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Abstract

Aquaculture is expanding globally, but intensive rearing conditions can cause diseases due
to microbial infections leading to financial losses. Probiotics can be used in tilapia farm-
ing instead of antibiotics to improve fish health, growth and are environmentally friendly.
We provide a synthesis (meta-analysis) of empirical findings to increase statistical power
and produce strong evidence for well-informed decision-making with respect to the use
of pro, pre, and synbiotics in tilapia culture. In this meta-analysis, we investigated the
effects of dietary probiotics on the immune response modulation and resistance of tilapia
against common diseases. A systematic search was performed, and the data from 67 stud-
ies were included for review and meta-analysis. Pre-challenge, dietary probiotics led to a
significant increase (p<0.001) in the weight gain and specific growth rate, a significant
decrease (p <0.001) in the feed conversion ratio, but a non-significant increase in survival
(p>0.05). However, probiotics significantly (»p <0.001) enhanced innate immunity based
on serum lysozyme, phagocytotic activity, and phagocytotic index, while disease resist-
ance (survival) of tilapia against pathogenic challenge was also significantly (p <0.001)
enhanced. From this study, three categories of probiotics were identified such as single-
strain probiotics (SSP), multi-strain probiotics (MSP), and symbiotics (S). The use of syn-
biotics (probiotics + prebiotics) showed the best effect compared to other probiotic catego-
ries, however, more research is needed to ascertain the superiority of synbiotics over other
categories. This study concluded that probiotics generally contribute significantly to the
growth, immunity, and disease resistance of tilapia.
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Introduction

The worldwide aquaculture business has seen a rise in the importance of using cutting-
edge nutritional techniques to improve fish health and disease resistance in recent years
(Reverter et al. 2021). Among these approaches, the addition of dietary probiotics has
emerged as a viable strategy to support disease resistance and immunological response in
a variety of fish species. One of the most popularly raised freshwater fish in the world is
tilapia (Oreochromis sp.) (Menaga and Fitzsimmons 2017; Prabu et al. 2019), which has
considerable economic significance and has been extensively used in experimental trials to
ascertain the effectiveness of probiotics. Of the available tilapia species, Nile tilapia (Oreo-
chromis niloticus) is the most important due to its ability to feed on a wide variety of food
items, tolerance to a wide range of environmental conditions, fast growth rate, and high
economic value (Wang and Lu 2016; Abarike et al. 2018a).

The intensified culture of Nile tilapia has led to a fourfold increase in its production
which is expected to increase further over the next decade (Chen et al. 2018; Kuebutornye
et al. 2020a). However, rapid growth in the aquaculture sector is threatened by many
endemic and emerging bacterial diseases, which are caused by Aeromonas, Streptococcus,
and Flavobacterium (Basri et al. 2020; Junior et al. 2020; Kerddee et al. 2020; Pauzi et al.
2020; Sookchaiyaporn et al. 2020; Eissa et al. 2021) among others. More recently, the Tila-
pia Lake Virus has been on the rampage (Dong et al. 2020; Waiyamitra et al 2020). For
example, in relatively warm seasons, the death rate of tilapia due to streptococcosis might
reach 50% to 70%, while infected tilapia display symptoms like erratic swimming patterns,
exophthalmos, and meningitis (Wang et al. 2023). More so, red tilapia fry is very vulner-
able to Flavobacterium columnare infection with up to 100% cumulative death occurring
within 24 h of infection (Van Hai, 2015).

While antibiotics have traditionally been used to improve on-farm biosecurity, there is
a need for a paradigm shift in dealing with aquaculture biosecurity risks due to issues con-
cerning antimicrobial residues and antibiotic resistance. This is highlighted by reports from
Kumar et al. (2016), and Kavitha et al. (2018). One of the emerging approaches to dealing
with these risks is the use of probiotics. Probiotics are defined as live microorganisms that
confer health benefits to the host when administered in adequate amounts (Chaudhari and
Dwivedi 2022). In aquaculture, probiotics have been used to improve the growth perfor-
mance, feed conversion efficiency, and disease resistance of fish (Mugwanya et al. 2022).
Probiotics are believed to enhance the immune response of fish by stimulating the produc-
tion of cytokines, immunoglobulins, and other immune-related molecules. Furthermore,
probiotics can inhibit the growth of pathogenic bacteria by producing antimicrobial sub-
stances or by competing for nutrients and adhesion sites (Dawood et al. 2020; Rohani et al.
2022).

In addition to probiotics, prebiotics are non-digestible food components, such as
fructooligosaccharides and inulin, that selectively stimulate the growth and/or activity
of beneficial bacteria in the gut, such as Bifidobacterium and Lactobacillus. Prebiot-
ics can enhance the gut barrier function, promote the production of short-chain fatty
acids (SCFAs), and modulate the immune system (Pujari and Banerjee 2021; Rose
et al. 2021). Synbiotics are a combination of probiotics and prebiotics that have a syn-
ergistic effect on the gut microbiota and the host’s health. The prebiotic component in
synbiotics provides a substrate for the growth and activity of the probiotic component,
while the probiotic component enhances the effectiveness of the prebiotic component
by competing for the nutrients and adhesion sites with other microorganisms (Palai
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et al. 2020; Butt et al. 2021; Zawistowska-Rojek and Tyski 2022). Synbiotics can
improve the survival and colonization of probiotics in the gut, enhance the production
of SCFAs, and modulate the immune system (Gu et al. 2022). The consideration of
synbiotics which are products of pre and probiotics stems from the possibility of dem-
onstrating enhanced potency in protecting fish from diseases because of the synergistic
effect of combining both of them.

Several studies have investigated the effects of beneficial materials including plant
products (Lin et al. 2019), microalgae (Awad et al. 2022), diatoms (Ayoub et al. 2019),
probiotics (Li et al. 2019), prebiotics (Amphan et al. 2019), and synbiotics (Moham-
madi et al. 2022) on the immune response and disease resistance of fish species chal-
lenged with different pathogens. However, concerning probiotics, prebiotics, and synbi-
otics, many studies have reported significant positive impacts, while some of them have
reported non-significant negative impacts and in some cases, non-significant positive
impacts leaving a question as to whether these materials are reliably effective. There-
fore, the results require further analysis to evaluate the overall effect and effectiveness
of probiotics of different categories on the immune response modulation and disease
resistance of targeted commercially important fish species like tilapia following a chal-
lenge with important pathogens.

The role of probiotics, prebiotics, and synbiotics in tilapia aquaculture as leading
candidates for food sustainability was reviewed by Mugwanya et al. (2022), while
Kuebutornye et al. (2020a) narratively reviewed the role of probiotics in the modulation
of nutrient utilization, growth, and immunity of tilapia. They concluded that the use
of probiotics, prebiotics, and synbiotics in tilapia aquaculture holds a lot of promise,
and determining the ideal dosage and time of administration of individual species is
crucial for improving growth and immunity. To fill in the existing information gap
through quantitative analysis, we carefully chose studies that looked at the effects of
dietary probiotics on immune response and disease resistance in tilapia. We then did
a systematic review and meta-analysis of the pertinent scientific literature. To find
the answers to questions in a research area, a systematic review tries to compile all
accessible empirical studies systematically, and this is usually followed by a meta-
analysis, the statistical method of analyzing and combining data from numerous related
studies (Ahn and Kang 2018).

We sought to present an evidence-based synthesis of the cumulative findings, explain-
ing the genuine potential of dietary probiotics in this context by using tight inclusion
criteria and thorough statistical analysis (meta-analysis). The objectives are, therefore,
1) to give an overview of the various probiotics used in enhancing the immune response
and disease resistance in tilapia culture, 2) to assess the effects of these probiotics on
survival, growth, and nutrient utilization, and 3) to evaluate the contribution of dietary
probiotics to immune response and disease resistance of tilapia challenged with com-
mon pathogens.

The first objective is crucial to understand the range of probiotic interventions in tilapia
aquaculture. This is to examine the different probiotic strains and to identify which strains
of probiotics are optimal for enhancing tilapia’s immune system and disease resistance.
The second objective looks at the value of adding probiotics to aquaculture by analyzing
how they affect tilapia survival, growth, and nutrient utilization, while the third objective
is critical in establishing the overall effectiveness of probiotics as a disease management
strategy. This meta-analysis may be crucial for farmers seeking environmentally friendly
methods to contain disease outbreaks, use fewer antibiotics, and boost tilapia populations’
resilience to prevalent infections.
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Materials and methods
Inclusion and exclusion criteria

In this study, inclusion criteria were applied to published articles not limited to any time.
The articles considered were empirical, peer-reviewed publications written in English,
which involved the experimental testing of the modulatory effects of different categories
of dietary treatments given to different growth stages of tilapia which were later chal-
lenged with pathogenic bacteria and included a group that did not receive the probiotics.
To maintain the scope of this meta-analysis, we excluded articles that focused on other
dietary inclusions, involving other fish species, tilapia exposed to other stressors before
administering dietary probiotics (to avoid bias), and studies where fish were not challenged
intraperitoneally (to rule out the possibility of bias due to the method of fish challenge).
More so, studies with research designs not in line with the objectives of this work were
excluded. Furthermore, this study focused on only probiotics (single or multi-strain) and
synbiotics and if a study reported more than one probiotic or synbiotic, each was treated
independently for the meta-analysis. More so, during data extraction, some studies were
excluded from the meta-analysis of certain parameters for failing to provide some relevant
information that could be used in the analysis.

Literature search and databases

To reduce the error rate, the search for articles from each database was conducted by one
individual at two different periods following the same procedures. The first search which
commenced on 3rd January was completed on the 17th of January 2023, while the second
(confirmatory) search was completed on the 18th of February 2023. New articles generated
from the second search were also screened based on their abstracts and full texts before
inclusion. Table 1 summarizes the themes, keywords, and synonyms related to the dietary
treatments based on PICO (Population, Intervention, Comparator, and Outcome).

We used Google Scholar (https://scholar.google.com/), Scopus (https://www.scopus.
com/), Science Direct (https://www.sciencedirect.com/), Wiley (https://onlinelibrary.wiley.
conm/), SpringerLink (https:/link.springer.com/), and ProQuest (https://www.proquest.
cony/). In addition, we applied snowballing as a search strategy by checking the reference
list of some of the most relevant articles retrieved from other databases (Chen et al. 2020).

Table 1 Search keywords based on PICO headings

S/N  PICO theme Keywords Synonyms

1 Population tilapia tilapia, Nile tilapia, Mossambique tilapia, Oreochromis
niloticus

2 Intervention dietary supplementation probiotics, synbiotics, beneficial microorganisms

3 Intervention challenge infection exposure, disease, pathogen, health

4 Comparator ~ control no probiotic fish, non-infected fish, placebo-receiving fish®

5 Outcome resistance resistance, performance, immune response, immunomodu-

lation, immunostimulant, immunostimulation, suscepti-
bility, survival, growth
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The search was carried out, commencing from 3rd January 2023, in Google Scholar
starting with basic keywords which include tilapia, probiotics, and pathogens. After each
search with a combination of the keywords in different ways including the use of the
advanced search tool, articles that meet the set criteria based on the relevance of their titles
were added to the Google Scholar Library. Apart from this, synonyms of the basic key-
words such as tilapia, probiotics, synbiotics, challenge infection, exposure, resistance, and
immunomodulation (Table 1) were combined in different ways using the advanced search
option to bolden the chances of getting the most relevant articles. Apart from Google
Scholar, other databases were also systematically searched using different combinations of
the keywords based on PICO, while the reference list of some of the articles was assessed
for possibly getting new studies.

Identification, screening, and selection

Apart from snowballing, results from each search database were exported mainly as CSV
files to Rayyan QCRI online database (https://www.rayyan.ai/) (Ouzzani et al. 2016; Dis-
ner et al. 2021). for duplicate removal, the inclusion of relevant publications and exclusion
of publications that did not fulfill the inclusion criteria in two steps. The title and abstract
screening with Rayyan took place from 7th February 2023 to 16th February 2023.

Data extraction and synthesis

After the screening steps were completed in Rayyan, the resulting publication titles were
downloaded as full texts for further review. Full-text articles were critically reviewed and
information was extracted from them systematically using Microsoft Office Excel. Before
the full-text screening, abstracts of publications that had not been screened in Rayyan were
also screened separately. During the full-text screening and information synthesis, some
articles were found not to fulfill the inclusion criteria and subsequently excluded from
the study. Data extraction from downloaded articles started on 2nd March 2023. Relevant
information was tabulated and analyzed descriptively using Google Sheets. General infor-
mation about the included studies was extracted including citation, probiotic category, tila-
pia species, experimental duration, fish weight, challenge pathogen, challenge dose, and
challenge duration.

Meta-analyses

The meta-analysis was conducted per the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines (Page et al. 2021). The following infor-
mation was extracted: weight gain (WG), specific growth rate (SGR), feed conversion ratio
(FCR), probiotic species, immune response parameters (phagocytic activity, phagocytic
index, and serum lysozyme activity), and disease resistance parameter (survival rate) from
the included studies.

Meta-analyses were conducted using Review Manager (RevMan) version 5.3 soft-
ware. Data from eligible studies were extracted and analyzed, including the calculation
of and assessment of heterogeneity and effect size statistics based on the I-squared (I%)
and Cochran’s Q statistics. The Cochran’s Q test determines if the studies included in the
meta-analysis have statistically significant heterogeneity. There may be heterogeneity if
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the Q statistic is substantial. A higher I? indicates more heterogeneity among the included
research. The relationships between the administered dietary probiotics survival level (pre-
and post-challenge) were determined using the odds ratio (OR) with 95% confidence inter-
vals (ClIs) for dichotomous data and the standardized mean difference (SMD) with 95%
ClIs for continuous data.

The confidence interval (CI) is a statistical metric that provides a range of values within
which the real or population effect size is anticipated to fall with a specific level of confidence.
Based on data from the included research, it assesses the level of uncertainty surrounding the
anticipated impact magnitude. The confidence interval is typically shown as a range of val-
ues with an associated confidence level, which is frequently set at 95%. The Mantel-Haen-
szel method is used by RevMan 5 to calculate effect estimates for binary outcomes, while the
inverse variance approach for continuous outcomes. Pooled estimates were presented using
the forest plot. In some studies, different categories and species of probiotics were tested, and
these were treated individually, although the same information was used for the control. To
standardize the survival data, the number of individuals that survived as used in the meta-anal-
yses was extrapolated from each study based on the percentage survival/mortality reported
and the total number of fish used in the experiment for both control and treatment groups.
Only studies that reported this information were included in the meta-analyses. As for other
parameters, the mean and standard deviation values were extracted and used for the meta-anal-
ysis. For the post-challenge survival, meta-analysis was focused on the intraperitoneal chal-
lenge, and no other routes such as oral, immersion, and intramuscular. Apart from cumulative
percentage mortality, which was considered as a measure, some other publications applied the
relative level of protection (RLP) and were excluded from the meta-analysis on post-challenge
survival to ensure reliability.

To further ascertain the impact of the probiotic treatments, Pearson’s correlation was used
to check if there existed a relationship between the post-challenge survival level and the pre-
challenge feed conversion ratio. In addition, to determine the probiotic type that performed
most effectively to enhance survival in fish following challenge with pathogens, survival data
were compared for the three groups of probiotics including single-strain probiotics, multi-
strain probiotics, and synbiotic (prebiotics + probiotics). Because the data was generally not
normally distributed, we used a non-parametric test such as the Kruskal Wallis test using IBM
SPSS version 26. In studies with more than one concentration of the treatment probiotic, a
treatment that was identified as the best for growth and nutrient utilization, immunity, and
disease resistance was chosen as the subject of comparison with the control. More so, in cases
where the challenge concentration was in more than one treatment, the treatment with the
highest concentration was chosen for comparison. In cases where different durations of dietary
probiotics were administered, the duration closer to those of other studies was selected as in
the case of Aly et al. (2008a) where two months was selected as against one or eight months.
Also, where different densities of tilapia were used as in Mohammadi et al. (2022), the density
closer to what is generally obtainable in other studies was selected.

Results
Included studies

We employed four databases and search engines, as well as the snowballing method, to
find relevant articles. This search yielded a total of 399 records, which were uploaded to
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Rayyan (http://www.www.rayyan.ai) for the identification and elimination of duplicates
and ineligible articles. After eliminating duplicates and ineligible articles, we were left
with 113 articles from the four databases and two articles from the snowballing method.
Out of these 115 articles, 29 articles were excluded for not meeting inclusion criteria, and
the remaining 84 studies were assessed for eligibility. Eventually, 66 articles were deemed
eligible and used for data extraction. These articles covered 118 unique cases where probi-
otics were used as single-strain probiotics (SSP), multi-strain probiotics (MSP), or synbiot-
ics (in combination with prebiotic materials). Please refer to Fig. 1 for a visual representa-
tion of this process.

Summary of studies

Overall, the trend in the number of included studies exhibits relative stability from 2006 to
2014, followed by a gradual increase from 2015 to 2019 with the highest number reported
for 2021 (Fig. 2). The mean weight of tilapia reported ranges from 0.20 g to 100 g. Most
of the mean weights fall within the range of 1.5 g to 60 g. The most common probiotic
category used in the studies is SSP, while most of the feeding experiments were carried out
for 56 days and ranged from 21 to 112 days. Generally, the challenge pathogens mentioned
in the table include Aeromonas hydrophila, Pseudomonas florescence, Streptococcus iniae,
Streptococcus agalactiae, Enterococcus faecalis, Aeromonas sobria, Vibrio parahaemo-
Iyticus, Yersinia ruckeri, Edwardsiella tarda, Pseudomonas aeruginosa and TILV (Tilapia
Lake Virus). Among the pathogens, A. hydrophila, S. iniae, and S. agalactiae of different
concentrations were the most frequently reported pathogens, while the most reported chal-
lenge duration was 14 days (Table 2).

Meta-analysis

The data extracted from the studies included in this analysis were evaluated for several
parameters such as weight gain (WG), specific growth rate (SGR), feed conversion ratio
(FCR), pre-challenge survival, serum lysozyme (SL), phagocytotic index (PI), phagocy-
totic activity (PA), and post-challenge survival. These were the parameters common to
most of the studies.

Analysis of all continuous data showed a significant effect of probiotics and synbiot-
ics in the diet of tilapia on WG (SMD =3.63; 95% CI 3.11 to 4.15; p<0.001; ’=99%)
(Fig. 3), SGR (SMD=2.61; 95% CI 2.04 to 3.19; p<0.001; 1’=99%) (Fig. 4), and
FCR (SMD=-0.36; 95% CI -0.36 to —0.36; p<0.001; I>*=100%) (Fig. 5). However,
there was no significant effect on the pre-challenge survival (OR=1.28, 95% CI 0.94
to 1.74; p=0.05; 1>=50%) (Fig. 6) which was based on a dichotomous analysis. As per
the immunomodulatory effects, Fig. 7 shows that there was a significant effect of pro-
biotics and synbiotics on SL (SMD=5.59; 95% CI 4.36 to 6.82; p<0.001; I>=100%),
PI (SMD=9.34; 95% CI 7.23 to 11.64; p<0.001; ?*=99%), and PA (SMD=2.61; 95%
CI 0.90 to 4.33; p=0.03; 12=98%), respectively. More so, for disease resistance, the
post-challenge survival showed a significant effect (SMD=5.02; 95% CI 3.98 to 6.35;
p<0.001; 1>=71%) (Fig. 8) of the probiotic on tilapia. Based on the Kruskal-Wallis’s
test there was no significant difference (p >0.05) in the performance of different catego-
ries of probiotics assessed.
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Fig. 1 PRISMA flow chart for included studies

A total of 99 cases with available data on survival post-challenge survival and probiotic
types were used for comparison and Kruskal-Wallis H was 2.807, df=2, and not signifi-
cant at p=0.208. However, descriptively, the synbiotic category recorded the highest mean
rank (66.94), while the multi-strain probiotic recorded the lowest mean rank (46.66). Serum
lysozyme and phagocytotic activity were reported to be significantly higher (p <0.05) in most
other assessed studies. However, these were not included in the meta-analysis since the data
was not available for inclusion in our meta-analysis. According to Pearson’s correlation, there
was a non-significantly (p=0.587) weak negative (r=—0.630) correlation between the post-
challenge cumulative percentage survival and the FCR.
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Discussion

The findings of this study provide valuable insights into the potential of dietary probiotics
as an effective tool to enhance the health and productivity of fish species, particularly tila-
pia. By modulating the gut microbiota, improving nutrient utilization, and stimulating the
immune system, probiotics have a significant impact on the health and disease resistance of
fish (Rohani et al. 2022). The most used probiotics in tilapia were Bacillus spp. especially B.
subtilis and Lactobacillus spp., especially L. plantarum (Supplementary material 1). However,
the optimal dose, duration, and combination of probiotics for maximum benefit to fish health
and production remain unclear. Therefore, further research is needed to explore these factors.
In line with the outcome of this meta-analysis that dietary probiotics significantly
improve weight gain, specific growth rate, and feed conversion ratio in tilapia, other fish
species including mud carp (Cirrhinus molitorella), common carp (Cyprinus carpio),
freshwater catfishes (Gulsa tengra and Mystus cavasius) among many others (Gupta et al.
2014; Banu et al. 2020; Yu et al. 2022) that have been reported. It is however worth noting
that meta-analyses of those studies have not been found. From this meta-analysis, there was
a significant decrease in the feed conversion ratio, and this is supported by the meta-analy-
sis of Toledo et al. (2019) who reported a significant impact of probiotics on the SGR and
FCR of shrimps. However, the non-significant positive effect of dietary probiotic inclu-
sion on pre-challenge survival contradicts the report of Toledo et al. (2019). This may be
because tilapia generally and particularly O. niloticus, which occurred most in this analy-
sis, is known to be a rugged fish with a high level of stress tolerance which may be which
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may lead to a lack of significant reduction in the survival level of the control compared to
the treated group (Camargo-dos-Santos et al. 2021).

The positive effects of probiotics on the immune response modulation and disease resistance
of fish have been attributed to their ability to modulate the gut microbiota and enhance the pro-
duction of immune-related molecules, such as cytokines, immunoglobulins, and lysozyme (Mer-
rifield et al. 2010; Zhou et al. 2019). This can potentially reduce the need for antibiotics or other
chemical treatments, and this aligns with the growing global concern about the development of
antibiotic resistance in aquaculture. Probiotics can effectively stimulate the phagocytes in the
host and improve phagocytic activity, especially by lactic acid bacteria (LAB) probiotics like L.
rhamnosus, L. acidophilus, and L. lactis, as observed in several animals (Akhter et al. 2015; Zhu
and Su 2022). In line with the findings of this meta-analysis, oral administration of Clostridium
butyricum bacteria in rainbow trout (Onchorychus mykiss) increased their phagocytosis activity
(Sakai et al. 1995). In rainbow trout, an increase in phagocytic activity was observed after four
weeks, with the highest activity against V. anguillarum seen in trout two weeks after starting the
probiotic feeding mode (Sharifuzzaman and Austin 2009; Akhter et al. 2015).

In line with the outcome of fish survival pre-challenge which showed a significant effect
of administered probiotics, survival post-challenge recorded a significant effect. This estab-
lishes the effectiveness of these probiotics in disease resistance. Probiotics can directly
inhibit the growth and colonization of pathogenic bacteria by producing antimicrobial
substances, competing for nutrients and adhesion sites, and modulating the host’s immune
response (Khaneghah et al. 2020; Wang et al. 2021; Liu et al. 2022). Probiotics can also
indirectly stimulate the host’s immune response by modulating the gut microbiota compo-
sition and enhancing the gut barrier function, which can influence the overall health and
disease resistance of the fish (Zhang et al. 2016; Wuertz et al. 2021; Guangxin et al. 2022).

Despite the lack of significant difference in the survival of tilapia post-challenge based on the
type of probiotic administered, synbiotics seem to be the best option. It also presupposes that sym-
biotics are likely the most effective. Therefore, we recommend more empirical research on the
use of multi-strain probiotics and synbiotics. More so, this will pave the way for more powerful
analysis which could give better insight. Supplementary material 1 shows a list of multi-strain
probiotics and synbiotics that have given promising results. The possible reason for the better
performance of synbiotics compared to SSP, MSP may result from the fact that synbiotics have
a synergistic effect, meaning that the combined action of the probiotics and prebiotics provides
greater health benefits than the sum of their individual effects (Butt et al. 2021). This synergistic
effect can lead to better digestive health, immune function, and other health benefits (Yousefi et al.
2023). Synbiotics can modulate the gut microbiota more effectively than probiotics or prebiotics
alone (Hijova 2022). This is because probiotics and prebiotics can have different effects on the gut
microbiota and combining them can lead to a more balanced and diverse gut microbiota.

To create a multi-strain probiotic that is optimized for desired outcomes, it is important
to carefully select the strains of bacteria and their concentrations, as well as the mode of
administration. Using a mixture design allows for the study of interactions among microor-
ganisms to improve the effectiveness of the probiotic. A multi-strain probiotic offers advan-
tages over a single-strain probiotic, as different strains can work together synergistically to
improve immune function and digestive health. The development of a multi-strain probi-
otic requires consideration of various factors, including the ability of the strains to survive
digestion and colonize the gut, as well as their production of beneficial compounds. Addi-
tionally, the mode of administration plays a role in the effectiveness of the probiotic (Melo-
Bolivar et al. 2021). Ultimately, a well-designed multi-strain probiotic can help improve
the health and growth performance of the fish. However, more research is needed to fully
understand the mechanisms behind the superior performance of synbiotics.
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With probiotic Without probiotic Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD_Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Abarike etal. 2018 36.59 1.4 100 2349 046 100 1.4%  1252[11.2513.79] -
Abarike etal. 2018 (1) 35.92 0.08 100 21.43 099 100 1.2%  20.55[18.50, 22.61] -
Abd EI-Rhman et al. 2009 78 0.05 60 7 0.47 60 1.5% 2.38[1.91,2.89] -
Abd EI-Rhman et al. 2008 (1) 56 006 60 7 047 B0 1.5% -4.15[-4.79,-3.51] -
Abd EI-Rhman et al. 2009 (2) 6.6 032 60 7 0.47 60 1.5% -0.99-1.37,-0.61] |
Abou-El-Atta etal. 2019 1159 2.36 60 985 48 60 1.5% 4.57[3.88,5.26] -
Abou-El-Atta etal. 2019 (1) 1627 9.86 60 985 48 60 1.5% 8.23[7.11,9.34] h
Abu-Elalaetal. 2013 3745 208 78 2084 1.85 7 15% 8.37[7.38,8.37] -
Abu-Elala etal. 2013 (1) 47.97 0.69 78 20.84 1.85 78 1.2%  19.34[17.14,21.53] -
Addo etal 2017 590 46.3 40 602 57.4 40 1.5% -0.23 [-0.67,0.21]
Addo etal. 2017 (1) 6038 504 40 602 57.4 40 1.5% 0.03[0.41,047]
Addo etal. 2017 (2) 5928 325 40 602 57.4 40 1.5% -0.19[-0.63,0.25]
Addo etal. 2017 (3) 5709 382 40 602 57.4 40 1.5% -0.63-1.08,-0.18]
Bocamde etal. 2020 15.28 215 30 1238 354 30 1.5% 0.98[0.44,1.51]
Biiylkdeveci et al. 2023 16614 208 75 15228 2.36 s 15% 6.19[5.41, 6.96] -
Bylkdeveci et al. 2023 (1) 16689 445 75 15228 2.36 75 15% 4.08[3.51, 4.65] -
Cavalcante etal. 2020 3277 7.07 40 36.98 5.59 40 1.5% -0.651.10,-0.20]
Cavalcante etal. 2020 (1) 23.39 5.47 40 36.98 5.59 40 1.5% -2.43-3.02,-1.85] -
Cavalcante et al. 2020 (2) 4287 455 40 36.98 5.59 40 1.5% 1.14 [0.67,1.62]
Chenetal 2019 4746 185 B0 31.83 353 60 1.5% 5.48[4.69,6.27] -
de Moraes etal. 2022 17.58 1.45 70 21.07 3.28 70 1.5% -1.37 [11.74,-1.00] .
de Moraes etal. 2022 (1) 18.75 0.66 70 21.07 3.28 70 1.5% -0.55-0.89,-0.22]
Dowidar etal. 2018 10508 304 B0 66.64 619 B0 1.5% 7.83[6.77,8.90] -
Dowidar etal. 2018 {1) 9735 103 60 66.64 619 60 1.5% 3.59(3.01,4.18] -
Dowidar etal. 2018 (2) 97.73 7.79 60 66.64 6.19 60 1.5% 4.39[3.72,5.06] -
Eissa and Abou-ElGheit 2014 153 0.05 60 1.39 011 60 1.5% 1.63[1.21,2.04] i
El-Rhman et al. 2009 78 005 60 7 047 B0 1.5% 2.38[1.91,2.85] -
El-Rhman et al. 2009 (1) 56 006 60 7 0.47 B0 1.5% -4.15[-4.79,-3.51] -
El-Rhman et al. 2009 (2) 6.6 032 60 7 0.47 60 1.5% -0.99 -1.37,-0.61] |
Hanetal. 2015 1,418.47 29.6 30 1,27983 2505 30 1.5% 4.99[3.94,6.04] e
Iwashita etal. 2015 2485 703 300 2561 823 300 16% -013(0.29,003]
Jose etal. 2023 1517 1.65 48 7.58 0.59 48 1.5% 6.08[5.11,7.04] -
Jose etal. 2023 (1) 16.5 0.89 48 7.58 059 48 1.3% 11.72[9.98,13.46] -
Kaew-on etal. 2016 11.01 088 150 1062 082 150 1.6% 0.43[0.20, 0.66]
Kaew-on etal. 2016 (1) 1.7 014 150 10,62 092 150 16% 1.65[1.39,1.91]
Kaew-on etal. 2016 (2) 11.29 049 150 1062 092 150 1.6% 0.91[0.67,1.14]
Liao etal. 2022 21596 2016 90 16276 1413 a0 1.5% 3.04[2.61,3.47)
Liao etal. 2022 (1) 24462 1968 90 16276 1413 a0 1.5% 4.76[4.18,5.33] -
Lietal 2020 26637 1115 B0 2198 1405 B0 1.5% 3.65 [3.06, 4.24] -
Liuetal 2017 241.29 5155 80 17225 5867 80 1.5% 1.24[0.90,1.58]
Liu etal. 2020 127.39 817 75 91.68 7.78 75 1.5% 4.45[3.85, 5.06] -
Liu etal. 2020 (1) 135.02 38 75 91.68 778 s 15% 7.111[6.24,7.99] -
Liu etal. 2020 (2) 13123 1351 75 91.68 778 s 15% 3.57 [3.05, 4.09] -
Liuetal. 2020 (3) 13222 17.38 75 91.68 778 75 1.5% 3.00[2.53,3.47) -
Mohammadi et al. 2021 41.08 033 45 39.86 1.03 45 1.5% 1.58[1.11, 2.06] i
Mohammadi et al. 2021 (1) 5088 072 45 1.03 1.03 45 03% 5573[47.39,64.07 -
Mohammadi et al. 2022 4423 064 75 41.68 0.54 s 15% 4.28(3.70, 4.87] -
Mohammadi et al. 2022 (1) 43.24 0.38 75 41.68 0.54 75 1.5% 3.32(2.83,3.82) -
Mousa et al. 2021 16.12 0.16 60 10.08 0.04 60 0.4%  51.63[44.98 58.29] -
Santos etal. 2023 3991 083 80 40.36 4.1 80 1.5% -0.15[-0.46,0.16]
Santos etal. 2023 (1) 4133 225 80 40.36 4.1 a0 1.5% 0.31(0.00,062]
Saputraetal. 2016 16.2 019 60 75 033 60 0.8%  32.11[27.96, 36.25] -
Sewaka etal. 2019 10412 1076 60 67.03 7 60 1.5% 4.06[3.43, 469] -
Sewaka etal. 2018 (1) 10605 7338 B0 67.03 7 B0 1.5% 5.39[4.61,6.17] -
Tanetal 2019 183 367 90 13.4 352 a0 1.5% 1.36[1.03, 1.68] "
Van doan etal. 2018 401 11 80 3229 1.16 80 1.5% 6.88[6.05,7.70] -
Wan doan etal. 2018 (1) 4013 1.53 80 3229 1.16 80 1.5% 5.75[5.04, 6.46] -
Van doan etal. 2018 (2) 4148 181 80 3229 116 80 1.5% B.52[5.73,7.31] -
‘“an Doan etal. 2021 79.1 1.33 60 63.56 118 B0 1.5% 0.19(0.17,054]
Waiyamitra et al. 2020 137 0.16 25 1386 018 25 1.5% 0.58[0.01,1.14]
Wuetal 2021 0.85 01 90 075 0.02 a0 1.5% 1.26 [0.94, 1.58]
Miaetal 2018 277265 29821 180 26818 16647 180 16% 0.37[0.17,0.58]
Kiaetal 2018 (1) 35322 40343 180 26819 16647 180 1.6% 2.75(2.46,3.04]
Kiaetal 2018 (2) 291907 25648 180 2,681.9 16647 180 1.6% 1.09[0.87,1.32]
Xiaetal 2020 277265 22961 180 259569 229.91 180 1.6% 0.77[0.55, 0.98]
Miaetal 2020 (1) 35322 40443 180 2,58569 22881 180 1.5% 2.84[255,313]
Kiaetal 2020 (2) 3,527.77 359.08 180 259569 229.91 180 1.5% 3.09(2.78,3.39]
Zhuetal 2019 22572 1906 150 20716 369 150 1.6% 1.35[1.10, 1.60]
Total (95% CI) 5607 5607 100.0% 3.63[3.11,4.15] )
Heterogeneity: Tau®= 4.45; Chi*= 6926.52, df = 67 (P < 0.00001); I*= 99% % + i

7o -25 2!
Test for overall effect: Z= 13.78 (P < 0.00001) Favours [control] Favours [experimental]

Fig. 3 Forest plot of randomized control trials on the effect of dietary probiotic administration on weight
gain (WG) of tilapia (35 studies, 68 records)

There are still some knowledge gaps that need to be addressed in future research. For
example, the optimal dosage based on fish size, duration, and administration route of
probiotics in tilapia exposed to pathogen challenge is not well-established and may vary
depending on the probiotic strain, fish species, and environmental conditions. There-
fore, further investigations into these aspects are proposed. The potential interactions
between probiotics and other factors, such as diet composition, water quality, and other
stressors, also need further investigation. Studies comparing the efficacy of different
probiotic strains for specific pathogens will also be beneficial. Finally, there is a need

@ Springer
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'With probiotic ‘Without probiotic Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Abarike etal. 2018 1.89 01 100 1.3 001 100 1.6% 827[7.41,9.14] -
Abarike etal. 2018 (1) 171 001 100 113 004 100 1.4% 19.82[17.84,21.80 4
Abassetal 2018 078 0286 60 06 026 B0 1.7% 0.69[0.32,1.06] -
Abd EI-Rhman et al. 2009 16 001 60 16 004 B0 1.7% 0.00 [-0.36, 0.36] T
Abd EI-Rhman et al. 2009 (1) 13 00 60 16 004 60 1.6% -10.22[-11.59,-8.86) +—
Abd EI-Rhman et al. 2009 (2) 1.5 0.004 60 1.6 0.04 B0 1.7% -3.50[-4.07,-2.92] -
Abou-El-Atta et al. 2019 1.28 002 60 114 004 B0 1.7% 4.40[3.73,5.07] -
Abou-El-Atta et al. 2019 (1) 161 001 60 114 004 60 1.4% 16.02[13.8318.11] 4
Abu-Elalaetal. 2013 068 003 78 041 003 78 16% 8.96 [7.90,10.01] -
Abu-Elala etal. 2013 (1) 096 013 78 041 003 78 17% 5.80(5.08,6.53] -
Addo etal. 2016 34 008 28 35 005 28 17% -1.48[-2.07,-0.88] -
Bocamde et al. 2020 033 01 30 013 005 3! 17% 250[1.81,3.19) -
Biyikdeveci et al. 2023 163 004 75 154 002 75 1.7% 283(2.38,3.29 -
Buylkdeveci et al. 2023 (1) 164 003 75 154 002 75 17% 3.90[3.35, 4.49) -
Cavalcante et al. 2020 239 03 40 283 019 40 1.7% -0.95[1.41,-0.48] -
Cavalcante etal. 2020 (1) 209 028 40 2863 019 40 17% -2.24 -2.80,-1.67] -
Cavalcante etal. 2020 (2) 285 014 40 263 019 40 1.7% 1.31[0.82,1.79] -
Dawood et al. 2020 231 004 60 181 01 60 1.6% 6.52[5.61,7.44] -
Dawood etal. 2020 (1) 255 012 60 181 01 60 1.6% 6.66[5.73,7.59] I
de Moraes etal. 2022 253 009 70 272 047 70 1.7% -1.39[1.76,-1.02] -
de Moraes etal. 2022 (1) 267 002 70272 047 700 17% -0.41 [-0.75,-0.08] ]
Dowidaretal. 2018 1.2 002 60 085 0086 60 1.6% 7.78[6.71,8.84] -
Dowidar etal. 2018 (1) 113 0.09 60 085 006 B0 1.7% 3.64[3.05423 -
Dowidar etal. 2018 (2) 113 0.06 60 085 0.06 B0 1.7% 4.64[3.94,533] -
Eissa and Abou-EIGheit 2014 153 005 60 133 011 B0 1.7% 1.63[1.21,2.04] -
Gobi etal. 2018 3.08 02 30 149 06 3! 17% 3.51[269,433 -
Jose etal 2023 143 021 48 088 012 48 1.7% 3.19(2.58,3.80] -
Jose etal 2023 (1) 156 017 48 088 012 48 1.7% 4.58[3.81,5.36) -
Kaew-on etal. 2016 816 014 150 816 015 150 1.7% 0.00[0.23,0.23] 7
Kaew-on etal. 2016 (1) 838 002 150 816 015 150 1.7% 205[1.77,2.33] -
Kaew-on etal. 2016 (2) 827 006 150 816 015 150 1.7% 0.96[0.72,1.20 -
Liao etal. 2022 1.82 01 90 152 009 90 1.7% 3.14[270,358) -
Liao etal. 2022 (1) 196 009 90 152 009 90 1.7% 4.87 [4.28,5.45] -
Lietal. 2018 217 008 60 2 om B0 1.7% 2.96[2.44,3.49] -
Lietal 2020 224 005 60 2 007 B0 1.7% 3.92([3.30,4549] -
Liuetal 2017 217 026 80 175 037 80 1.7% 1.31[0.97,1.65) -
Liu etal. 2020 194 008 75 175 008 75 17% 267(2.23,312] -
Liuetal. 2020 (1) 202 005 75 175 008 75 17% 4.03[3.47,459) -
Liuetal 2020 (2) 198 013 75 175 008 75 1.7% 21201.72,252] -
Liu etal. 2020 (3) 2 015 75 175 008 7% 1.7% 2.07 [1.67,2.47] -
Mohammadi et al. 2021 148 005 45 139 008 45  1.7% 1.34[0.88,1.80] -
Mohammadi et al. 2021 (1) 164 002 45 139 008 45  17% 4.25[3.49,5.01] -
Mohammadi et al. 2022 277 002 75 262 006 75 1.7% 3.34(2.84,3.84] -
Mohammadi et al. 2022 (1) 275 004 75 262 008 7% 17% 2.54(2.10,2.97] -
Rodiriguez-Diaz et al. 2022 25 07 48 24 1 48  1.7% 0.11[-0.29,0.52] T
Rodiriguez-Diaz et al. 2022 (1) 25 17 48 24 1 48 1.7% 0.07 [-0.33,0.47] T
Rodiriguez-Diaz et al. 2022 (2) 24 07 48 2.4 1 48 1.7% 0.00 [-0.40, 0.40] T
Samson etal. 2022 135 011 80 129 007 80 1.7% 0.65[0.33,0.97] -
Samson etal. 2022 (1) 144 013 80 129 007 80 1.7% 1.43[1.08,1.78] -
Samson etal. 2022 (2) 139 014 80 129 007 80 1.7% 0.90([0.57,1.22) -
Samson etal. 2022 (3) 16 01 80 129 007 80 1.7% 3.57[3.07, 4.08] -
Santos etal. 2023 383 028 80 385 028 80 1.7% -0.07 [-0.38,0.24] T
Santos etal. 2023 (1) 386 008 80 385 028 80 1.7% 0.05 [-0.26, 0.36] T
Sewaka etal. 2019 246 018 60 176 0.14 B0 1.7% 4.31[3.65,4.97] -
Sewaka etal. 2019 (1) 248 012 60 176 014 B0 1.7% 5.56 (4.76, 6.36] -
Suprayudi etal 2017 303 005 60 292 004 B0 1.7% 2.41[1.94,2.89] -
Van doan etal. 2018 348 0086 80 303 009 80 1.7% 5.86[5.14,6.58) -
Van doan etal. 2018 (1) 348 006 80 303 009 80  1.7% 5.86(5.14,6.58] -
Van doan etal. 2018 (2) 355 008 80 303 009 80 1.7% 6.08[5.34,6.82) -
Van Doan etal. 2021 208 002 80 303 009 80 1.5% -14.35[15.97,-12.73) ¢
Total (95% CI) 4164 4164 100.0% 2.61[2.04,3.19] <
Heterogeneity. Tau®= 5.09; Chi*= 5402.36, df= 59 (P < 0.00001); F= 99% -‘iU .’5 é 150

Test for overall effect: Z= 8.86 (P < 0.00001) Favours [control] Favours [experimental]

Fig.4 Forest plot of randomized control trials on the effect of dietary probiotic administration on the spe-
cific growth rate (SGR) of tilapia (30 studies, 60 records)

for future systematic review and meta-analysis of the outcome for other species and
other potentially promising immunostimulants that are also cheap and more environ-
mentally friendly.

It is worth mentioning that, to glean more information, there is a need to intensify
research on the impact of varying crude protein levels on the effectiveness of probiotics
concerning immunity and disease resistance. In doing this, the issue of cost must also
be factored in to ascertain if higher protein levels are worth it. For example, Zheng et al.
(2011) concluded that the prebiotic, GroBiotic®-A positively influenced the growth per-
formance and feed efficiency of tilapia fed with diets containing 29% crude protein to lev-
els comparable to fish fed the 33% Crude Protein (CP) diet, while Abdel-Tawwab (2012)
stated that 45% CP diets performed better with yeast probiotic compared to 35% diets when
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Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Abarike etal. 2018 081 003 100 138 003 100 16% -0.57[0.58,-0.56] ¢
Abassetal 2018 1.32 02 60 156 013 60 0.0% -0.24[0.30,-0.18) -
Abd EI-Rhman et al. 2009 16 001 60 1.7 007 60 03% -0.10[0.12,-0.08) -
Abd EI-Rhman et al. 2008 (1) 1.7 005 60 1.7 007 60 02% 0.00[0.02002 T
Abd EI-Rhman et al. 2008 (2) 2 oM 60 1.7 007 60 0.3% 0.30[0.28,0.32] -
Abou-El-Atta etal. 2019 136 017 60 134 002 60 01%  0.02[-0.02,0.08] T
Abou-El-Atta etal. 2019 (1) 133 008 60 134 002 60 0.2% -0.01[0.03,0.01] =
Abu-Elalaetal. 2013 301 oM 78 49 002 78 44% -1.89[1.89,-1.89) ¢
Abu-Elala etal. 2013 (1) 24 0 78 49 002 78 4.4% -2.50[2.50,-2.50) ¢
Addo etal. 2016 142 0 28 142 oM 28 0.0% 0.00[-0.06, 0.08] i
Addo etal. 2017 125 009 40 125 008 40 01% 0.00[-0.04,0.04] 1T
Addo etal. 2017 (1) 126 0.06 40 125 008 40 01% 0.01[0.02,0.04] T
Addo etal. 2017 (2) 124 006 40 125 008 40 01% -0.01[-0.04,0.02 -1
Addo etal. 2017 (3) 124 006 40 125 008 40 01% -0.01[-0.04,0.02] -1
Ammar etal. 2022 378 0 30 451 001 30 42% -0.73[0.74,-0.72) ¢
Bocamde etal. 2020 273 002 30 302 005 30 03% -0.29[0.31,-0.27] -
Biylkdeveci etal. 2023 105 003 75 111 003 75 1.2% -0.06 [-0.07,-0.05] -
Biylkdeveci etal. 2023 (1) 1.01 002 75 111 003 75 1.6% -0.10[0.11,-0.09] -
Cavalcante etal. 2020 111 014 40 112 008 40 0.0% -0.01[0.06,0.04] T
Cavalcante etal. 2020 (1) 13 014 40 112 008 40 0.0% 0.18(0.13,0.23] -
Cavalcante etal. 2020 (2) 1.07 011 40 112 008 40  01% -0.05[0.09,-0.01] I—
Chenetal. 2019 11 004 60 138 0.09 60 0.2% -0.28[0.30,-0.26) -
Dawood etal. 2020 1.37 004 60 1.86 0.1 60 01% -0.49[0.52,-0.46] ¢
Dawood etal. 2020 (1) 1.19 01 60 1.86 0.1 60 01% -0.67[0.71,-0.63] ¢
de Moraes etal. 2022 113 007 70 119 003 70 03% 06 [-0.08,-0.04] -
de Moraes etal. 2022 (1) 1.08 005 70 119 003 70  06% -0.11[0.12,-0.10) -
Dowidar etal. 2018 207 005 60 307 028 60 0.0% -1.00[-1.07,-0.93] ¢
Dowidar etal. 2018 (1) 225 019 60 307 028 60 0.0% -0.82[-0.81,-0.73] ¢
Dowidar etal. 2018 (2) 218 016 60 307 028 60 0.0% -0.89[-0.87,-0.81] ¢
El-Rhman et al. 2009 16 004 60 16 0.04 60 05% 0.00[0.01,0.01] T
El-Rhman et al. 2009 (1) 13 00 60 16 0.04 60 1.0% -0.30[0.31,-0.29] -
El-Rhman et al. 2009 (2) 1.1 0.004 60 16 0.04 60 1.0% -0.50 [0.51,-0.49] ¢
Gobietal. 2018 0.8 01 30 125 03 30 0.0% -0.37[-0.48,-0.26) &——
Hamdan etal. 2016 202 005 60 2.2 0.004 60 0.7% 18[0.19,-0.17) -
Hanetal 2015 125 001 30 13 002 30 1.7% -0.05[0.06,-0.04] e
Iwashita etal. 2015 1.07 006 300 14 029 300 01% -0.33[0.36,-0.30] -
Jose etal. 2023 011 0o 48 02 002 48 27% -0.09[0.10,-0.08] e
Jose etal. 2023 (1) 01 om 48 02 002 48 27% -0.10[0.11,-0.09] -
Khunrang et al. 2021 123 025 200 16 027 200 0.0% -0.37[-0.42,-0.32) +—
Liao etal. 2022 153 015 90 183 016 90 01% -0.30[0.35,-0.25) -
Liao etal. 2022 (1) 1.44 012 90 183 D016 90  01% -0.39[-0.43,-0.35 +—
Lietal. 2019 116 002 60 119 0.04 60 0.8% -0.03[0.04,-0.02) -
Liuetal 2017 12 027 80 16 005 80 0.0% -0.40[0.46,-0.34] +—
Mohammadi et al. 2021 153 005 45 154 093 45 0.0% -0.01[-0.28,0.26]
Mohammadi et al. 2021 (1) 138 002 45 154 093 45 00% -016F043,011) &V 1——
Mohammadi et al. 2022 152 001 75 153 001 75 10.6% -0.01[0.01,-0.01] -
Mohammadi et al. 2022 (1) 138 002 75 153 001 75 4.2% 15[-0.16,-0.14] -
Mousa etal. 2021 166 0.06 20 21 002 20 0.1% -0.44[-0.47,-0.41] ¢
Rodiriguez-Diaz et al. 2022 08 01 48 09 04 48 00% -010[0.22,0.02 T

Rodiriguez-Diaz et al. 2022 (1) 08 02 48 08 04 48 00% -010[-0.230.03 e —
Rodiriguez-Diaz et al. 2022 (2) 08 03 48 08 04 48 00% -0.10[-0.24,0.04] I

Samson etal. 2022 247 023 80 26 016 80 0.0% -0.13[0.19,-0.07] Im—
Samson etal. 2022 (1) 23 01 80 26 016 80 0.0% -0.30[-0.36,-0.24 m—

Samson etal. 2022 (2) 241 031 80 26 016 80 0.0% -019[-0.27-0.11]

Samson etal. 2022 (3) 189 013 80 26 016 80 0.1% -0.61[0.66,-056 ¢

Santos etal. 2023 145 005 80 15 015 80 01% -0.05[0.08,-0.02) -
Santos etal. 2023 (1) 135 014 80 15 015 80 01% -015[0.19,-0.11] e
Sewaka etal. 2019 162 027 60 232 055 60 00% -0.70[-0.86,-0.54] ¢

Sewaka etal. 2019 (1) 152 032 60 232 055 60 00% -0.80[0.96,-064] ¢

Suprayudi etal 2017 179 003 60 201 001 60 1.7% 22[-0.23,-0.21] e

Tanetal 2019 111 007 90 131 012 80 01% -020[0.23,-0.17) -

Van doan etal. 2018 (1) 151 001 80 158 0.01 80 11.3% -0.07[-0.07,-0.07) -
Van doan etal. 2018 (2) 152 001 80 158 0.01 80 11.3% -0.06[-0.06,-0.06] -
Van doan etal. 2018 (3) 15 002 80 158 001 80 45% -0.08[0.08,-0.08) -
Van Doan etal. 2021 1.1 00 80 158 0.01 80 11.3% -0.48[0.48,-0.48) ¢

Waiyamitra et al. 2020 102 004 25 103 001 25 04% -0.01[-0.03,0.01] i
Yiaetal. 2018 133 007 180 139 005 180 0.7% -0.06[0.07,-0.05 -
Xiaetal. 2018 (1) 1.04 002 180 139 005 180 1.7% -0.35[0.36,-0.34] -

Yiaetal. 2018 (2) 129 003 180 139 005 180 15% 10 [-0.11,-0.09] -
Xiaetal 2020 133 007 180 139 005 180 0.7% -0.06[0.07,-0.05 -
Yiaetal. 2020 (1) 1.04 002 180 139 005 180 1.7% -0.35[0.36,-0.34] e

Xiaetal. 2020 (2) 1.07 004 180 139 005 180 1.2% -0.32[0.33,-0.31] -

Zhuetal. 2019 123 003 150 117 001 150 4.2%  0.06(0.050.07) -
Total (95% CI) 5579 5579 100.0% -0.36 [-0.36, -0.36] |

Heterogeneity: Chi®= 1330365.36, df= 72 (P < 0.00001); F=100%
Testfor overall effect. Z= 670.99 (P < 0.00001)

n n ' +
0.2 -01 01 02
Favours [control] Favours [experimental]

Fig.5 Forest plot of randomized control trials on the effect of dietary probiotic administration on the feed
conversion ratio (FCR) of tilapia (40 studies and 73 records)

Saccharomyces cerevisiae was included in the diet of Nile tilapia, whereas, most studies in
this review used CP levels between 29 and 41%.

Apart from growth or disease resistance, probiotics e.g., Saccharomyces have also
helped with stress resistance in fish. For example, Abass et al. (2018) recorded a higher
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Experimental Control 0dds Ratio 0dds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Abarike etal. 2018 (1) 100 100 98 100 09% 5.10(0.24,107.62]
Abd EI-Rhman et al. 2009 (1) 57 60 60 60 09% 0.14[0.01,2.69] *
Abd EI-Rhman et al. 2009 (2) 49 60 60 60 1.0% 0.04[0.00,062 44—
Abomughaid 2020 29 30 28 30 1.3% 2.07[0.18,24.15] >
Abomughaid 2020 (1) 29 30 28 30 1.3% 2,07 [0.18, 24.15] >
Abou-El-Atta etal. 2019 56 60 58 60 21% 0.48[0.09,274] S
Abou-El-Atta etal. 2019 (1) 60 60 48 60  09% 5.17[0.24,110.01] *
Bocamde etal. 2020 29 30 29 30 1.0% 1.00[0.06, 16.76]
Cavalcante etal. 2020 36 40 33 40 3.0% 1.91[0.51,7.12] —
Cavalcante etal. 2020 (1) 31 40 33 40 3.5% 0.73[0.24,2.20 ——
Cavalcante etal. 2020 (2) 35 40 33 40 3.2% 1.48[0.43,5.14] E—
Chenetal 2019 57 60 43 60 2.8% 2.51[0.62,10.21] 7
Chenetal 2019 (1) 57 60 43 60 2.8% 2.51[0.62,10.21] 7
Dawood etal. 2020 56 60 45 60 2.8% 1.27[0.32, 4.99] —
Dawood etal. 2020 (1) 56 60 55 60 2.8% 1.27[0.32, 4.99] e
de Moraes etal. 2022 69 70 61 70 1.6% 10.18[1.25, 82.68] _
de Moraes etal. 2022 (1) 69 70 61 70 1.6% 10.18[1.25, 82.68] _—
Hanetal 2015 29 30 29 30 1.0% 1.00[0.06, 16.76]
Khunrang et al. 2021 170 200 175 200 53% 0.81[0.46,1.43] .
Mohammadi et al. 2021 40 45 36 45 3.3% 2.00[0.61,6.52] —
Mohammadi et al. 2021 {1) 41 45 36 45 31% 2.56(0.73,9.03] —
Mohammadi et al. 2022 67 75 Kl 75 31% 0.47[0.14,1.64] R
Mohammadi et al. 2022 (1) 67 75 7275 28% 0.35[0.08,1.37] _—
Rodiriguez-Diaz et al. 2022 40 48 25 48 40% 4.60[1.78,11.86]
Rodiriguez-Diaz etal. 2022 (1) 36 48 25 48 43% 2.76[1.16,6.59) I e—
Rodiriguez-Diaz etal. 2022 (2) 47 48 25 48 1.7%  43.24[5.51,339.29] _—
Santos etal. 2023 79 80 74 80 1.6% 6.41[0.75,54.48] -
Santos etal. 2023 (1) 76 80 74 80 3.0% 1.54[0.42, 5.68] e
Saputraetal. 2016 60 60 58 60 0.9% 5.17(0.24,110.01] >
Tanetal 2019 84 90 a3 90 35% 1.18[0.38, 3.66] -
Wuetal 2021 87 90 a8 90 2.0% 0.66[0.11, 4.04] ]
Xiaetal 2018 164 180 169 180  45% 0.67[0.30,1.48] e
Kaetal 2018 (1) 168 180 169 180  4.4% 0.91[0.39,212] e —
Kaetal 2018 (2) 161 180 169 180  4.6% 0.55[0.25,1.20] I —
Kiaetal 2020 164 180 169 180  4.5% 0.67[0.30,1.48] ——
Kiaetal 2020 (1) 167 180 169 180  4.4% 0.84[0.36,1.92] e
Kiaetal 2020 (2) 161 180 169 180  46% 0.55[0.25,1.20 T
Total (95% CI) 3024 3024 100.0% 1.28[0.94,1.74] L
Total events 2783 274

ity Tau= 2o - - e t + 4 +
Heterogeneity: Tau®= 0.38; Chi*= 71.55, df= 36 (P = 0.0004); F=50% b8 0 i o0

Testfor overall effect Z=1.57 (P =0.12) Favours [control] Favours [experimental]

Fig.6 Forest plot of randomized control trials on the effect of dietary probiotic administration on pre-chal-
lenge survival of tilapia (21 studies and 37 records)

survival rate in fish fed Saccharomyces and exposed to 40°C compared to fish that was
not fed Saccharomyces. Also, the use of probiotics based on different feeding strate-
gies may prove valuable. For example, Tachibana et al. (2020) tested the performance
of probiotics based on four different feeding strategies. They concluded that, if given
continuously, Enterococcus faecium can effectively protect fish, however, their growth
and immune system were improved when administered over 14 days. This needs to be
further researched to enrich existing information and possibly enhance the performance
of probiotics.

According to Tachibana et al. (2020), the effectiveness of probiotics in providing long-
term protection appears to be heavily influenced by factors such as the specific probiotic
species, the concentration administered, and the duration of feeding. Considering the study
of Aly et al. (2008b), it was observed that supplementing Nile tilapia’s diet with B. pumilus
at a concentration of 10'> CFU/g of the diet increased protection against A. hydrophila
after one and two months of feeding, but not after eight months. However, a lower die-
tary concentration of 10°CFU/g of diet did not provide any protection. Similarly, Aly et al.
(2008a) found that supplementing the diet with L. acidophilus, B. subtilis, or a combina-
tion of both generally offered greater protection against A. hydrophila, P. fluorescens, and
S. iniae after two months of feeding compared to one month.
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Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Abarike etal. 2018 14675 9.01 100 6333 348 100 41% 1217[10.93,13.40] =
Abu-Elala etal. 2013 15497 5.01 78 136.24 412 78 42% 4.06[3.51,4.62) =
Abu-Elala etal. 2013 (1) 17468 255 78 13624 412 78 41% 11.16[9.87,12.46] -
Addoetal 2017 675 929 240 620 983 240 43% 0.57[0.39,0.76) L
Addo etal. 2017 (1) 598 78 240 620 983 240 4.3% -0.25[-0.43,-0.07)
Addo etal. 2017 (2) 591 853 240 620 983 240 43% -0.31 [0.49,-0.13] 1
Addo etal. 2017 (3) 622 1183 240 620 983 240 4.3% 0.02[-0.16,0.20)
Alyetal. 2008 1346 051 480 953 059 480 43% 7.12(6.78,7.46) i
Aly etal. 2008 (1) 1288 052 480 953 059 480 4.3% 6.02(5.72,6.32) .
Aly etal. 2008 (2) 1299 069 480 953 059 480 4.3% 5.39(5.11,5.66) *
Bocamde et al. 2020 2502 036 30 1957 037 30 35% 14.74[11.96,17.51) e
Cavalcante et al. 2020 1346 051 40 953 059 40 41% 7.06 [5.85,8.26) a
Cavalcante etal. 2020 (1) 1288 052 40 953 059 40 41% 5.97(4.92,7.01) skl
Cavalcante et al. 2020 (2) 1299 059 40 953 059 40 41% 5.81[4.79,6.83) -
Dowidar etal. 2018 175 017 60 113 01 60  42% 4.42(3.75,5.09) =
Dowidar etal. 2018 (1) 187 012 60 113 01 60 42% 6.66[5.73,7.59) -
Dowidar et al. 2018 (2) 174 007 60 113 01 60  42% 7.02(6.05,7.99] -
El-Nobi etal. 2021 245 25 30 185 25 30 42% 2.37[1.70,3.04) o
Hanetal 2015 13999 834 30 11353 656 30 4.2% 3.48(2.66, 4.30) &
Van doan etal. 2018 968 0.26 80 949 02 80 43% 0.82(0.49,1.14] d
Van doan etal. 2018 (1) 1083 033 80 943 02 80 42% 5.25[4.59,5.91) *
Van doan etal. 2018 (2) 1129 034 80 949 02 80 42% 6.42(5.65,7.20 -
Van Doan et al. 2021 888 009 60 732 023 60 41% 8.88(7.68,10.07) sk
Zhuetal 2019 9083 505 150 4583 191 150 42% 11.76[10.78,12.73) ==
Total (95% CI) 3496 3496 100.0% 5.59 [4.36, 6.82] L 2
Heterogeneity: Tau®= 8.27; Chi* = 5859.63, df = 23 (P < 0.00001); F= 100% _250 _150 1'0 +
Testfor overall effect: Z= 8.89 (P < 0.00001) Favours [control] Favours [experimental]
B Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean  SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Abomughaid 2020 19 002 30 14 001 30 51% 31.21[25.41,37.01] N
Abomughaid 2020 (1) 19 002 30 14 001 30 51% 31.21[25.41,37.01) =
Abu-Elala etal 2013 188 004 78 152 0.04 78 82% 8.96 [7.90,10.01] =
Abu-Elala etal. 2013 (1) 2 005 78 152 0.04 78 81% 10.55[9.32,11.78] *
Cavalcante et al. 2020 234 02 40 214 01 40 83% 1.25(0.77,1.73) r
Cavalcante etal. 2020 (1) 222 02 40 214 01 40 83% 0.50 [0.06, 0.95]
Cavalcante et al. 2020 (2) 222 041 40 214 01 40 83% 0.79[0.34,1.25]
Dawood et al. 2020 271 002 60 221 0.06 60 8.0% 11.11 [9.64,12.58] =
Dawood et al. 2020 (1) 342 031 60 221 0.06 60 83% 5.38(4.61,6.16] i
Van doan etal. 2018 253 008 80 221 008 80 83% 3.98(3.44,452] .
Van doan etal. 2018 (1) 264 008 80 221 0.08 80 83% 5.35[4.68,6.02) *
Van doan etal. 2018 (2) 27 007 80 221 008 80 83% 6.49(5.70,7.27] -
Van Doan et al. 2021 323 002 60 248 0.04 60 71% 23.57(2051,2662) ==
Total (95% CI) 756 756 100.0% 9.34[7.23,11.46] L ]
Heterogeneity: Tau*= 13.88; Chi*= 1169.77, df= 12 (P < 0.00001); "= 99% _éo _2’5 2’5 530
Test for overall effect: Z= 8.67 (P < 0.00001) Favours [control] Favours [experimental]
Experimental Control Std. Mcan Difference Std. Mcan Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% ClI IV, Random, 95% CI
Cavalcante et al. 2020 8225 84 40 804 ] 40 10.8% 0.25F0.19,0.69) ™
Cavalcante et al. 2020 (1) 81.9 35 40 804 ] 40 186.8% 0.27 F0.17,0.71) -
Cavalcante etal. 2020 (2) 8575 4.1 40 804 ] 40 16.8% 1.03[0.56, 1.50] s
Dawood et al. 2020 4022 072 60 37.32 072 60 16.6% 4.00[3.38,4.63) "—
Dawood et al. 2020 (1) 4332 1.21 B0 37.32 072 60 16.3% 5.99(5.14,6.84) -
Suprayudi etal 2017 2621 238 60 18.96 0.09 60 18.6% 4.28(3.62,4.93] -
Total (95% CI) 300 300 100.0% 2.61[0.90, 4.33] <
Heterogeneity. Tau®= 4.51, Chi®= 298.99, df= 5 (P < 0.00001), P= 98% y t 4 t

N & -4 -2 2 4
Test for overall effect Z= 2.89 (P = 0.003) Favours [control] Favours [experimental]

Fig. 7 Forest plot of randomized control trials on the effect of dietary probiotic administration on (A) serum
lysozyme (12 studies and 24 records), B phagocytotic index (6 studies and 13 records), and (C) phagocy-
totic activity of tilapia (3 studies and 6 records)

Defining the proportions of each bacterium in a multi-strain probiotic is a crucial
parameter that has often been overlooked in previous journal articles. Many of these
articles have applied equal proportions of each component without optimizing the pro-
portions. It is also important to assess the safety hazards posed by these mixtures to fish
hosts, consumers, and the environment, as well as their potential synergistic or antago-
nistic activities. This can be achieved through screening for specific virulence factors or
antibiotic resistance genes, or through whole genome sequencing and analysis to gain a
clearer understanding of the potential probiotic species (Melo-Bolivar et al. 2021). In
addition, a meta-analysis of other pathogenic challenge routes including oral challenge
(Panase et al. 2023), immersion, and intramuscular (Srisapoome and Areechon 2017),
and alternative administration route of probiotics in culture water requires further
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Experimental Control 0Odds Ratio 0dds Ratio

Study or Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI

Abarike etal. 2018 56 70 14 70 1.6% 16.00 [6.99, 36.63]

Abarike etal. 2018 (1) 68 70 25 7o 11% 61.20[13.81,271.20]

Abass etal. 2018 15 20 4 200 11% 12.00[2.70,53.33]

Abd E-Rhman et al. 2009 16 20 4 20 1.0% 16.00 [3.40, 75.34]

Abd EI-Rhman et al. 2009 (1) 2 20 4 20 0.9% 0.44 [0.07, 2.76] -

Abd E-Rhman et al. 2009 (2) 2 20 4 20 09% 0.44[0.07,2.76] I

Abdel-Tawwah 2012 4 10 1 10 0.6% 6.00 [0.53, 67.65] —

Abu-Elala etal. 2013 6 10 3 10 09% 3.50[0.55,22.30) 1

Abu-Elala etal. 2013 (1) 8 10 3 10 0.8% 9.33[1.19,72.99]

Addo etal. 2017 68 125 3B 125 1.8% 2.95[1.75,4.98] -

Addo etal. 2017 (1) 89 125 36 125 1.8% 6.11[3.54,10.57] -

Addo etal. 2017 (2) 9 125 36 125 1.7% 6.62[3.81,11.50] -

Addo etal. 2017 (3) 94 125 3/ 1258 1.7% 7.50[4.28,13.14] -

Ammaretal. 2022 10 10 8 10 0.4% 6.18(0.26,146.78] —

Bocamde et al. 2020 5 g 1) 9 0.4% 23.22[1.04,517.93]

Blylkdeveci etal. 2023 22 30 10 0 1.3% 5.50(1.81,16.68]

Buyiikdeveci etal. 2023 (1) 24 30 10 30 1.3% 8.00[2.47, 25.86]

Chenetal 2019 18 30 B 30 1.3% 6.00(1.89,19.04)

Chenetal 2018 (1) 17 30 6 30 1.3% 5.23[1.66,16.51]

Dawood et al. 2020 27 30 15 30 11% 9.00[2.24,36.17]

Dawood et al. 2020 (1) 27 30 18 30 11% 9.00[2.24,3617]

de Moraes etal. 2022 18 21 12 21 1.1% 4.50[1.01,20.11]

de Moraes etal. 2022 (1) 19 21 12 21 1.0% 7.13[1.31,3877]

Dowidar etal. 2018 15 30 6 30 1.3% 4.00[1.27,12.58]

Dowidar et al. 2018 (1) 13 30 B 0 1.3% 3.06 [0.97, 9.66]

Dowidar et al. 2018 (2) 13 30 B 30 1.3% 3.06 [0.97, 9.66]

Eissa and Abou-EIGheit 2014 18 20 2 20 0.8% 81.00[10.26, 639.34]

El-Rhman et al. 2009 15 20 4 20 1.1% 12.00(2.70,53.33]

El-Rhman et al. 2008 (1) 2 20 4 20 09% 0.44[0.07,2.76] *

El-Rhman et al. 2009 (2) 4 20 4 20 1.0% 1.00[0.21,471] I —

Gobietal 2018 4 5 1 5 0.4% 16.00[0.72, 354.80] -

Guimaraes et al. 2022 20 30 12 30 1.4% 3.00[1.05, 8.60 e

Hamdan et al. 2016 12 15 3 158 09% 16.00 [2.67, 95.74]

Hanetal 2015 24 30 13 30 1.3% 5.23[1.66,16.51]

Iwashita et al. 2015 64 300 16 300 1.7% 4.81[2.71,855) -

Iwashita et al. 2015 (1) 104 300 13 300 1.7% 11.71 [6.40, 21.44] _

Jose etal. 2023 19 24 1 24 07% 87.40(9.39,813.91] e —

Jose etal. 2023 (1) 20 24 1 24  07% 115.00[11.86,1115.10] _—

Khunrang et al. 2021 25 30 B 30 1.2% 20.00[5.38, 74.30]

Kuebutornye et al. 2020 15 30 4 30 1.2% 6.50[1.82,23.21]

Kuebutomye et al. 2020 (1) 17 30 4 30 1.2% 8.50[2.37,30.47]

Kuehutomye et al. 2020 (2) 1" a0 4 0 1.2% 3.76[1.04,13.65)

Kuehutornye et al. 2020 (3) 21 30 430 1.2% 15.17 [4.08, 56.25]

Liao etal. 2022 17 20 13 30 1.4% 1.71[0.62, 4.75] T

Liao etal. 2022 (1) 24 30 13 0 1.3% 5.23[1.66, 16.51]

Lietal 2019 27 45 18 45 1.5% 225(0.97,523] —

Lietal. 2018 (1) 28 45 17 45 1.5% 2.71[1.16, 6.36] —

Lietal 2020 9 45 35 45 1.4% 0.07[0.03,0.20 -

Liuetal. 2017 24 40 7 40 1.4% 7.07(2.52,19.85) e

Liuetal. 2020 19 30 g 30 1.3% 8.64 [2.57,20.07]

Liuetal. 2020 (1) 23 30 5 0 1.2% 16.43[4.57,59.07]

Liuetal. 2020 (2) 21 a0 5 0 1.3% 11.67 [3.38, 40.22]

Liuetal. 2020 (3) 22 30 5 30 1.2% 13.75(3.92,48.27)

Mohammadi et al. 2021 19 24 1 24 07% 87.40[9.39,813.91]

Mohammadi etal. 2021 (1) 14 24 1 24 0.7% 32.20[3.71,279.30]

Mousa etal 2021 17 20 10 20 1.1% 567 [1.25, 25 61]

Moustafa etal. 2020 54 60 18 60 1.4% 27.00[9.68, 75.33] -

Rodiriguez-Diaz et al. 2022 El 9 7 9 04% 6.33[0.26, 152.86) —

Rodiriguez-Diaz et al. 2022 (1) 9 9 7 9  04% 6.33 [0.26, 152.86] —

Rodiriguez-Diaz et al. 2022 (2) ] 9 7 9 0.4% .33 [0.26, 152.86] —

Samson et al. 2022 33 40 22 40 1.4% 3.86[1.38,10.76) e

Samson etal. 2022 (1) 32 40 22 40 1.4% 3.27[1.21,884] —_—

Samson etal. 2022 (2) kil 40 22 40 1.5% 2.82[1.07,7.43] e

Samson etal. 2022 (3) 34 40 22 40 1.4% 4.64[1.59,13.49] e

Santos et al. 2023 3 10 2 10 0.8% 1.71[0.22,13.41] —

Santos etal. 2023 (1) 2 10 2 10 07% 1.00[0.11,8.95) —

Sewaka etal. 2019 6 12 3 6 0.8% 1.00[0.14,7.10] D

Sewaka etal. 2019 (1) B 12 3 6 08% 1.00[0.14,710] I

Sookechaiyapor etal. 2020 14 30 1330 1.4% 1.14[0.41,3.17] —_—

Suprayudi etal 2017 10 10 B 10 0.4% 14.54 [0.67, 316.69]

Tanetal 2019 El 15 B 15 1.1% 2.25[0.52,9.70 T

Tanetal. 2019 (1) 18 24 10 24 1.2% 5.32[1.48,19.06]

Wan doan etal. 2018 14 24 B 24 1.3% 4.20[1.23,14.37]

Wan doan etal. 2018 {1) 16 24 B 24 1.2% 6.00[1.71,21.04]

an doan etal 2018 (2) 17 24 6 24 1.2% 7.29(2.03,26.10)

Van Doan etal. 2021 25 30 7 30 1.2% 16.43 [4.57, 59.07]

Waiyamitra etal. 2020 a0 120 82 120 1.7% 1.39[0.79, 2.44] T

Wu etal. 2021 18 30 14 30 1.4% 1.71[0.62,477] T

Kiaetal 2018 30 75 15 7a 1.6% 2067 [1.28,5.54] —_

Xiaetal 2018 (1) 38 75 15 75 1.6% 4.111[1.99,8.48] -

Xiaetal. 2018 (2) 45 o 15 75 Not estimable

Kiaetal. 2020 " 75 14 75 1.5% 0.75[0.32,1.78] T

Mia etal. 2020 (1) 39 75 14 75 1.6% 4.72[2.26, 9.86] —

Kiaetal. 2020 (2) 50 75 14 78 1.6% 8.71[4.10,18.51] -

Huetal 2022 18 75 14 75 16% 1.38[0.63,3.02] T

Zhuetal. 2019 86 90 63 a0 1.4% 9.21 [3.07, 27.66]

Total (95% ClI) 3624 3687 100.0% 5.02[3.98, 6.35] L 2

Total events 2183 1003

Heterogeneity: Tau®= 0.74; Chi*= 286.62, df= 84 (P < 0.00001); F=71% :IJ 001 y + DEI:

Testfor overall effect: Z=13.53 (P =< 0.00001)

01 1 10i
Favours [control] Favours [experimental]

Fig.8 Forest plot of randomized control trials on the effect of dietary probiotic administration on post-chal-
lenge survival of tilapia (48 studies, 85 records)
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investigation to confirm their positive impact on the growth and disease resistance. It is
also important to keep in mind that most studies conducted in journal articles were on
a laboratory scale, and it would be valuable to understand the scalability of the technol-
ogy and the potential real-world benefits of fish farms. While laboratory experiments
have shown that probiotics can enhance disease resistance in tilapia, it is crucial to vali-
date these findings through extensive field trials. Field conditions may introduce vari-
ous factors that can potentially influence the outcomes, making it necessary to gather
empirical evidence in field settings (Srisapoome and Areechon 2017).

Despite the value of this meta-analysis, we identify that heterogeneity between stud-
ies could affect the overall conclusions of a meta-analysis. The studies included in the
meta-analysis used different probiotic strains, dosages, or durations of supplementation,
and this could lead to some measure of heterogeneity in the results, while the inclusion
and exclusion criteria may also introduce some measure of bias. Similarly, differences
in study design could also contribute to heterogeneity between studies. In addition, pub-
lication bias could also affect the results of meta-analysis because studies with nega-
tive results may be less likely to be published than those with positive results. As only
English articles were included, a language bias is also possible. Notwithstanding these
possible biases, the use of dietary probiotics can reduce the reliance on antibiotics and
other chemical treatments, which can have negative impacts on fish health and the envi-
ronment. Additionally, the improved growth performance and disease resistance of fish
can lead to higher productivity and economic benefits for fish farmers.

Conclusion

This systematic review and meta-analysis provide strong evidence to support the use
of dietary probiotics as a feed additive to improve the growth performance, immune
response modulation, and disease resistance of tilapia pre- and post-challenge with
common pathogenic pathogens. The results of this study suggest that the use of multi-
strain probiotics and synbiotics can enhance the health and productivity of tilapia and
may have greater applications in sustainable aquaculture production. However, further
research is needed to explore the optimal dose, duration, and combination of probiotics
and synbiotics, as well as the long-term effects on fish health and the environment.
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org/10.1007/s10499-024-01404-8.

Acknowledgements We appreciate the anonymous reviewers whose comments have helped to improve this
manuscript.

Authors’ contribution Abdulwakil Olawale Saba: Conceptualization, Methodology, Data curation, Writ-
ing- Original draft preparation. Ina Salwany Md Yasin: Conceptualization, Writing- Reviewing and Editing.
Mohammad Noor Amal Azmai: Conceptualization, Methodology, Writing- Reviewing and Editing.

Funding This study was financially supported by the Ministry of Higher Education, Malaysia under the
Transdisciplinary Research Grant Scheme (TRGS/1/2019/UPM/02/5) and Higher Institution Centre of
Excellence (IBS HICoE; Grant no. 6369100).

Data availability Most of the associated data can be found in the manuscript. However, any other required
data would be provided upon reasonable request from the corresponding author.

@ Springer



Aquaculture International (2024) 32:4841-4867 4861

Declarations

Ethical approval This review and meta-analysis is based on publicly available information and requires no
form of ethical approval.

Competing interests The authors declare the absence of any competing interests or personal connections that
could potentially affect the results presented in the paper.

References

Abarike ED, Cai J, Lu Y et al (2018a) Effects of a commercial probiotic BS containing Bacillus subtilis
and Bacillus licheniformis on growth, immune response and disease resistance in Nile tilapia, Oreo-
chromis niloticus. Fish Shellfish Immunol 82:229-238. https://doi.org/10.1016/j.£51.2018.08.037

Abarike ED, Jian J, Tang J et al (2018b) Influence of traditional Chinese medicine and Bacillus species
(TCMBS) on growth, immune response and disease resistance in Nile tilapia, Oreochromis niloticus.
Aquac Res 49:2366-2375. https://doi.org/10.1111/are.13691

Abass DA, Obirikorang KA, Campion BB et al (2018) Dietary supplementation of yeast (Saccharomyces
cerevisiae) improves growth, stress tolerance, and disease resistance in juvenile Nile tilapia (Oreo-
chromis niloticus). Aquacult Int 26:843-855. https://doi.org/10.1007/S10499-018-0255-1

Abd El-Rhman AM, Khattab YAE, Shalaby AME (2009) Micrococcus luteus and Pseudomonas species as
probiotics for promoting the growth performance and health of Nile tilapia, Oreochromis niloticus.
Fish Shellfish Immunol 27:175-180. https://doi.org/10.1016/j.£51.2009.03.020

Abdel-Tawwab M (2012) Interactive effects of dietary protein and live bakery yeast, Saccharomyces
cerevisiae on growth performance of Nile tilapia, Oreochromis niloticus (L.) fry and their chal-
lenge against Aeromonas hydrophila infection. Aquacult Int 20:317-331. https://doi.org/10.1007/
$10499-011-9462-8

Abomughaid MM (2020) Isolation and Identification of Some Probiotic Bacteria and Their Potential Role in
Improving Immune Response and Resistance of Nile Tilapia (Oreochromis niloticus) in Comparison
with a Commercial Product. Int J Microbiol 2020:8865456. https://doi.org/10.1155/2020/8865456

Abou-El-Atta ME, Abdel-Tawwab M, Abdel-Razek N, Abdelhakim TMN (2019) Effects of dietary probi-
otic Lactobacillus plantarum and whey protein concentrate on the productive parameters, immunity
response and susceptibility of Nile tilapia, Oreochromis niloticus (L.), to Aeromonas sobria infection.
Aquac Nutr 25:1367-1377. https://doi.org/10.1111/anu.12957

Abu-Elala N, Marzouk M, Moustafa M (2013) Use of different Saccharomyces cerevisiae biotic forms as
immune-modulator and growth promoter for Oreochromis niloticus challenged with some fish patho-
gens. Int J Vet Sci Med 1:21-29. https://doi.org/10.1016/j.ijvsm.2013.05.001

Addo S, Carrias AA, Williams MA et al (2016) Effects of Bacillus subtilis strains on growth, immune
parameters, and Streptococcus iniae susceptibility in Nile Tilapia, Oreochromis niloticus. Wiley
Online Library 48:257-267. https://doi.org/10.1111/jwas.12380

Addo S, Carrias AA, Williams MA et al (2017) Effects of Bacillus subtilis strains and the prebiotic Pre-
vida® on growth, immune parameters and susceptibility to Aeromonas hydrophila infection in Nile
tilapia, Oreochromis niloticus. Aquac Res 48:4798-4810. https://doi.org/10.1111/are.13300

Ahn E, Kang H (2018) Introduction to systematic review and meta-analysis. Korean J Anesthesiol 71.
https://doi.org/10.4097/kjae.2018.71.2.103

Akhter N, Wu B, Memon AM, Mohsin M (2015) Probiotics and prebiotics associated with aquaculture: A
review. Fish Shellfish Immunol 45:733-741

Aly SM, Abdel-Galil AY, Abdel-Aziz GA, Mohamed MF (2008a) Studies on Bacillus subtilis and Lactoba-
cillus acidophilus, as potential probiotics, on the immune response and resistance of Tilapia nilotica
(Oreochromis niloticus) to challenge infections. Fish Shellfish Immunol 25:128-136. https://doi.org/
10.1016/j.£5i.2008.03.013

Aly SM, Mohamed MF, John G (2008b) Effect of probiotics on the survival, growth and challenge infection
in Tilapia nilotica (Oreochromis niloticus). Aquac Res 39:647—-656. https://doi.org/10.1111/j.1365-
2109.2008.01932.x

Ammar A, Abd El-Galil S, Mohamed B, Gharib A (2022) Immunological, biochemical and growth per-
formance studies on Nile Tilapia supplemented with probiotic, green tea and clove oil. J Adv Vet

@ Springer



4862 Aquaculture International (2024) 32:4841-4867

Res 12:753-759. https://www.advetresearch.com/index.php/AVR/article/view/1093. Accessed 24 Feb
2023

Amphan S, Unajak S, Printrakoon C, Areechon N (2019) Feeding-regimen of p-glucan to enhance innate
immunity and disease resistance of Nile tilapia, Oreochromis niloticus Linn., against Aeromonas
hydrophila and Flavobacterium columnare. Fish Shellfish Immunol 87:120-128. https://doi.org/10.
1016/j.£51.2018.12.062

Awad LZ, El-Mahallawy HS, Abdelnaeim NS et al (2022) Role of dietary Spirulina platensis and betaine
supplementation on growth, hematological, serum biochemical parameters, antioxidant status,
immune responses, and disease resistance in Nile tilapia. Fish Shellfish Immunol 126:122-130.
https://doi.org/10.1016/.£s1.2022.05.040

Ayoub HF, Abdelghany MF, El-Sayed AEKB (2019) Effects of diatoms amphora coffeaeformis on growth
parameters, non specific immunity and protection of the nile tilapia (Oreochromis niloticus) to aero-
monas hydrophila infection. Egypt J Aquat Biol Fish 23:413-426. https://doi.org/10.21608/EJABF.
2019.37466

Banu MR, Akter S, Islam MR et al (2020) Probiotic yeast enhanced growth performance and disease resist-
ance in freshwater catfish gulsa tengra. Mystus Cavasius Aquac Rep 16:100237. https://doi.org/10.
1016/j.aqrep.2019.100237

Basri L, Nor R, Salleh A et al (2020) Co-infections of tilapia lake virus, aeromonas hydrophila and Strep-
tococcus agalactiae in farmed red hybrid tilapia. Animals 10:2141. https://doi.org/10.3390/ani10
112141

Bocamdé TJ, Marie KP, Francois ZN et al (2020) Improvement of the growth performance, innate immunity
and disease resistance of nile tilapia (Oreochromis niloticus) against vibrio parahaemolyticus 1T1
following dietary application of the probiotic strain Lactobacillus plantarum 1KMT. J Adv Biol Bio-
technol 23:27-39. https://doi.org/10.9734/jabb/2020/v23i730167

Butt UD, Lin N, Akhter N et al (2021) Overview of the latest developments in the role of probiotics, prebi-
otics and synbiotics in shrimp aquaculture. Fish Shellfish Immunol 114:263-281

Biiyiikdeveci ME, Cengizler i, Balcazar JL, Demirkale I (2023) Effects of two host-associated probiotics
Bacillus mojavensis B191 and Bacillus subtilis MRS11 on growth performance, intestinal morphol-
ogy, expression of immune-related genes and disease resistance of Nile tilapia (Oreochromis niloti-
cus) against Streptococcus iniae. Dev Comp Immunol 138:104553. https://doi.org/10.1016/j.dci.2022.
104553

Camargo-dos-Santos B, Rossi VS, Goncalves BB et al (2021) The impact of catch-and-release on feeding
responses and aggressive behavior in Nile tilapia (Oreochromis niloticus). Mar Freshw Behav Physiol
54:133-148. https://doi.org/10.1080/10236244.2021.1953380

Cavalcante RB, Telli GS, Tachibana L et al (2020) Probiotics, prebiotics and synbiotics for Nile tilapia:
growth performance and protection against Aeromonas hydrophila infection. Aquac Rep 17:100343.
https://doi.org/10.1016/j.aqrep.2020.100343

Chaudhari A, Dwivedi MK (2022) The concept of probiotics, prebiotics, postbiotics, synbiotics, nutribiot-
ics, and pharmabiotics. In: Dwivedi MK, Sankaranarayanani N, Amaresan N, Kemp HE (eds) Probi-
otics in the prevention and management of human diseases, 1st edn. Elsevier, Amsterdam, pp 1-11

Chen J, Fan Z, Tan D et al (2018) A review of genetic advances related to sex control and manipulation in
Tilapia. J] World Aquac Soc 49:277-291

Chen SW, Liu CH, Hu SY (2019) Dietary administration of probiotic Paenibacillus ehimensis NPUST1 with
bacteriocin-like activity improves growth performance and immunity against Aeromonas hydrophila
and Streptococcus iniae in Nile tilapia (Oreochromis niloticus). Fish Shellfish Immunol 84:695-703.
https://doi.org/10.1016/j.£s1.2018.10.059

Chen M, Tan X, Padman R (2020) Social determinants of health in electronic health records and their
impact on analysis and risk prediction: a systematic review. J] Am Med Inform Assoc 27:1764-1773

Dawood MAO, Abo-Al-Ela HG, Hasan MT (2020) Modulation of transcriptomic profile in aquatic animals:
probiotics, prebiotics and synbiotics scenarios. Fish Shellfish Immunol 97:268-282

de Moraes AV, Owatari MS, da Silva E et al (2022) Effects of microencapsulated probiotics-supplemented
diet on growth, non-specific immunity, intestinal health and resistance of juvenile Nile tilapia chal-
lenged with Aeromonas hydrophila. Anim Feed Sci Technol 287:115286. https://doi.org/10.1016/j.
anifeedsci.2022.115286

Dias JAR, Alves LL, Barros FAL et al (2022) Comparative effects of using a single strain probiotic and
multi-strain probiotic on the productive performance and disease resistance in Oreochromis niloticus.
Aquaculture 550:737855. https://doi.org/10.1016/j.aquaculture.2021.737855

Disner GR, Falcdo MAP, Andrade-Barros Al et al (2021) The toxic effects of glyphosate, chlorpyrifos,
abamectin, and 2,4-D on animal models: a systematic review of Brazilian studies. Integr Environ
Assess Manag 17:507-520

@ Springer



Aquaculture International (2024) 32:4841-4867 4863

Dong HT, Senapin S, Gangnonngiw W, Nguyen VV, Rodkhum C, Debnath PP, Delamare-Deboutteville J,
Mohan CV (2020) Experimental infection reveals transmission of tilapia lake virus (TiLV) from tila-
pia broodstock to their reproductive organs and fertilized eggs. Aquaculture 515:734541

Dowidar M, Abd ElAzeem S, Khater A et al (2018) Improvement of growth performance, immunity and
disease resistance in Nile tilapia, Oreochromis niloticus, by using dietary probiotics supplementation.
J Anim Sci Vet Med 3:35-46. https://doi.org/10.31248/JASVM2018.076

Eissa N, AbouElIGheit E (2014) Dietary supplementation impacts of potential non-pathogenic isolates on
growth performance, hematological parameters and disease resistance in Nile tilapia (Oreochromis
niloticus). J Vet Adv 4:712-719. https://doi.org/10.5455/jva.20141025045451

Eissa AE, Attia MM, Elgendy MY et al (2021) Streptococcus, Centrocestus formosanus and Myxobolus tila-
piae concurrent infections in farmed Nile tilapia (Oreochromis niloticus). Microb Pathog 158:105084.
https://doi.org/10.1016/j.micpath.2021.105084

El-Nobi G, Hassanin M, Khalil AA et al (2021) Synbiotic effects of saccharomyces cerevisiae, mannan
oligosaccharides, and p-glucan on innate immunity, antioxidant status, and disease resistance of Nile
tilapia Oreochromis Niloticus. Antibiotics 10:567. https://doi.org/10.3390/antibiotics 10050567

Gewaily MS, Shukry M, Abdel-Kader MF et al (2021) Dietary Lactobacillus plantarum relieves Nile tila-
pia (Oreochromis niloticus) juvenile from oxidative stress, immunosuppression, and inflammation
induced by Deltamethrin and Aeromonas hydrophila. Front Mar Sci 8:621558. https://doi.org/10.
3389/fmars.2021.621558

Gobi N, Vaseeharan B, Chen JC et al (2018) Dietary supplementation of probiotic Bacillus licheniformis
Dahbl improves growth performance, mucus and serum immune parameters, antioxidant enzyme
activity as well as resistance against Aeromonas hydrophila in tilapia Oreochromis mossambicus.
Fish Shellfish Immunol 74:501-508. https://doi.org/10.1016/j.f51.2017.12.066

Gu Q, Yin Y, Yan X et al (2022) Encapsulation of multiple probiotics, synbiotics, or nutrabiotics for
improved health effects: A review. Adv Colloid Interface Sci 309:102781

Guangxin G, Li K, Zhu Q et al (2022) Improvements of immune genes and intestinal microbiota com-
position of turbot (Scophthalmus maximus) with dietary oregano oil and probiotics. Aquaculture
547:737442. https://doi.org/10.1016/j.aquaculture.2021.737442

Guimaraes MC, Cerezo IM, Fernandez-Alarcon MF et al (2022) Oral Administration of Probiotics (Bacillus
subtilis and Lactobacillus plantarum) in Nile Tilapia (Oreochromis niloticus) Vaccinated and Chal-
lenged with Streptococcus agalactiae. Fishes 7:211. https://doi.org/10.3390/fishes7040211

Gupta A, Gupta P, Dhawan A (2014) Dietary supplementation of probiotics affects growth, immune
response and disease resistance of Cyprinus carpio fry. Fish Shellfish Immunol 41:113-119. https:/
doi.org/10.1016/j.£51.2014.08.023

Hamdan AM, El-Sayed AFM, Mahmoud MM (2016) Effects of a novel marine probiotic, Lactobacillus
plantarum AH 78, on growth performance and immune response of Nile tilapia (Oreochromis niloti-
cus). J Appl Microbiol 120:1069-1073. https://doi.org/10.1111/jam.13081

Han B, Long WQ, He JY et al (2015) Effects of dietary Bacillus licheniformis on growth performance,
immunological parameters, intestinal morphology and resistance of juvenile Nile tilapia (Oreo-
chromis niloticus) to challenge infections. Fish Shellfish Immunol 46:225-231. https://doi.org/10.
1016/.£51.2015.06.018

Hijovéa E (2022) Synbiotic supplements in the prevention of obesity and obesity-related diseases. Metabo-
lites 12:313

Iwashita MKP, Nakandakare IB, Terhune JS et al (2015) Dietary supplementation with Bacillus subtilis,
Saccharomyces cerevisiae and Aspergillus oryzae enhance immunity and disease resistance against
Aeromonas hydrophila and Streptococcus iniae infection in juvenile tilapia Oreochromis niloticus.
Fish Shellfish Immunol 43:60-66. https://doi.org/10.1016/j.f51.2014.12.008

Jose MS, Arun D, Neethu S et al (2023) Probiotic Paenibacillus polymyxa HGA4C and Bacillus licheni-
formis HGA8B combination improved growth performance, enzymatic profile, gene expression and
disease resistance in Oreochromis niloticus. Microb Pathog 174:105951. https://doi.org/10.1016/j.
micpath.2022.105951

Junior JAF, Leal CAG, de Oliveira TF et al (2020) Anatomopathological characterization and etiology of
lesions on Nile tilapia fillets (Oreochromis niloticus) caused by bacterial pathogens. Aquaculture
526:735387. https://doi.org/10.1016/j.aquaculture.2020.735387

Kaew-On S, Areechon N, Wanchaitanawong P (2016) Effects of Pediococcus pentosaceus PKWA-1 and
Bacillus subtilis BAO4 on growth performances, immune responses and disease resistance against
Aeromonas hydrophila in nile tilapia (Oreochromis niloticus Linn.). Chiang Mai J Sci 43:997-1006

Kavitha M, Raja M, Perumal P (2018) Evaluation of probiotic potential of Bacillus spp. isolated from the
digestive tract of freshwater fish Labeo calbasu (Hamilton, 1822). Aquac Rep 11:59-69. https://doi.
org/10.1016/j.aqrep.2018.07.001

@ Springer



4864 Aquaculture International (2024) 32:4841-4867

Kerddee P, Dong HT, Chokmangmeepisarn P et al (2020) Simultaneous detection of scale drop disease
virus and Flavobacterium columnare from diseased freshwater-reared barramundi Lates calcarifer.
Dis Aquat Organ 140:119-128. https://doi.org/10.3354/dao03500

Khunrang T, Pooljun C, Wutisutimeethavee S, Direkbusarakom S (2021) Effects of mixed probiotic (Lacto-
bacillus sp. and Saccharomyces cerevisiae) on the growth performance and immune gene expression
of tilapia (Oreochromis niloticus) after Streptococcus agalactiae vaccination. Aquac Res 52:3882—
3889. https://doi.org/10.1111/are.15232

Kuebutornye F, Abarike ED, Sakyi ME et al (2020a) Modulation of nutrient utilization, growth, and immu-
nity of Nile tilapia, Oreochromis niloticus: the role of probiotics. Aquacult Int 28:277-291

Kuebutornye FKA, Wang Z, Lu Y et al (2020b) Effects of three host-associated Bacillus species on mucosal
immunity and gut health of Nile tilapia, Oreochromis niloticus and its resistance against Aeromonas
hydrophila infection. Fish Shellfish Immunol 97:83-95. https://doi.org/10.1016/j.£s1.2019.12.046

Kumar V, Roy S, Meena DK, Sarkar UK (2016) Application of probiotics in shrimp aquaculture: impor-
tance, mechanisms of action, and methods of administration. Rev Fish Sci Aquacult 24:342-368

Li H, Zhou Y, Ling H et al (2019) The effect of dietary supplementation with Clostridium butyricum on the
growth performance, immunity, intestinal microbiota and disease resistance of tilapia (Oreochromis
niloticus). PLoS One 14:0223428. https://doi.org/10.1371/journal.pone.0223428

LiH, Luo L, Zhou Y et al (2020) Dietary administration of Enterococcus faecalis affects the growth, disease
resistance and immune function of tilapia (Oreochromis niloticus). Aquac Rep 18:100440. https://doi.
org/10.1016/j.aqrep.2020.100440

Liao Q, Zhen Y, Qin Y et al (2022) Effects of dietary Metschnikowia sp. GXUS03 on growth, immunity,
gut microbiota and Streptococcus agalactiae resistance of Nile tilapia (Oreochromis niloticus). Aquac
Res 53:1918-1927. https://doi.org/10.1111/are.15720

Lin YS, Saputra F, Chen YC, Hu SY (2019) Dietary administration of Bacillus amyloliquefaciens R8
reduces hepatic oxidative stress and enhances nutrient metabolism and immunity against Aeromonas
hydrophila and Streptococcus agalactiae in zebrafish (Danio rerio). Fish Shellfish Immunol 86:410—
419. https://doi.org/10.1016/j.£si.2018.11.047

Liu H, Wang S, Cai Y et al (2017) Dietary administration of Bacillus subtilis HAINUP40 enhances growth,
digestive enzyme activities, innate immune responses and disease resistance of tilapia, Oreochromis
niloticus. Fish Shellfish Immunol 60:326-333. https://doi.org/10.1016/j.fs1.2016.12.003

Liu Q, Wen L, Pan X et al (2021) Dietary supplementation of Bacillus subtilis and Enterococcus faecalis
can effectively improve the growth performance, immunity, and resistance of tilapia against Strepto-
coccus agalactiae. Aquac Nutr 27:1160-1172. https://doi.org/10.1111/anu.13256

Liu Y, Wang J, Wu C (2022) Modulation of gut microbiota and immune system by probiotics, pre-biotics,
and post-biotics. Front Nutr 8:1155

Melo-Bolivar JF, Ruiz Pardo RY, Hume ME, Villamil Diaz LM (2021) Multistrain probiotics use in main
commercially cultured freshwater fish: a systematic review of evidence. Rev Aquac 13:1758-1780.
https://doi.org/10.1111/RAQ.12543

Menaga M, Fitzsimmons K (2017) Growth of the tilapia industry in India. World Aquaculture 48:49-52

Merrifield DL, Bradley G, Baker RTM, Davies SJ (2010) Probiotic applications for rainbow trout (Onco-
rhynchus mykiss Walbaum) II. Effects on growth performance, feed utilization, intestinal microbiota
and related health criteria postantibiotic treatment. Aquac Nutr 16. https://doi.org/10.1111/j.1365-
2095.2009.00688.x

Mohamed M, Mahmoud H, Abd-El-Rahman G, Ayyat M (2019) Impacts of commercial probiotics on
growth performance, disease resistance and profitability of Nile tilapia (Oreochromis niloticus) under
stocking density stress. Zagazig J Agricult Res 46:157-170. https://doi.org/10.21608/zjar.2019.46403

Mohammadi G, Rafiee G, Tavabe KR et al (2021) The enrichment of diet with beneficial bacteria (single- or
multi- strain) in biofloc system enhanced the water quality, growth performance, immune responses,
and disease resistance of Nile tilapia (Oreochromis niloticus). Aquaculture 539:736640. https://doi.
org/10.1016/j.aquaculture.2021.736640

Mohammadi G, Hafezieh M, Karimi AA et al (2022) The synergistic effects of plant polysaccharide and
Pediococcus acidilactici as a synbiotic additive on growth, antioxidant status, immune response,
and resistance of Nile tilapia (Oreochromis niloticus) against Aeromonas hydrophila. Fish Shellfish
Immunol 120:304-313. https://doi.org/10.1016/.£s1.2021.11.028

Mousa H, El-Keredy M, Rashed MA (2021) Using lactobacillus acidophilus in fish feed to improve disease
resistance and immune status of cultured Nile tilapia. Alex J Vet Sci 70:15-28. https://doi.org/10.
5455/ajvs.83913

Khaneghah AM, Abhari K, Es I et al (2020) Interactions between probiotics and pathogenic microorganisms
in hosts and foods: A review. Trends in Food Sci Technol 95:205-18. https://doi.org/10.1016/j.tifs.
2019.11.022

@ Springer



Aquaculture International (2024) 32:4841-4867 4865

Moustafa EM, Farrag FA, Dawood MAO et al (2021) Efficacy of Bacillus probiotic mixture on the immuno-
logical responses and histopathological changes of Nile tilapia (Oreochromis niloticus, L) challenged
with Streptococcus iniae. Aquac Res 52:2205-2219. https://doi.org/10.1111/are.15073

Mugwanya M, Dawood MAO, Kimera F, Sewilam H (2022) Updating the role of probiotics, prebiotics, and
synbiotics for tilapia aquaculture as leading candidates for food sustainability: a review. Probiotics
Antimicrob Proteins 14:1-28

Ng WK, Kim YC, Romano N et al (2014) Effects of dietary probiotics on the growth and feeding efficiency
of red hybrid tilapia, Oreochromis sp., and subsequent resistance to Streptococcus agalactiae. J Appl
Aquac 26:22-31. https://doi.org/10.1080/10454438.2013.874961

Ouzzani M, Hammady H, Fedorowicz Z, Elmagarmid A (2016) Rayyan-a web and mobile app for system-
atic reviews. Syst Rev 5:1-10. https://doi.org/10.1186/s13643-016-0384-4

Page M, McKenzie J, Bossuyt P, Boutron I (2021) The PRISMA 2020 statement: an updated guideline for
reporting systematic reviews. Int J Surg 88:105906. https://doi.org/10.1016/j.ijsu.2021.105906

Palai S, Derecho CMP, Kesh SS, et al (2020) Prebiotics, probiotics, synbiotics and its importance in the
management of diseases. Funct Foods Nutraceuticals 173-196. https://doi.org/10.1007/978-3-030-
42319-3_10

Panase A, Thirabunyanon M, Promya J, Chitmanat C (2023) Influences of Bacillus subtilis and fructooligo-
saccharide on growth performances, immune responses, and disease resistance of Nile tilapia. Oreo-
chromis Niloticus Front Vet Sci 9:109468. https://doi.org/10.3389/fvets.2022.1094681

Pauzi NA, Mohamad N, Azzam-Sayuti M, Yasin ISM, Saad MZ, Nasruddin NS, Azmai MNA (2020) Anti-
biotic susceptibility and pathogenicity of Aeromonas hydrophila isolated from red hybrid tilapia (Ore-
ochromis niloticus X Oreochromis mossambicus) in Malaysia. Vet World 13(10):2166

Prabu E, Rajagopalsamy CBT, Ahilan B et al (2019) Tilapia — an excellent candidate species for world aqua-
culture: a review. Annu Res Rev Biol 31:1-14. https://doi.org/10.9734/arrb/2019/v31i330052

Pujari R, Banerjee G (2021) Impact of prebiotics on immune response: from the bench to the clinic. Immu-
nol Cell Biol 99:255-273

Reverter M, Tapissier-Bontemps N, Sarter S et al (2021) Moving towards more sustainable aquaculture
practices: a meta-analysis on the potential of plant-enriched diets to improve fish growth, immunity
and disease resistance. Rev Aquac 13:537-555

Rohani MF, Islam SM, Hossain MK et al (2022) Probiotics, prebiotics and synbiotics improved the func-
tionality of aquafeed: Upgrading growth, reproduction, immunity and disease resistance in fish. Fish
Shellfish Immunol 120:569-589

Rose EC, Odle J, Blikslager AT, Ziegler AL (2021) Probiotics, prebiotics and epithelial tight junctions: a
promising approach to modulate intestinal barrier function. Int J Mol Sci 22:6729

Sakai M, Yoshida T, Atsuta S, Kobayashi M (1995) Enhancement of resistance to vibriosis in rainbow trout,
Oncorhynchus mykiss (Walbaum), by oral administration of Clostridium butyricum bacterin. J Fish
Dis 18:187-190. https://doi.org/10.1111/j.1365-2761.1995.tb00276.x

Samson JS, Choresca CH, Quiazon KMA (2022) Probiotic effect of Bacillus spp. isolated from African
nightcrawler (Eudrilus eugeniae) on the performance of Nile Tilapia (Oreochromis niloticus L.). Arch
Microbiol 204:235. https://doi.org/10.1007/s00203-022-02856-3

Santos G, Libanori M, Pereira S, Ferrarezi J (2023) Probiotic mix of Bacillus spp. and benzoic organic acid
as growth promoter against Streptococcus agalactiae in Nile tilapia. Aquaculture 566:739212. https://
doi.org/10.1016/j.aquaculture.2022.739212

Saputra F, Shiu Y, Chen Y, Puspitasari A (2016) Dietary supplementation with xylanase-expressing B.
damyloliquefaciens R8 improves growth performance and enhances immunity against Aeromonas.
Fish Shellfish Immunol 58:379-405. https://doi.org/10.1016/].£si.2016.09.046

Sayed S, Zakaria A, Mohamed G (2011) Use of probiotics as growth promoter, anti-bacterial and their
effects on the physiological parameters and immune response of Oreochromis niloticus Lin. J Arab
Aquacult Soc 6:201-222

Selim KM, Reda RM (2015) Improvement of immunity and disease resistance in the Nile tilapia, Oreo-
chromis niloticus, by dietary supplementation with Bacillus amyloliquefaciens. Fish Shellfish Immu-
nol 44:496-503. https://doi.org/10.1016/j.£51.2015.03.004

Sewaka M, Trullas C, Chotiko A et al (2019) Efficacy of synbiotic Jerusalem artichoke and Lactobacillus
rhamnosus GG-supplemented diets on growth performance, serum biochemical parameters, intesti-
nal morphology, immune parameters and protection against Aeromonas veronii in juvenile red tilapia
(Oreochromis spp.). Fish Shellfish Immunol 86:260-268. https://doi.org/10.1016/j.f51.2018.11.026

Sharifuzzaman SM, Austin B (2009) Influence of probiotic feeding duration on disease resistance and
immune parameters in rainbow trout. Fish Shellfish Immunol 27:440-445. https://doi.org/10.1016/j.
£51.2009.06.010

@ Springer



4866 Aquaculture International (2024) 32:4841-4867

Shelby RA, Lim C, Yildirim-Aksoy M, Delaney MA (2006) Effects of probiotic diet supplements on disease
resistance and immune response of young Nile tilapia, Oreochromis niloticus. J Appl Aquac 18:23—
34. https://doi.org/10.1300/J028v18n02_02

Sherif AH, Gouda MY, Al-Sokary ET, Elseify MM (2021) Lactobacillus plantarum enhances immunity
of Nile tilapia Oreochromis niloticus challenged with Edwardsiella tarda. Aquac Res 52:1001—
1012. https://doi.org/10.1111/are.14955

Sirbu E, Dima MF, Tenciu M et al (2022) Effects of dietary supplementation with probiotics and prebi-
otics on growth, physiological condition, and resistance to pathogens challenge in Nile tilapia
(Oreochromis niloticus). Fishes 7:273. https://doi.org/10.3390/fishes7050273

Sookchaiyaporn N, Srisapoome P, Unajak S, Areechon N (2020) Efficacy of Bacillus spp. isolated from
Nile tilapia Oreochromis niloticus Linn. on its growth and immunity, and control of pathogenic
bacteria. Fish Sci 86:353-365. https://doi.org/10.1007/s12562-019-01394-0

Srisapoome P, Areechon N (2017) Efficacy of viable Bacillus pumilus isolated from farmed fish on
immune responses and increased disease resistance in Nile tilapia (Oreochromis niloticus): Labo-
ratory and on-farm trials. Fish Shellfish Immunol 67:199-210. https://doi.org/10.1016/j.fsi.2017.
06.018

Suphoronski SA, de Souza FP, Chideroli RT et al (2021) Effect of enterococcus faecium as a water and/
or feed additive on the gut microbiota, hematologic and immunological parameters, and resistance
against francisellosis and streptococcosis in Nile tilapia (Oreochromis niloticus). Front Microbiol
12:743957. https://doi.org/10.3389/fmicb.2021.743957

Suprayudi MA, Maeda M, Hidayatullah H et al (2017) The positive contributions of PowerLac™ sup-
plementation to the production performance, feed utilization and disease resistance of Nile tilapia
Oreochromis niloticus (L.). Aquac Res 48:2145-2156. https://doi.org/10.1111/are.13052

Tachibana L, Telli GS, de Carla Dias D et al (2020) Effect of feeding strategy of probiotic Enterococcus
faecium on growth performance, hematologic, biochemical parameters and non-specific immune
response of Nile tilapia. Aquac Rep 16:100277. https://doi.org/10.1016/j.aqrep.2020.100277

Tan HY, Chen SW, Hu SY (2019) Improvements in the growth performance, immunity, disease resist-
ance, and gut microbiota by the probiotic Rummeliibacillus stabekisii in Nile tilapia (Oreochromis
niloticus). Fish Shellfish Immunol 92:265-275. https://doi.org/10.1016/j.£s1.2019.06.027

Toledo A, Frizzo L, Signorini M et al (2019) Impact of probiotics on growth performance and shrimp
survival: a meta-analysis. Aquaculture 500:196-205

Van Doan H, Hoseinifar SH, Khanongnuch C et al (2018) Host-associated probiotics boosted mucosal
and serum immunity, disease resistance and growth performance of Nile tilapia (Oreochromis
niloticus). Aquaculture 491:94-100. https://doi.org/10.1016/j.aquaculture.2018.03.019

Van Hai N (2015) Research findings from the use of probiotics in tilapia aquaculture: A review. Fish
Shellfish Immunol 45(2):592-597. https://doi.org/10.1016/j.fsi.2015.05.026

Waiyamitra P, Zoral MA, Saengtienchai A et al (2020) Probiotics modulate tilapia resistance and
immune response against tilapia lake virus infection. Pathogens 9:919. https://doi.org/10.3390/
pathogens9110919

Wang M, Lu M (2016) Tilapia polyculture: a global review. Aquac Res 47:2363-2374. https://doi.org/
10.1111/are.12708

Wang X, Zhang P, Zhang X (2021) Probiotics regulate gut microbiota: an effective method to improve
immunity. Molecules 26:6076

Wang B, Thompson KD, Wangkahart E et al (2023) Strategies to enhance tilapia immunity to improve
their health in aquaculture. Rev Aquac 15:41-56. https://doi.org/10.1111/raq.12731

Wu PS, Liu CH, Hu SY (2021) Probiotic bacillus safensis npustl administration improves growth per-
formance, gut microbiota, and innate immunity against Streptococcus iniae in nile tilapia (Oreo-
chromis niloticus). Microorganisms 9:2494. https://doi.org/10.3390/microorganisms9122494

Wauertz S, Schroeder A, Wanka KM (2021) Probiotics in fish nutrition—long-standing household rem-
edy or native nutraceuticals? Water (Switzerland) 13:1348

Waulansari F, Prayitno B, Harjuno A, Haditomo C (2019) Study of probiotic candidate bacteria CBL20 for
inhibiting of Aeromonas hydrophila with different concentration in Tilapia (Oreochromis niloticus).
IOP Conf Ser Earth Environ Sci 246:1-8. https://doi.org/10.1088/1755-1315/246/1/012032

Xia Y, Lu M, Chen G et al (2018) Effects of dietary Lactobacillus rhamnosus JCM1136 and Lacto-
coccus lactis subsp. lactis JCM5805 on the growth, intestinal microbiota, morphology, immune
response and disease resistance of juvenile Nile tilapia Oreochromis Niloticus. Fish Shellfish
Immunol 76:368-379. https://doi.org/10.1016/j.£si.2018.03.020

Xia Y, Wang M, Gao F et al (2020) Effects of dietary probiotic supplementation on the growth, gut
health and disease resistance of juvenile Nile tilapia (Oreochromis niloticus). Animal Nutrition
6:69-79. https://doi.org/10.1016/j.aninu.2019.07.002

@ Springer



Aquaculture International (2024) 32:4841-4867 4867

Xu R, Ding FF, Zhou NN et al (2022) Bacillus amyloliquefaciens protects Nile tilapia against Aero-
monas hydrophila infection and alleviates liver inflammation induced by high-carbohydrate diet.
Fish Shellfish Immunol 127:836-842. https://doi.org/10.1016/j.fsi.2022.07.033

Yousefi M, Naderi Farsani M, Ghafarifarsani H, Raeeszadeh M (2023) Dietary Lactobacillus helveticus
and Gum Arabic improves growth indices, digestive enzyme activities, intestinal microbiota, innate
immunological parameters, antioxidant capacity, and disease resistance in common carp. Fish Shell-
fish Immunol 135:108652. https://doi.org/10.1016/j.£51.2023.108652

Yu Y-M, Poon PM-Y, Sharma AA et al (2022) Colonization of Lactobacillus rhamnosus GG in Cirrhinus
molitorella (Mud Carp) fingerling: evidence for improving disease resistance and growth perfor-
mance. Appl Microbiol 2:175-184. https://doi.org/10.3390/applmicrobiol2010012

Zawistowska-Rojek A, Tyski S (2022) how to improve health with biological agents—narrative review.
Nutrients 14:1700. https://doi.org/10.3390/nu14091700

Zhang D, Lee D, Zhang M, Tippetts B (2016) Object recognition algorithm for the automatic identification
and removal of invasive fish. Biosyst Eng 145:67-75. https://doi.org/10.3389/tmicb.2019.02663

Zheng ZL, Wang KY, Gatlin DM, Ye JM (2011) Evaluation of the ability of grobiotic ®-a to enhance
growth, muscle composition, immune responses, and resistance against Aeromonas hydrophila in nile
tilapia, Oreochromis niloticus. J World Aquac Soc 42:549-557. https://doi.org/10.1111/j.1749-7345.
2011.00497.x

Zhou X, Zhao X, Zhang S, Lin J (2019) Marine ranching construction and management in East China Sea:
programs for sustainable fishery and aquaculture. Water (basel) 11:1237

Zhu W, Su J (2022) Immune functions of phagocytic blood cells in teleost. Rev Aquac 14:630-646

Zhu C, Yu L, Liu W et al (2019) Dietary supplementation with Bacillus subtilis LT3-1 enhance the growth,
immunity and disease resistance against Streptococcus agalactiae infection in genetically improved
farmed tilapia, Oreochromis niloticus. Aquac Nutr 25:1241-1249. https://doi.org/10.1111/anu.12938

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under
a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of such publishing agreement and applicable
law.

Authors and Affiliations

Abdulwakil Olawale Saba'? - Ina Salwany Md Yasin3* .
Mohammad Noor Amal Azmai'#

P4 Abdulwakil Olawale Saba
saba@upm.edu.my

Department of Biology, Faculty of Science, Universiti Putra Malaysia (UPM), 43400 Serdang,
Selangor, Malaysia
Department of Fisheries, Faculty of Science, Lagos State University, Ojo, Lagos 102101, Nigeria

Department of Aquaculture, Faculty of Agriculture, Universiti Putra Malaysia (UPM),
43400 Serdang, Selangor, Malaysia

Aquatic Animal Health and Therapeutics Laboratory, Institute of Bioscience, Universiti Putra
Malaysia (UPM), 43400 Serdang, Selangor, Malaysia

@ Springer



