen rain gauges fit with data loggers were used for rainfall
measurement. Three sampled trees were selected randomly for stemflow measurement
and one rain gauge was installed at a nearby open area. Two error indices were used as a
goodness-of-fit measure for equation accuracy: index of agreement and normalised mean
absolute error. The results showed that the two- and three-equation equations performed
nearly equally well. They predicted the net rainfall with an error of between 12 to 23%
(ranked as “Fair” to “Good” in terms of overall equation accuracy) and with an index of
agreement of more than 90%. The results showed that these two equations can be used

fairly accurately to estimate throughfall and

net rainfall, and, to a lesser degree, stemflow.
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INTRODUCTION

Water balance refers to water input
(precipitation and snowmelt) and output
(evapotranspiration, ground water recharge
and stream flow). The major input of water
is from precipitation and output from
evapotranspiration (Kerkides et al., 1996).
Knowledge of water balance is useful
in managing water supply; this includes
irrigation, water erosion, flood and pollution
control and water shortage control.

In some areas, the amount of rainfall
is adequate for crop water requirements.
However, some places experience
insufficient rainfall to meet crop water
requirements; therefore, irrigation is
required (Odhiambo & Murty, 1996). Crop
development, soil water movement and
agricultural water management would be
highly affected by the amount of irrigation
during the crop growing season. This is true
especially in arid regions, where water is
scarce (Jalota & Arora, 2002).

The daily soil water balance within a
plant’s rooting system can be described in
the following equation:

Pn+1+CR=P+ET, +A® + OF 1

where, Pn is net rainfall, I is irrigation, CR
is capillary rise, P is deep percolation, ET, is
actual evapotranspiration, A® is the change
in soil water content and OF is surface
runoff or overland water flow. All the above
components are in the unit mm day'.

Tree canopies partition gross rainfall
(rain above canopies) can be divided into
throughfall, stemflow and interception. A

portion of the rainfall is intercepted and
temporarily retained by the canopies and
would subsequently evaporate. This process
is known as interception loss. Canopy
interception loss is influenced by canopy
architecture and meteorological properties
(Crockford & Richardson, 1990). Canopy
interception loss ranges from 10% to 40% of
gross rainfall in natural forests (Zinke, 1967)
and may even exceed 50% (Calder, 1990).
Redistribution of throughfall and stemflow
by canopies modifies evaporation, which
plays an important role in water balance
on local and catchment scales (Herbst et
al., 2006, 2007). Both throughfall and
stemflow have an important influence on the
hydrological budget of forest ecosystems.
The solute composition of rain also affects
soil chemistry, nutrients and pollutants, soil
moisture gradients, ground water recharge,
soil erosion and the location of epiphytes
(Ahmadi et al., 2009).

Other than influencing the hydrological
budget, rainfall interception also contributes
to weather pattern (Amell et al., 2002).
Evaporation rates, for instance, are higher
in forests than in short vegetation due to the
former’s higher aerodynamic conductance
compared to that of the latter (Rutter, 1967;
Stewart, 1977; Calder, 1979). Therefore,
knowledge of the rainfall partitioning
process is needed to predict the hydrological
effects of a site. The importance of hydrology
has received more attention after the mid-
20" century (Ward & Elliot, 1995).

Many interception models, such as
the numerical, analytical and stochastic
simulation models, have been developed
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to predict interception loss (Herbst et al.,
2006) to understand the water balance in
a particular location. Muzylo et al. (2009),
who reviewed several rainfall interception
models, remarked that only three models out
of 15 models are widely used today. This
is because most rainfall models are data
demanding and have intensive and complex
calculations.

Hence, one of the questions that
shaped this study was: Can net rainfall be
predicted by using only a single equation
for different types of closed canopy without
requiring detailed or intensive measurement
and information? The main objective of
this study was to develop and validate a
two- and a three-coefficient equation for
rainfall partitioning parameters (throughfall,
stemflow and net rainfall) under three nearly
closed canopies of pine, oil palm and rubber.

MATERIALS AND METHOD

Development of the Three-Coefficient
Equation for Net Rainfall

Net rainfall is assumed to decrease
exponentially with increasing values of an

P,

Gmax -+

Gmin i

empirical coefficient called G-factor. This
can be described as:

Pn=Tf+ Sf=Pg * exp (-G) 2

where, Pn is the net rainfall (mm), Tf is the
throughfall (mm), Sfis the stemflow (mm)
and Pg is the gross precipitation (mm). The
smaller the G, the greater the increase of
the Pn, following an exponential function
(Figure 1). Furthermore, it is assumed
that G is related to gross rainfall, Pg, by a
rectangular hyperbola relationship (Figure
1). G ranges between two extremes, G, and
G SO that with increasing gross rainfall
(Pg), G decreases according to Eq. [3]:

__Pe
T (C+Pg)

G=G *Gin~ G B
where, G » Guin, and C are empirical
coefficients obtained by minimising the error
between fitted and observed values using
the Microsoft Excel add-in called Solver
(Microsoft Corp, Redmond, Washington,

USA).

G

P

g

Figure 1. Three-coefficient equation: Net rainfall (Pn) is assumed to decrease exponentially with increasing
value of a parameter called G which, in turn, follows a rectangular hyperbola relationship with gross rainfall
(Pg). G varies between two extreme values denoted by G, and G,
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The Two-Coefficient Equation for Net
Rainfall

In addition to the three-coefficient equation
for net rainfall, a two-coefficient equation,
which is a linear regression equation,
was also derived. The purpose of this
derivation was to check whether a single-
linear regression equation could be used for
estimating net rainfall for various canopies.

Assumptions and Limitations of the
Equations

These two equations do not take into
account detailed information such as age of
tree, leaf area index, canopy characteristics,
stem characteristics, rainfall characteristics
(amount, intensity and duration), wind

Table 1

speed and direction, temperature and
other meteorological parameters. The two
equations in this study are applicable only
for nearly- to fully-closed canopy stands.
The only input required is the daily gross
precipitation.

Validation of Equations

Equation [2] and [3] were tested on seven
studies selected from literature. These
studies were selected because they provided
raw data on rainfall partitioning (Table 1).
Two error indices were used to measure
the goodness-of-fit of these two equations.
These indices were the index of agreement,
d (Willmott et al., 1985; Legates & McCabe,
1999), and the normalised mean absolute

Seven studies used to derive the two- and three-coefficient equations

Reference Tree Age LAI Location No.of Rangefor %Ilof %Tf  %Sf
(years) (m’m-?) Rain Pg (mm) Pg of Pg  of Pg
Days
Bentley (2007) Oil palm 8 NA+ Skudai Johor, 55 2.50-98.40 41.08 5693 1.99
(Elaeis Malaysia (1°43'N;
guineensis) 103°32°E)
Damih (1995) Oil palm NA NA+ Skudai Johor, 31 0.50-39.50  33.29 63.81 290
Malaysia
Lubis (unpublished  Oil palm 15 6.0 Pekan baru, 252 0.50- 29.62 6882 1.56
data) Indonesia 153.00
(0°32'0"N;
101°27'0"E)
Zulkifli et al. (2006)  Oil palm 8 NA+ Skudai Johor, 21 0.20-36.32  32.17 65.10 2.73
Malaysia
Germer et al. (2006)  Tropical NA 5.4 Rondonia, 97 0.50-78.23  2.38 89.81  7.81
rainforest Brazil (10°18°S;
62°52"W)
Loustau et al. (1992) Maritime 22 3.0 Bordeaux, France 32 0.30-62.70  17.38  79.07  3.55
Pine (Pinus (0°46"W; 44°-
pinaster) 42'N)
Zulkifli et al. (2003)  Rubber (Hevea 35 NA+ Skudai Johor, 28 2.55-5443 12,13 86.73 1.14
brasiliensis) Malaysia
Average 24.00 7290 3.10

+ Mature trees, NA = not measured, I = Interception loss, Tf = Throughfall, Sf = Stemflow, Pg = Gross

rainfall
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error, NMAE. The second error index used
was a modified form of MAE index (mean
absolute error) from Legates and McCabe
(1999). The estimated Pn from Eq. [2] and
[3] were compared with field measurements
and validated by these two error indices.
Normalized Mean Absolute Error,

NMAE index is given by
EliN:]|Pi'Oi| [4]
NMAE= —N___ %100
M

(8]

where, P; and O; are the predicted and
observed values, respectively; N is the
number of observation, and; M, is the
mean observed values. NMAE is given in
percentage. The lower the NMAE value,
the more accurate the model’s estimations.
According to Jamieson et al. (1991), the
overall prediction accuracy can be defined
as “Great” when the NMAE ranges from 0

from 20% to 30% and “Poor” for greater
than 30%.
Index of agreement, d, is given by

N N
d=1- sz=l|):i_yi - (5]
Ei=1(|yi -] +]yi-7l)

where, y;, §; and ;1 are the value of measured,

value of estimated and average of measured,
respectively. The error index ranges from 0
(worst fit) to 1 (perfect fit). The higher the d
value, the lower the overall prediction error.

Field Studies

Field data collections were carried out at
three sites; each site had different tree crops.
The tree canopies were nearly closed. The
trees were pine (Pinus caribaea), oil palm
(Elaeis guineensis) and rubber (Hevea
brasiliensis). A description of the sites is

.., given in Table 2.
to 10%, “Good” from 10% to 20%, “Fair’
Table 2
Description of the three field sites in this study
Pine Oil Palm Rubber
Location Serdang, Selangor Jengka, Pahang Sungai Buloh,
(03°00.067°N, (03°53.882°N, Selangor

101°43.392°E)

102°31.972°E)

(03°09.502°N,
101°33.479’E)

Age of Trees, Years

Hill Slope, %

Mean Elevation, m

Planting Density, Trees ha'!
Planting Distance, m

Mean Height of Tree, m
Mean Canopy Diameter, m
Leaf Area Index (LAI), m*’m-?

Mean Trunk Circumference
(at breast height), m

28

15

58

1736
24x2.4
26

44

4.4

0.9

12 26

0-1 0-1

61 41

136 450
8x8x8 55x28
6 12

14.0 13.0

4.2 3.1

2.6 1.0
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Rain gauges (Spectrum Technologies,
Inc., USA) based on the tipping-bucket
concept with resolution of 0.254 mm of rain
were used for rainfall measurement. The
rain collector had an opening diameter of
205 mm. To avoid rain water splashes from
the ground, the rain gauge was screwed on
a metal rod, which was hammered into the
ground. The distance between the gauge and
the ground was about 1 m. The rain gauge
was connected to a data logger, which gave
data in 1 decimal point, for the recording of
rainfall parameters (throughfall, stemflow
and gross rainfall) at five-minute intervals.

For throughfall measurement, 10 rain
gauges were arranged along a straight
line in North-South direction at a 10-m
distance between every two gauges, while
for stemflow measurement, three sampled
trees were selected randomly. The bark
of selected trees were gently removed to
fix a rubber collar and sealed with nails
and bitumen to direct stemflow into the
rain gauge. Finally, for collecting gross
precipitation above the canopies, another
rain gauge was installed in a nearby open
area that was not hindered by tall plants and
buildings. It was taken as representative of
the gross precipitation (above canopies) at
the experiment sites.

RESULTS AND DISCUSSION

Derivation of the Coefficient Values for
the Two Equations for Net Rainfall

Table 1 reports the rainfall partitioning of
seven studies. The number of rain days
ranged from 28 to 252 days and daily rainfall
from as low as 0.30 to as high as 153 mm
was recorded. This provided data with a
good range from low to heavy rainfall.

An average of 63.67% from gross
rainfall contributed as throughfall and
2.30% as stemflow for oil palm. At the forest
sites, throughfall contributed about 79.07%
and 89.81% at maritime pine and tropical
rainforest, respectively, whereas stemflow
was 3.55% and 7.81%, respectively. Lastly,
throughfall was 86.73% and stemflow,
1.14% at the rubber site.

Results from the seven studies were
used to fit the three-coefficient equation of
Eq. [3]. The coefficients were fit using the
Solver add-in (a component of Excel) in
Excel by minimising the mean differences
between the estimated and measured values.
Those data were compiled and analysed,
and the values for G, G, and C were
found to be 0.3443, 0.1804 and 58.9748,
respectively. The equations were thus:

Pn=Pg * exp (-G) [6a]

G=03443- — T8 4(03443-0.1804)
58.9748 + Pg [6b]
~Pn=Pg*exp |- [03443- L& %0639 [6¢]
58.9748 + Pg ¢
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A two-coefficient equation (linear
regression) was also derived from the same
set of data (seven studies combined). The
equation was:
Pn=0.7724Pg—0.5845 (R*=0.91) [7]
Accuracy of the Two- and Three-
Coefficient Equations for Net Rainfall

The accuracy of the two equations, Eq. [6]
and [7], was tested on the individual data
set from the seven studies (Table 1). The
error indices, NMAE and d in Eq. [4] and
[5], were used as a goodness-of-fit measure
for both equations.

Figure 2 and 3 show the overall
prediction accuracy for the two equations

for all the seven studies. The NMAE of
the three-coefficient equation was 19.86%,
which is in the “Good” prediction accuracy
range, and the d value 0.88 (Figure 2). The
NMAE of the two-coefficient equation
was 20.10%, which was in the border
between “Good” and “Fair”, and the d
value was the same as that of the three-
coefficient equation, 0.88 (Figure 3). The
two net rainfall equations’ errors were
similar, but the three-coefficient equation
was slightly more accurate than the two-
coefficient equation. This is because the
three-coefficient equation for net rainfall is
more flexible in representing the distribution
of data, as it has three coefficients, whereas
the other equation had only two coefficients.

160 - .

Gmax = 0.3443 1'1/’

Gmin = 0.1804 Y

C=58.9748 /

4
120 1 NMAE = 19.86% /

d=0.88 /
= /
€
£ /
o o o 4
g go
E o 7
& 0 0oof °

° o
[e]
o
80 120 160

Measured (mm)

Figure 2. Derivation of the three-coefficient equation, Eq. [3], for net rainfall, where G,,,, = 0.3443, G,;, =
0.1804 and C = 58.9748. NMAE and d are the normalised mean absolute error and the index of agreement,
respectively. The dash line (1:1) is the line of agreement
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160 -
Pn = 0.7724Pg - 0.5845
Rz = 0.91
NMAE = 20.10% °
1201 4-0ss

Measured net rainfall (mm)

0 40 80 120 160

Gross percipitation (mm)

Figure 3. The two-coefficient equation between measured net rainfall (Pn) and gross rainfall (Pg). NMAE
and d are the normalised mean absolute error and the index of agreement, respectively. The solid line is the
linear regression

Table 3 shows the degree of accuracy when that the performance of the simpler two-
Eq. [6] and [7] were tested on the individual coefficient equation was equal to that of
seven studies. The mean errors (NMAE the slightly more complex three-coefficient
and d) for the two- and three-coefficient equation.

equations were nearly the same, showing

Table 3
Average errors for the two- and three-coefficient equations for estimating the net rainfall (Pn)

Reference Tree Three-Coefficient Two-Coefficient

Equation Equation
NMAE, % d NMAE. % d

Bentley (2007) Oil Palm 30.70 0.81 30.16 0.82
Damih (1995) Oil Palm 21.44 0.89 19.86 0.90
Lubis (Unpublished data) Oil Palm 15.58 0.91 15.96 0.91
Zulkifli et al. (2006) Oil Palm 33.72 0.83 34.19 0.83
Germer et al. (2006) Tropical Rainforest  27.26 0.85 27.90 0.84
Loustau et al. (1992) Maritime Pine 15.16 0.88 15.47 0.87
Zulkifli et al. (2003) Rubber 15.14 0.86 15.54 0.86
Average 22.72 0.86 22.73 0.86

NMAE = Normalised Mean Absolute Error, d = Index of agreement
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The average NMAE and d value for the
three-coefficient equation at the oil palm
sites were 25.36% and 0.86, respectively.
However, the average NMAE for the two-
coefficient equation at the oil palm sites was
slightly better at 25.0%, while the d value
was 0.87. For forest sites (Maritime pine
and tropical rainforest), the three-coefficient
equation performed slightly better than the
two-coefficient equation, giving a reading
of was 15.16% versus 15.47% for Maritime
pine and 27.26% versus 27.90% for tropical
rainforest. However, this was not the case
for the d value. For the rubber sites, same

as for the forest sites, the NMAE for the
three-coefficient equation was slightly
better at 15.14% than for the two-coefficient
equation, 15.54%; the d values for both
equations were the same.

Estimation of Throughfall and Stemflow
Component:

This study also attempted to estimate Tf
and Sf separately using the general equation
form of Eq. [6] and [7] based on the methods
described previously. Both the Tf and Sf
equations are summarised below.

The three-coefficient equation:

Pg
Tf=Pg *exp|- [3.9100- — & %(3.9100-0.3016
&P ( 01089 g ¢ )ﬂ 8]
Pg
Sf=Pg* exp|- [4.0771 - —& (40771 - 3.8837
g exp [ 23328+ Pg ( ))] 9]

The two-coefficient equation:

Tf=0.7511Pg—0.6790 (R*=0.91) [10]

Sf=0.0213Pg +0.0946 (R*=0.28) [l1]

Most of the R? for the stemflow linear
regression equation was high in the seven
individual studies. However after combining
the studies, the two-coefficient equation for
stemflow gave a low value of R? (Eq. 11).
This might have been due to the difference
in tree morphology (trunk texture, trunk
diameter, branch inclination degree, bark
roughness, leaf architecture and leaf zenith
angle distribution) that influenced the
production of stemflow at the same gross

precipitation amount received (Ward &
Robinson, 1990; Xiao et al., 2000).

Accuracy of the Throughfall and
Stemflow Equations

The equations above were tested again on
the previous studies to check the accuracy
of estimating throughfall or stemflow itself.
Table 4 shows the error indices for Tf and St
for the two- and three-coefficient equations
for each individual study. The estimation
of Tf for oil palm had the highest error
(highest NMAE and lowest d), while Sf
had a more varied error range. However,
the average NMAE for both Tf equations
were in the range of “Fair” and the d values
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Table 4

Average 4rrors for the two- and three-coefficient equations for estimating throughfall (Tf) and stemflow (Sf)

Reference Tree Three-Coefficient Equation Two-Coefficient Equation
NMAE, % d NMAE, % d
Tf Sf Tf Sf Tf Sf Tf Sf

Bentley (2007) Oil Palm  31.24  9.70 0.81 093 30.55 2658 0.82 0.80

Damih (1995) Oil Palm 2246 4430 0.87 0.72 20.60 3935 088 0.73

Lubis (Unpublished ~ Oil Palm  16.07  110.70 0.78 030 1649 12856 0.74 0.45

Data)

Zulkifli et al. (2006)  Oil Palm  34.19  49.87 0.83 0.72 3467 67.68 083 0.59

Germer et al. (2006)  Tropical ~ 25.15 7424 086 055 2597 6521 086 0.58
Rainforest

Loustau et al. (1992) Maritime 13.56 5474 0.89 0.60 1478 5541 088 0.56
Pine

Zulkifli et al. (2003)  Rubber 1638 77.80 0.85 0.61 17.40 129.99 0.84 043
Average 2272 60.19 0.84 0.63 2292 7326 0.84 0.59

NMAE = Normalised Mean Absolute Error, d = Index of Agreement

showed low average estimation errors.
These Tf equations were further tested on
field experiments. For Sf equations, both
NMAE and d values showed high average
estimation errors. These St equations would
be further tested to check their accuracy
using the field experiments.

Table 5

Field Studies

A total of 47, 33 and 28 rain days were
recorded at the pine, oil palm and rubber
sites, respectively. Table 5 indicates that
interception loss ranged from 18 to 23%,
throughfall from 65 to 81% and stemflow
up to 3% of total gross rainfall for these
three crops.

Total precipitation, throughfall, stemflow and average rainfall under three test crops for duration of study

Parameter Pine Oil Palm Rubber
Duration of Study (day) 60 85 57

No. of Rain Days Used in Study (day) 47 33 28
Total Gross Precipitation (mm) 623.90 291.40 335.40
Total Throughfall (mm) 506.68 203.21 217.94
Total Stemflow (mm) 4.22 8.53 1.30
Throughfall as % of Rainfall 81.21 69.74 64.98
Stemflow as % of Rainfall 0.68 2.93 0.39
Interception Loss as % of Rainfall 18.11 27.33 34.63
Maximum Precipitation (mm) 74.7 57.4 44.7
Minimum Precipitation (mm) 0.3 0.3 0.2
Average Rainfall per Rain Day (mm) 13.3 8.8 12.0

90
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Rainfall Partitioning at Pine, Oil Palm
and Rubber Sites

Pine had the lowest interception loss
among the three crops, 18% of total gross
precipitation. This was similar to that
reported by Loustau et al. (1992), who
obtained 13-21% interception loss for
maritime pine in Bordeaux, 17% for a pine
forest in central Portugal (Valente et al.,
1997), 19% for a pine forest in Mexico
(Cantu-Silva & Rodriguez, 2001), 17.6
and 22% for a pine plantation and mature
pine forest, respectively, in the US (Bryant
et al., 2005). In Portugal, a sparse pine
forest recorded 17% interception loss,
which was higher compared to the 11%
recorded at a sparse eucalyptus forest. This
may have been due to the higher canopy
storage capacity and the larger aerodynamic
conductance resulting from the greater
height of the ground at the pine forest
(Valente et al., 1997).

Throughfall for pine was 81% of total
gross precipitation, which was similar to
that obtained by Bryant et al. (2005) (77 to
81%) and within the range of the study of
Loustau et al. (1992), 77-83%. For stemflow,
the study of Bryant et al. (2005) on maritime
pine obtained 0.5%, which was close to this
study of 0.7%, but slightly lower than that
obtained at the pine plantation (1.96%) and
by Loustau et al. (1992), (1-6%). These
differences may have been due to tree
age and tree spacing. Teklehaimanot et al.
(1991) reported that Sitka spruce, in a 2-m
tree spacing treatment (close stands), had
higher stemflow (17%) than in 4-m (2.9%),
6-m (10%) and 8-m spacing (0.5%). The

larger number of trees per unit ground area
in the 2-m spacing treatment resulted in
the overlapping of the tree crowns; thus,
when the rain was intercepted by the upper
branches of tree, there were several layers of
canopy for the rain to drip through, resulting
in a higher chance of water being conducted
towards the trunk as stemflow. Similar tree
sizes may receive up to three times the
stemflow amount at 2-m spacing than at 8-m
spacing. Teklehaimanot et al. (1991) further
clarified that their lower stemflow was only
17% compared to that obtained by Ford
and Deans (1978), 27%, because of tree
age. The younger trees in Ford and Dean’s
study meant that the branches were steeper,
leading to a larger volume of stemflow.

The rubber site in this study recorded
the highest interception loss with 35% of
total gross precipitation. This was different
from the results reported by Teoh (1977) and
Zulkifli et al. (2003), whose studies reported
that interception loss was only 12% and
about 15-16%, respectively, of total gross
precipitation.

Dinata (2007) studied net rainfall under
rubber trees at three ages, 10, 15, and 25
years old, and with planting distance 3 x 3.3
m in Sumatera. He reported that interception
loss was 31.5,40.7 and 51.8% at age 10, 15
and 25 years old, respectively. The study
showed that canopy storage capacity can
be estimated from canopy area and canopy
density. Age of tree is the main factor that
influences canopy density. In the study, the
author cited Pramono and Ginting (1997)
that the denser the canopy, the higher the
intercepted amount of rain. The 10-year-old
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canopy area was small, 52.9 m? compared
to that of the 15-year-old (95.2 m?) and
25-year-old (126.9 m?). Therefore, canopy
storage capacity at age 25 years old is
expected to be higher than that at 15 and 10
years old, and interception loss is expected
to be higher for rubber trees at age 25.
The age of tree and planting distance may
explain the reason interception loss in this
study (35%) was closer to that in Dinata’s
study for 10-year-old rubber trees (31.5%)
and 17% lower for the same age range
(25 years old) and higher than the figures
recorded in Zulkifli (12%) and Teoh’s (15-
16%) studies.

Throughfall at the rubber site obtained
65% of total gross precipitation, which was
close to that obtained for Dinata’s 10-year-
old trees (60.6%) but higher than for the
25-year-old trees (43.8%) and lower than
recorded in Zulkifli’s study (87%, 36 years
old). According to Dinata (2007), throughfall
amount is inversely related to tree age. This
means that when a tree becomes older,
canopy storage capacity increases with
increasing dimension canopy, and as such,
the throughfall amount decreases. However,
when older trees reach a certain threshold,
they tend to leave larger canopy gaps due to
their having more branches and their higher
leaf death rate; as such, the throughfall
amount increases instead (Pypker et al.,
2005). Stemflow in this study (0.4%) was
similar to that recorded by Zulkifli (1.1%)
but different from that obtained by Dinata’s
study on 25-year-old trees (4.4%).

In this study, the rubber site showed the
highest interception loss compared to the
other tree sites probably due to differences
between tree types in terms of canopy storage
capacity (Loustau et al., 1992). The rubber
trees had a storage capacity of 0.682 mm,
the pines, of 0.656 mm and the oil palms,
of 0.515 mm. Other possible explanations
could be the difference between tree types
in terms of their vegetal morphology, leaf
arrangement along the branches and stem
surface area (Ward & Robinson, 1990; Xiao
et al., 2000).

Interception loss at the oil palm site
was 27% of total gross precipitation. Kee
et al. (2000) reported interception loss by
11-17% in the oil palm study in Malaysia
(estimated by difference between gross
rainfall and net rainfall). However, some
Malaysia studies indicated interception
loss of 32-41% and 29.6% in Indonesia,
readings that were more similar to those
obtained in this study. Banabas (2007)
remarked that these differences may have
some relevance to the acutely-angled leaves
in redistribution of rainfall during high
and low crop seasons. In low crop season,
fronds are generally at an acute angle as
palms go through a male phase, resulting in
generating more stemflow. In contrast, in
high-crop season, fronds are pulled down
by heavy fruit bunches, causing a less
acute angle between the fronds and trunk.
This was where intercepted rain water was
mostly intercepted, held up by the bunches,
frond buds and the trunk, although the frond
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pinnae intercepted only a small amount of
rain water. Therefore, more rain water was
intercepted, generating less rain as stemflow
(Banabas, 2007).

Throughfall accounted for 70% of Pg,
similar to the findings of a study by Kee
et al. (2000), who found that 70-78% of
rainfall would turn to throughfall in o0il palm
in Malaysia and 72-104% in Papua New
Guinea (Banabas, 2007); this was slightly
higher compared to findings of other oil
palm studies, which ranged between 57
and 69%. On the other hand, stemflow was
also slightly higher (2.9%) than 2.0-2.7%
in Malaysia studies. However, Kee et al.
(2000) reported stemflow at 11-13% in
Malaysia and Banabas (2007), at 10-14%
in Papau New Guinea. As mentioned earlier,
the variation in interception, throughfall and
stemflow fractions could be linked to oil
palm fruit bunch production seasons.

Validation of Throughfall and Stemflow
Equations, NMAE and d

The three-coefficient equation [Eq. 8]
and two-coefficient equation [Eq. 10]
for throughfall were tested on the data
obtained from the three field sites (Table 6).
NMAE for the three-coefficient equation for
throughfall was in the range of “Good” for
the three data sets. The same rankings were
obtained for the two-coefficient equation for
throughfall except for oil palm, which was
in the range of “Fair”. The d value for both
equations represented the same agreement.

The three-coefficient equation showed
slightly better results compared with the
simpler two-coefficient equation. The use of
the three-coefficient, Eq. [9], and the two-
coefficient, Eq. [11], equations for stemflow,
both seemed to register doubtful readings
for NMAE and d for stemflow estimation.
As mentioned earlier, the R? for Eq. [11]
was low after the results of the seven studies
were combined; this was probably due to
the difference in tree morphology, rainfall
intensity and the macro and microclimate.
When these stemflow equations were further
tested on field experiments, high error and
low confidence levels were recorded.

Validation of Net Rainfall Equations,
NMAE and d

Table 6 and Figure 4 indicate that the three-
coefficient equation’s NMAE for pine, oil
palm and rubber were 12.13, 19.18 and
20.54%, respectively. This classified the
three-coefficient equation’s accuracy as
“Good” for pine, oil palm and rubber. For
the two-coefficient equation, NMAE was
12.10, 22.65 and 19.99% at the pine, oil
palm and rubber sites, respectively. These
readings were close to those obtained by the
three-coefficient equation’s NMAE. The d
values for both equations were the same at
the respective sites. The NMAE and d for
the two- and three-coefficient equations
used for the three crops were not that much
different from one another.
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Accuracy of throughfall (Tf), stemflow (Sf) and net rainfall (pn) for the two-coefficient equation (2CE) and

the three-coefficient equation (3CE) at pine, oil palm and rubber site

Pine Oil Palm Rubber Average
Tf
NMAE (3CE) 13.48 19.18 19.49 17.38
NMAE (2CE) 14.42 23.32 19.88 19.21
d (3PE) 0.93 0.92 091 0.92
d (2PE) 0.92 0.90 091 0.91
Sf
NMAE (3CE) 197.87 94.33 419.21 237.14
NMAE (2CE) 320.23 109.87 651.65 360.58
d (3PE) 0.49 0.62 0.31 0.47
d (2PE) 0.32 0.61 0.19 0.37
Pn
NMAE (3CE) 12.13 19.18 20.54 17.28
NMAE (2CE) 12.10 22.65 19.99 18.25
d (3PE) 0.94 0.92 091 0.92
d (2PE) 0.94 0.90 091 0.92

Accuracy class for NMAE: Great (0-10%); Good (10-20%); Fair (20-30%); Poor (>30%)

Figure 4 shows a tight clustering of points
along the line of agreement, especially for
low to medium rainfall events. At heavier
rainfall events, the three-coefficient equation,
however, tended to be underestimated. This
was similar to situations using the two-
coefficient equation.

Equations for Qil Palm and Rubber

In Malaysia, oil palm and rubber are
major crops. Table 7 shows the percentage
of rainfall partitioning and the equation
coefficients and error indices for oil palm
and rubber. Those equations were derived

using data from previous studies (oil
palm and rubber in the seven previous
studies) and field experiments (oil palm
and rubber). For oil palm, 63% of Pg was
throughfall, 5% was stemflow and about
68% was net rainfall. For rubber, 66% of
Pg was throughfall, 0.5% was stemflow
and net rainfall was 66%. The two- and
three-coefficient equations estimated both
oil palm and rubber in the rank of “Good”
(with an index of agreement of about 90%).
The two- and three-coefficient equations
performed nearly equally well.
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Table 7

The two- and three-coefficient equations for oil palm and rubber

Oil Palm Rubber
Tf Sf Pn Tf Sf Pn
Two- % of Pg 62.81 5.11 67.92 65.70 0.51 66.21
Coefficient 1, -1.023 0.117 0906 -0377  -0.038  -0.415
Equation bl 0.718 0.013 0.731 0.809 0.011 0.820
NMAE 19.66 93.80 19.06 13.96 57.48 14.16
d 0.89 0.46 0.89 0.92 0.73 0.91
Three- Gmin 0.362 3.925 0.370 0.160 3.983 0.101
Coefficient  Gmax 2.149 14.448 4478 4.136 7.281 2.930
Equation C 0.094 0.213 0.010 0.184 9.387 0.908
NMAE 18.69 85.29 18.54 12.88 48.23 13.76
d 0.89 0.58 0.89 0.92 0.77 0.92

Accuracy class for NMAE: Great (0-10%); Good (10-20%); Fair (20-30%); Poor (>30%)

CONCLUSION

Two- and three-coefficient equations for
measurement of rainfall were successfully
developed based on seven studies recorded
in the literature and validated for each
individual study against measured data
from three field data collections. Two error
indices (NMAE and d) were used in the
goodness-of-fit measure for equations. Both
net rainfall equations estimated the studies
to have an average of NMAE=23% (Fair)
and d=0.86; both throughfall equations
estimated an average of NMAE=23% (Fair)
and d=0.84; and the stemflow equations
estimated an average of NMAE=60 and
73% (Poor) and d=0.63 and 0.59. In field
experiments, the three-coefficient equation
for net rainfall and throughfall performed
slightly better than the two-coefficient
equations in NMAE (12-21%) and were
similar in d value. However, the two-

coefficient equation was fairly accurate in
estimating net rainfall for closed to nearly
closed canopies with an error of NMAE=12-
23%. Equations for estimating stemflow
had high error. However, stemflow only
contributed a small portion of the gross
precipitation.
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ABSTRACT

The effects of melavonic acid (MVA) and linalool as precursors in the production of
limonene and linalool on Citrus grandis Osbeck callus tissues were investigated. MVA
and linalool were used as precursors to stimulate limonene production in the biosynthetic
pathway. This study proved that low concentrations of MVA (0.077 mM to 1.557 mM)
and linalool (0.056 mM to 1.117 mM) were able to produce limonene when tested on
callus tissues for 7 to 35 days. The aim was to determine the highest accumulation of both
limonene and linalool. The highest production of limonene obtained was 0.97 ppm on day
28 when the tissues were treated with linalool and 1.50 ppm on day 35 with the addition
0f 0.077 mM MVA. On the other hand, linalool concentration reached a maximum of 2.88
ppm on day 7 with tissues treated with 0.077 mM MVA. As the culture period lengthened,
the limonene level increased from 0.76 ppm at day 7 to 1.82 ppm on day 28, whereas
linalool concentration decreased steadily from 2.88 ppm at day 7 to 1.55 ppm at day 35.
This is due to the bioconversion of linalool to limonene. The best result for precursor-
treated tissues was at 0.838 mM linalool, where the limonene level achieved was 0.97 ppm

on day 28. The production of limonene and

linalool using low precursor concentrations

within a short period of time is favourable

as it has good market value.
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INTRODUCTION

A precursor is a compound that participates
in a chemical reaction that produces another
compound. Precursors are naturally-
occurring compounds, intermediates
originating from biosynthetic pathways or
related synthetic compounds (Orlita et al.,
2008). Exogenous addition of a precursor
to a culture medium may enhance the
production of secondary metabolites,
especially alkaloid accumulation,
where production is limited due to the
lack of a particular precursor (Vijaya
et al., 2010; Yoshida et al., 1988). This
approach is advantageous if the precursors
are inexpensive. Precursor feeding at
low levels, especially intermediates of
the biosynthetic pathway, would prove
beneficial to the production of a desired
product. Naturally-occurring as well as
related synthetic compounds can be used as
precursors. However, synthetic compounds
are expensive and not safe for consumption;
therefore, they should not be used in in food

R Mevalonate kinase
L-Mevalonic

and drinks. Only a few studies have been
found to use mevalonic acid (MVA) and
linalool as precursors to increase secondary
metabolite accumulation (NikNorulaini
et al., 2003; Zarina, 2005). Likewise, the
use of MVA and linalool as precursors for
limonene and linalool production on citrus
albedo tissue culture has not been widely
published. The manipulation of culture
conditions with precursor supplements may
potentially promote limonene accumulation
in Citrus grandis cell cultures.

Evidence from the literature suggests
that limonene and linalool are biosynthesised
from mevalonic acid (MVA), which is
the primary precursor of all terpenoids
generated from the acetate-mevalonate
pathway predominantly localised in the
cytosol (Zarina, 2005). Juice vesicles of
Citrus sp. have an enzyme system, which
is capable of phosphorylating MVA and
forming both isopentenyl pyrophosphate
(IPP) and dimethylallyl pyrophosphate
(DMPP) (Figure 1) (Mayakrishnan, 2008).
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Figure 1. Schematic diagram of mevalonic acid (MVA) pathway in plants
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The final product from the
phosphorylation and decarboxylation-
dehydration of MVA is linalool. Enzyme
systems that can be found in intact fruit and
leaves are responsible for the conversion
of linalool to limonene (Karoui et al.,
2010). Linalool thus can be considered
as an immediate precursor that is directly
converted to limonene. The feeding of
MVA and linalool is expected to enhance
the production of linalool and limonene,
respectively.

Essential oil of citrus species consists
of 1.85% of the total volatile oils extracted.
Linalool is among the important compounds
that are found in the essential oils of
Anibarosae odora (rosewood), Coriandrum
sativum L, Bursera delpechiana, Citrus
spp, Citrusa urantium sub sp. amara L,
Laurus nobilis L, Cinnmamomun camphora,
Cinnmamomun verum L, Matricaria
chamomilla L, Salvia sclarea L., Lavandula
officinalis Chaix and Ocimum basilicum
(Maia et al., 2006). The linalool content
in the peel oils of oranges and tangerines
decrease markedly in relative concentration
as the fruits mature (Tounsi et al., 2011).

Limonene is the main compound in
the essential oils of citrus fruits, where it
occurs in concentrations of more than 90%
and in pure form. It produces a pleasant
aroma, which results in the essential oil
being in high demand for the manufacture
of perfumes and soaps, among other scented
and flavoured products. Natural sources
such as plants are the best alternatives
for producing limonene in order to fulfil
the global demand and at the same time

reduce the cost of limonene production.
Limonene production using citrus fruit
cell cultures can be enhanced by applying
a precursor in the culture media. The
present study was conducted to determine
the effect of precursor (MVA and linalool)
concentrations on limonene and linalool
accumulation in tissue culture at a certain
culture period.

METHODOLOGY

Chemicals and Standards

Chemicals (analytical grade) for the
Murashige and Skoog (MS) medium
preparation were purchased from Sigma
Chemicals, St. Louis, the United States;
Koch-light Laboratory, Colbrook, Bucks,
England; Fluka, Japan and Merck,
Darmstadt, German. Agar was bought
from Bacto Difco Laboratories, Detroit,
USA. Plant growth regulators such as 2,
4-dichlorophenoxyacetic acid (2, 4-D),
6-furfurylaminopurine (kinetin), abscisic
acid (ABA) and standards such as limonene
and linalool (liquid form with ~97 %
purity) were obtained from Fluka, Japan.
Yeast extract was purchased from Becton
Dickinson & Co, USA.

Cell Culture

The fruit, pomelo, (Citrus grandis) was
obtained from a plantation in Sungai
Gedong, Perak. Young fruits 4-7 cm in
diameter were chosen. The spongy white
rind surrounding the juice vesicle, called
albedo, was used in all the studies conducted.
The albedo was soaked in Clorox® (5.75%
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sodium hypochlorite) in a sterile Petri dish
and then cut into pieces measuring 1 cm x
1 cm x 0.5 cm before being placed in Petri
dishes containing MS medium.

Precursor Preparation

Effect of linalool on tissue growth and
limonene accumulation. The amount
of linalool used was 10, 50, 100, 150
and 200 pL. Each sample was added to
another 1 L, modified MS medium (Zarina,
2005) to obtain media with different final
concentrations of linalool (0.056 mM, 0.279
mM, 0.559 mM, 0.838 mM and 1.117 mM).
The linalool-added MS modified media
were autoclaved at 121°C, 15 psi for 15 min
after pH adjustment (pH 5.7). The media
were poured into Petri plates. Albedo tissues
were placed on the modified MS media once
the media had cooled and hardened.

Each albedo tissue was cut into 1 cm x
1 cm x 1.5 cm, and five pieces were planted
onto the modified MS medium with different
linalool concentrations. Cultures were
maintained in the dark at room temperature
(25 + 2°C). The five albedo tissues were
pooled and analysed as a single sample.

Effect of mevalonic acid (MVA) on tissue
growth and limonene accumulation.
Aqueous solution of MVA was prepared by
dissolving mevalonic acid lactone (Fluka,
Japan) in distilled water. The solutions were
prepared in concentrations of 5, 10, 50, 100,
150 and 200 mg/L and were filter-sterilised
in Nalgene® disposable sterile filterware
and kept as stock stored in the refrigerator
at 4 °C. Final concentrations of MVA were

calculated as 0.038, 0.077, 0.384, 0.768,
1.152 and 1.537 mM. These solutions were
prepared by adding the appropriate amount
of sterile stock solution into different flasks
of sterilised modified MS medium before
the medium solidified. Each flask was
swirled to mix the solution without creating
any bubbles and the solution was carefully
poured into Petri plates in a sterile laminar
flow hood.

This study was conducted using a
factorial combination of different
concentrations of MVA at 0.077, 0.384,
0.768, 1.152 and 1.537 mM and culture
periods of week 1 to week 5. Albedo tissue
was cut into 1 cm x 1 cm x 1.5 cm pieces
and planted in the medium containing MVA
at the various concentrations mentioned
above. Cultures were maintained in the dark
at room temperature (25 £+ 2°C). Cultures
were pooled from five tissues and analysed
as a single sample.

Tissue Growth Determination

The growth of the tissue was determined by
subtracting the final weight and the initial
weight of tissue grown on media within the
studied incubation period. The initial weight
was measured once calli were removed
from the parent tissue prior transferring to
modified MS media and incubated for 7,
14, 21, 28 and 35 days. After the respective
incubation period, the calli were removed
from the media and cleaned of excess media
using tissue paper before weighing for the
final weight. Five calli were measured as
replicates for each incubation period.
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Extraction of Limonene and Linalool

After recording the wet weight, the same
tissues were used to extract limonene and
linalool. A mass of 2 g of tissue was cut
and chopped in preparation for Soxhlet
extraction. Extraction was carried out for 2
h using methanol as the solvent. The liquid
sample obtained was concentrated to 2 mL
using a rotary evaporator and was also used
for limonene and linalool determination.

Analysis of Limonene and Linalool

Limonene and linalool concentration was
determined using gas chromatography (GC)
(Brand Shimadzu, GC-17A, Japan). The
operating system of the gas chromatography
was carried out under several conditions.
The carrier gas used was helium. The column
used for chromatographic separation was
Phase —HP-5 (30 m x 320 um x 0.25 um).
The system was left to reach equilibrium

Table 1

state for 30 min before the samples were
injected. The temperature of the transfer
line and ion source was maintained at
280°C and 250°C, respectively. Injector
temperature was set at 250°C. The column
temperature was programmed at between
60°C and 104°C at 4 °C/min, while the rate
was changed to 6°C/min for 6 min when it
reached 104°C up to 182°C.

Statistical Analysis

The statistical analysis was carried out using
the Analysis of Variance (ANOVA) using
the MINITAB 17 statistical software.

RESULTS AND DISCUSSION

Effect of Linalool on Tissue Growth

The change in fresh weight of the callus
tissue grown in culture treated with varying
concentrations of linalool can be observed
in Table 1 below.

Effect of tissue fresh weight when added with different concentrations of linalool as precursor. mean + s.d,

n=3. (No limonene was detected in control)

Culture Linalool Concentration in mM

Period Control  0.056 0.279 0559  0.838 1.117
(days) Wet Weight of Tissue (g)

7 0.23+0.05 0.21+£0.08  0.11£0.05 0.15+£0.06 0.10+£0.08 0.07+0.04
14 0.12+0.04 021+0.04 0.18+0.05 0.18 +=0.05 0.18£0.01 0.24 +£0.04
21 0.18 £0.01 0.23+0.06  0.20+0.03 0.20+0.02  0.19+£0.06  0.28+0.03
28 0.91£0.03 0.25+0.05 0.22+0.05 0.16+0.07  0.27=+0.05 0.22 +£0.05
35 1.12£0.02  0.21£0.01 0.25+0.05 0.20+0.02  0.28+0.01 0.14 +£0.04

*Control - Without Additional Linalool
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The change in tissue wet weight with
relation to linalool concentration in the
media depends on the number of days in
culture. Early culture period, at 7 days,
showed that the control culture promoted
growth, while linalool inhibition increased
with concentration. With progressive days
in culture up to 21 days, the tissue samples
without linalool experienced a decrease
in wet weight; this was in contrast to the
increase in weight that was evident in
cultures with linalool. However, feeding
the callus with a high concentration of
linalool did not induce any significant
tissue growth (p>0.05). It was apparent that
the presence of high linalool (1.117 mM)
exerted a negative effect on tissue growth as
the culture days extended beyond 21 days.
The wet weight of the control culture was
more than triple that of the linalool-treated
cultures at 28 and 35 days in culture, after a
drop at 14 days that later rose again. Tissue
in cultures with 0.279, 0.559 and 0.838 mM
linalool saw its wet weight steadily increase
with more days in culture but the net weight
did not meet the higher weight of the control
tissue (without linalool). Adding linalool
as a precursor led to an inhibition of tissue
growth. The inhibition of tissue growth in
the presence of linalool was consistent for
all the tested concentrations. Statistically,
no significant (p>0.05) difference in tissue
growth was observed for the cultures added
with different concentrations of linalool
(Appendix 1A).

Slow growth of precursor-treated tissue
may reflect an unadapted culture prone to

necrosis, leading to stressed conditions
suitable for the onset of secondary
metabolism (Oswald et al., 2007). Although
no necrosis was observed in the studies,
the albedo tissue samples showed slow or
retarded growth rates indicating stressed
conditions suitable for a switch from
primary to secondary metabolism.

Linalool in this experiment was shown
to be a tissue growth suppressor or a cell
division suppressor. The treated albedo
tissue samples appeared to be under a
prolonged lag phase, unlike untreated or
control tissue. During lag phase, little or
no cell division takes place. However, this
does not mean that the cells are dormant, as
the cells are undergoing a period of intense
metabolic activity involving DNA and
enzyme synthesis (Tortora et al., 1995).

The control tissue growth followed a
typical lag phase up to 21 days in culture,
followed by a 7-day log or exponential
growth from 21 to 25 days; after that, the
growth slowed down. Cellular production
is most active during the log phase, when
cells are metabolically active. Since only
the control tissue reached this stage, it can
be concluded that only untreated tissue
undergoes primary metabolism or cell
division.

After the 28™ day, cell growth slowed
as it reached the stationary phase due to
nutrient exhaustion, accumulation of waste
products and harmful changes including
pH of the culture media. Removing tissue
from spent media and providing fresh
media can overcome this problem. Thus,
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the albedo tissue samples were transferred
to fresh media after 28 days to move past
the stationary phase in this study.

The findings on hampered growth
of linalool-treated albedo tissue were
consistent with a study conducted by Engels
et al. (2008) on anthraquinones production,
where high levels of secondary metabolite
production inhibited culture growth.

Table 2

Effect of Linalool on Limonene
Accumulation

Linalool is an immediate precursor to
limonene and its presence in a medium is
expected to trigger the conversion of linalool
to limonene under favourable conditions as
reported by NikNorulaini et al. (2003). As
evident from Table 2 below, the presence
of linalool influenced the production of
limonene in the tissue samples.

Effect of various concentrations of linalool on the accumulation of limonene in albedo tissue culture. mean

+5.d, n=3. (No limonene was detected in control)

Culture Period

Linalool Concentration in mM

(days) 0.056 0.279 0.559 0.838 1.117
Limonene Concentration in mM

7 0.42 £ 0.06 0.49 +0.05 0.34 +£0.01 0.36 £0.03 0.54 £0.04

14 0.48 +£0.09 0.59 +£0.06 0.45 £0.02 0.47 £0.03 0.62 +0.01

21 0.68 £0.10 0.64 +£0.02 0.63 £0.05 0.68 +0.04 0.72 £0.05

28 0.81+£0.10 0.83 £0.05 0.72 £0.05 0.97 £0.05 0.66 +£0.02

35 0.70 £0.11 0.88 +0.01 0.65 £0.04 0.72 +£0.05 0.43 £0.06

*Control - Without Additional Linaloo1

Different concentrations of linalool acting as
precursor to limonene showed an increase
of limonene concentration in all the tissues
except for the control, which did not produce
any limonene at all. The increase was steady
for all the samples up to day 21. On day 28,
further increase was obtained for all the
cultures, except for the culture with 1.117
mM linalool added. The highest limonene
accumulation, 0.97 ppm, was obtained on
the 28™ day of the tissue samples cultured in
0.838 mM linalool. Tissue samples induced
with 0.838 mM linalool showed an increase

from 0.68 ppm (day 21) to 0.97 ppm (day
28) before decreasing slightly to 0.72
ppm on day 35. The difference in linalool
concentration feeding showed a statistically
significant (p<0.05) value in the limonene
accumulation (Appendix 1B). Adding a
precursor to the MS media induced the
production and accumulation of limonene
up to a certain period before the amount
showed a decline. Table 2 also shows
the presence of limonene in all the tissue
samples grown in media supplemented
with linalool for all the concentrations used.
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The fresh tissue weight of the albedo tissue
did not increase in linalool-added media
as much as in the control. Conversely, the
limonene concentration rose steadily, while
no limonene was detected in the control
tissue samples (Table 2).

Zarina (2005) demonstrated that adding
linalool at 0.838 mM to callus cultures of
C. grandis increased limonene production
rate from less than 5 x 10~° mg/g/day
at day 21 to more than 80 x 10-> mg/g/
day at day 49. The rate increased rapidly
around the 45™ day of the culture period.
However, there was no significant increase
in callus fresh weight within the same
culture period. Supplementing metabolic
precursors has proven to be effective
in increasing concentrations of desired
secondary metabolites. For example, an
immediate precursor of vanillin, ferulic acid,
was known to affect accumulation of flavour
compounds of cultured Vanilla planifolia
cells (Karoui & Marzouk, 2013). In contrast,
Sarfaraj et al. (2012) found that C. grandis
callus cultures that were not supplemented
with any precursor produced limonene only
after 10 months of the culture period; as this
study revealed, no limonene was detected in
untreated albedo tissue up to day 35.

Secondary metabolites, such as limonene
in this study, are not products of single genes

but are the by-product of metabolism due
to multistep and multi-enzyme processes.
Changes in the activity of one enzyme or
intermediate like exogenous linalool often
results in the simultaneous up-regulation of
some enzymes and down-regulation of other
enzymes in the same and parallel pathways.
The production of other metabolites may
be enhanced or reduced and thus may alter
the overall product profile (Federica, 2012).

Effect of MVA on Tissue Growth

Table 3 compares the growth of tissue grown
on modified MS media using different
concentrations of MVA. Comparison of
tissue fresh weight was determined every
7 days from day 7 till day 35. Exogenous
MVA caused a decrease in tissue growth
for all the tissues studied. As the days
increased, tissue weight also increased
steadily. The highest tissue weight of 0.64
g was achieved without the addition of
MVA at day 35. The highest tissue fresh
weight added with MVA was obtained with
0.077 mM of MVA after 35 days. Addition
of 1.537 mM of MVA increased the tissue
fresh weight slowly for 2 weeks before the
weight surged drastically. The feeding of
different MVA concentrations did not give
any significant (p>0.05) change to tissue wet
weight (Appendix 1C).
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Table 3
Effect of tissue fresh weight when added with different concentrations of mva as a precursor. mean + sd,
n=3
Culture MVA Concentration in mM
Period (days)  Control  0.077 0.384 0768  1.152 1.537
Wet Weight of Tissue (g)
7 0.09+0.02 0.12+0.04 0.09+0.02 0.12+0.07 0.13+0.07  0.07+0.03
14 0.25+0.05 0.14£0.05 0.16+0.02 0.19£0.03 0.24+0.09 0.11 +0.02
21 038006 024+0.08 023+0.03 024+005 032+0.12 0.36=0.13
28 0.51+0.08 031£0.07 032+0.05 033+0.08 0.38+0.05 0.39=0.14
35 0.64+0.08 046+0.04 044+004 045+0.08 039+0.13 039£0.12

*Control - Without Additional MVA

The highest increase in tissue wet weight
was observed after 28 days of culture for
all the tissues. The greatest increase was
observed in tissue cultured in 0.077 mM
MVA, which was 0.02 g/day during the last
7 days in culture (from day 28 to day 35).
However, this was equivalent to reduced wet
weight by 18% in tissue cultured without
MVA (control). All the tissue cultured in
the presence of MVA was subject to slower
growth and the least increase of weight
was in tissue cultured with the highest
MVA concentration, 1.537 mM. Primary
metabolism occurred during the whole
culture period for MVA-added tissue. A
study by Vanisree et al. (2004) claimed
that protein synthesis took place during
primary metabolism, thus increasing tissue
growth. Imbault et al. (1996) also found that
addition of MVA led to cytokinin synthesis,
which functions to promote cell division
and elongation. They treated Catharanthus
roseus with | mM MVA and found that this
concentration improved culture growth prior
to inhibition with pravastatin.

Effect of MVA on Limonene and
Linalool Accumulation

The effect of MVA on limonene production
was measured by the accumulation of
limonene in callus tissue grown in media
supplemented with different concentrations
of MVA. The data are shown in Table 4.
Concentration of MVA played a defined
role in the final accumulation of limonene.
The concentration of 0.077 mM MVA
produced the highest accumulation of
limonene throughout the culture periods,
achieving 1.50 ppm after 35 days in culture.
The second most abundant accumulation of
limonene was seen in tissue grown with the
addition of 0.384 mM of MVA at day 35,
which was 1.27 ppm. Statistical analysis
using the Analysis of Variance (ANOVA)
test revealed that there was statistically
significant (p<0.05) accumulation of
limonene in cultures (Appendix 1D), with
0.077 mM of MVA producing the highest
limonene accumulation compared to the
other concentrations used.
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Table 4

Effect of various concentrations of mva on the accumulation of limonene in tissue culture. mean + sd, n=3.

(No limonene was detected in control)

Culture Period

MVA Concentration in mM

(days)

0.077 0.384 0.768 1.152 1.537
Limonene Concentration in ppm
7 0.59 +0.08 0.50 +0.05 0.32 +£0.04 0.32+0.03 0.17+0.07
14 0.83+£0.04 0.79 +0.05 0.30 £0.06 0.34 +0.07 0.30+0.06
21 1.12+0.12 0.90 £+ 0.06 0.48 +0.06 0.35+0.08 0.38 +£0.05
28 1.23 +£0.09 1.12 +£0.09 0.64 +0.03 0.5+0.09 0.45+0.07
35 1.51£0.07 1.27 £0.09 0.7 +£0.07 0.66 +0.14 0.71 £0.06

*Control - Without Additional MVA

Generally, limonene was detected from
day 7 in tissue culture and it increased in
production for all the MVA concentrations
studied. Cultures without exogenous MVA
did not produce any detectable amount of
limonene.

Table 5 shows linalool concentrations
gradually decreased in all the cultures
after 7 days added with MVA. The results
demonstrated that linalool production in C.
grandis was triggered by the introduction
of MVA at low concentration. This finding
was supported by that of Zarina et al. (2005),
who reported that precursor feeding had
triggered limonene production in C. grandis
cultures earlier than in the non-fed cultures.
In comparison, the linalool concentrations
slowly increased to about 1.25 ppm
after a month in the control culture (not
supplemented with MVA). The presence of
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MVA in the medium was able to first trigger
a hike in the amount of linalool compared
to in the untreated media as early as day 7.
However, the amount was reduced for all
MVA treatments a week in culture; this was
in contrast to the limonene profile (Table
4). Using 0.077 mM of MVA resulted in
the highest linalool accumulation, showing
statistically significant (p<0.05) (Appendix
1E) readings throughout the culture period
even though the linalool concentration was
seen to decrease from day 7 to day 35 for
all the MVA concentrations studied. Tissue
samples without the addition of exogenous
MVA (control) showed a different trend,
where linalool was observed to increase
from 0.55 ppm on day 7 to 1.25 ppm on day
35. The rest of the tissue samples all seemed
to decline in linalool production for all the
MVA concentrations added.
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Table 5

Effect of various concentrations of mva on the accumulation of linalool in tissue culture. mean + sd, n=3

Culture MVA Concentration in mM
Period (days)  Control  0.077 0.384 0768  1.152 1.537
Linalool Concentration in ppm

7 0.55+0.12 2.88+0.23 244+031 223+031 1.97+024 1.53+0.13
14 0.7 +0.06 232+£027 212+£023 1.90+0.18 1.55+0.10 1.15+£0.12
21 085+0.09 2.07+024 1.87+£024 1.76+028 1.52+0.13 0.86+0.10
28 0.9+0.11 1.97+0.12 1.58+031 156+021 1.21+043 0.94+0.08
35 1.25+£0.08 1.55£023 1.31+0.12 1.46+0.13 0.83+0.10 0.79+0.14
*Control - Without Additional MVA

Linalool accumulation in tissue grown in CONCLUSION

cultures with MVA gradually decreased after
day 7 (Table 5). The decrease of linalool
happened when MVA concentration was
increased because only low concentrations
of MVA feeding promoted linalool
accumulation. High concentrations of
MVA caused linalool accumulation in cells,
and this increased toxicity and led to cell
fatality (Brown et al., 1987; Charlwood &
Brown, 1987). A small amount of secondary
metabolite formation in the cultures despite
the presence of MVA may have been due to
alternative biosynthetic pathways present,
as found by Oswald et al. (2007). They also
noted that a complete absence of or low
enzyme activity before MVA (for example
HMG-coenzyme A reductase) was added
might have ceased the biosynthetic pathway
for limonene/linalool production. For both
treatments, it could be concluded that
limonene production was not dependent
on the amount of precursors added. It
showed that only a small amount of MVA
and linalool was needed as a stimulant for
limonene production.

Mevalonic acid (MVA) and linalool proved
to be good precursors in triggering limonene
production in the callus tissues of Citrus
grandis Osbeck. However, tissue culture
cell growth prevailed over the secondary
metabolite production in untreated tissue.
Tissue cultured on linalool-added media
displayed increased production of the
secondary metabolite limonene, despite
lower gains in wet weight that was
indicative of slower cellular growth. A
similar observation was made on tissue
cultured on exogenous MVA-added media.
Adding MVA to the media raised the
concentration of MVA in the tissue cells,
and this triggered the subsequent series of
reactions in the pathway, leading to higher
linalool concentration and eventually,
limonene synthesis. The outcome of
precursor addition on linalool or limonene
accumulation depended on the age of the
culture, which is inadvertently linked to the
precursor uptake period and assimilation
into the metabolic pathway. Accumulation of
linalool precedes limonene production since
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linalool is the intermediate to limonene. As
the culture ages, limonene has a tendency
to be converted to other substances, and
this reduces the limonene concentration in
the tissue. The highest linalool production
in culture for limonene, 2.88 ppm and 1.5
ppm, were obtained using 0.077 mM of
MVA at day 7 and day 35, respectively.
Manipulation of the medium by addition
of exogenous precursors to stimulate
relatively high productivity of the secondary
metabolites showed a successful example of
the plant cell culture technique. Limonene
and linalool have good market value, so
reducing their production by addition
of a low concentration of precursor is
very beneficial. In addition, monoterpene
hydrocarbon limonene has been widely
used as a starting product for bioconversions
into flavour and scented compounds, thus
increasing its demand.
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APPENDICES

Appendix 1A
Tissues wet weight versus linalool concentration
Analysis of Variance

Source DF SSAdj AdjMS F-Value P-Value
Linalool Conc. 5 0.4185 0.08369 2.15 0.094
Error 24 0.9360  0.03900

Total 29 1.3545

Appendix 1B

Limonene accumulation versus linalool concentration

Analysis of Variance

Source DF SSAdj AdjMS F-Value P-Value
Linalool Conc. 5 1.6439  0.32878 13.42 0.000
Error 24 0.5878  0.02449

Total 29 22317

Appendix 1C

Tissues wet weight versus MVA concentration

Analysis of Variance

Source DF SSAdj AdjMS F-Value P-Value
MVA conc. 5 0.05539 0.01108 0.48 0.787
Error 24 0.55224 0.02301

Total 29 0.60763

Appendix 1D

Limonene accumulation versus MVA concentration

Analysis of Variance

Source DF SSAdj AdjMS F-Value P-Value
MVA conc. 5 3.648 0.72967 14.19 0.000
Error 0 24 1.234  0.05140

Total 29 4.882

Appendix 1E

Linalool accumulation versus MVA concentration

Analysis of Variance

Source DF SSAdj AdjMS F-Value P-Value
MVA conc. 5 6.354  1.2709  8.80 0.000
Error 24 3466  0.1444

Total 29 9.820
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ABSTRACT

The widespread contamination of animal feed with mycotoxin is not a new issue worldwide.
Apart from economic loss, mycotoxin can have adverse health effects on humans due to
the carcinogenicity, teratogenicity and mutagenicity potential of the toxins. Palm kernel
cake (PKC) is the largest animal feed production in Malaysia. PKC is a by-product of palm
kernel oil processing and it has been exported as animal feed. The purpose of this study was
to isolate and characterise toxigenic fungi cultured in three different media, Dichloran Rose
Bengal Chloramphenicol (DRBC) Agar, Dichloran 18% Glycerol (DG18) Agar and Malt
Extract Agar (MEA), derived from PKC that is stored under three different temperatures,

f& f& DQG f& ,GHQWL¢{(FDWLRQ RI IXQJL ZDV FDUULH
PLFURVFRS\ DV ZHOO DV PROHFXODU LGHQWL,{FDWLRQ )
$VSHUJLOOXV QLJHU $VSHUJL O OandPdnRiNu\titrisvilSiH UJL O O XV
order to characterise polymorphism of the isolates, RAPD assay was performed using
OPA 3 as the primer. The software resulted in a constructed dendrogram that revealed
the percentage of similarities between the typable isolatesihigatus, A. nigeand
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