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Glycerol monolaurate (GML) is a chemical compound derived from the combination of 
lauric acid and glycerol, exhibiting potent antimicrobial properties. An eight-week 
feeding trial was conducted to evaluate the effects of dietary supplementation of Glycerol 
Monolaurate (GML) on juvenile black sea bream. The control diet included 24% fish meal, 
while five additional diets were formulated with increasing GML concentrations: 0.01% 
(GML1), 0.02% (GML2), 0.04% (GML3), 0.08% (GML4), and 0.16% (GML5). Each diet was 
assigned to triplicate tanks. At the end of the experiment, serum immune and 
antioxidant in liver were non-significantly different among the groups. The relative gene 
expression of IGF-1 and GH in liver was statistically higher in the GML3 treated. The 
relative gene expression of IL-1, TGF, TNF-1, CCK, CLDN1, CASS-3 and GPR41 in 
intestine were statistically higher in the GML3 group. The photomicrographs of 
transmission electron microscope of the intestine were also studied. The GML 
supplemented groups had longer brush borders. The cells seemed to be joined by an 
intact junctional complex without visible intercellular spaces. The observed variations in 
phyla, class, and genus did not demonstrate statistical significance. Proteobacteria, 
Cyanobacteria, Firmicutes and Actinobacteria in the phylum, and Oxyphotobacteria, 
Bacteroidia, Holophagae and Negativicutes in the class, Brevundimonas, and 
Achromobacter in the genera were all substantially increased with higher levels of GML 
supplementation. Based on these results, it is suggested that glycerol monolaurate (GML) 
may serve as a potential dietary supplement for promoting different gene expression and 
intestinal health in black sea bream. 

INTRODUCTION 

The 2024 edition of The State of World Fisheries and Aqua
culture (SOFIA)1 reported that global fisheries and aqua
culture production reached 223.2 million tonnes in 2022, 
reflecting a 4.4% increase compared to 2020. This total in
cluded 185.4 million tonnes of aquatic animals and 37.8 
million tonnes of algae. This expansion results from ad
vancements across multiple domains such as production 
methodologies, nutritional strategies, pathological inter
ventions, and genetic enhancements. An indispensable fo

cal point within fish nutrition and pathology pertains to 
intestinal health, encompassing aspects of microbiome 
composition, structural integrity, and immune functional
ity. The intestine is a pivotal organ facilitating both nutri
tional assimilation and immunological defense, attributed 
to its rich innervation and intricate connections with the 
endocrine system.2 The gastrointestinal tract of fish oper
ates in a milieu continuously exposed to dietary compo
nents and microorganisms from the aquatic habitat, poten
tially perturbing intestinal homeostasis through factors like 
nutritional imbalances, pathogenic invasions, and stres
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sors.3 The primary functions of the fish intestine include 
nutrient absorption, water, and ion uptake, concurrently 
serving as a barrier against invasive threats. These func
tions hinge on the integrity of the epithelial layer, cell junc
tions, microbiota, and immune responses,4 all of which can 
be modulated by the incorporation of functional feeds.5 

Functional feeds are typically enriched with elevated 
concentrations of ingredients, including minerals, vita
mins, or immunostimulants, aimed at enhancing the health 
status and growth performance of animals. This paradigm 
shift in animal husbandry practices has been propelled by a 
departure from the conventional use of antibiotics, driven 
by their adverse consequences on the environment, animal 
welfare, and consumer health. Within the realm of aqua
culture, Medium-Chain Fatty Acids (MCFAs) have gained 
prominence due to their organic origin and provision of 
readily available energy to animals. Kuang et al.6 have ex
plored the application of MCFA as an antibiotic supple
ment, showcasing its antimicrobial effects and its observed 
protective influence on intestinal microarchitecture, a phe
nomenon previously documented in pigs.7 Key constituents 
within the MCFA family encompass caproic acid, caprylic 
acid, and capric acid. The strategic incorporation of func
tional feeds fortified with specific bioactive compounds, 
such as MCFAs, aligns with contemporary objectives to op
timize animal health while mitigating the ecological and 
health concerns associated with traditional antibiotic use in 
animal agriculture. However, the rapid absorption of MCFAs 
in the gastrointestinal tract poses a challenge to their effec
tive delivery to the deeper segments of the intestine, limit
ing their ability to exert full beneficial effects.8 This lack of 
effect may be attributed to their rapid absorption in the up
per digestive tract, hindering their full contribution to im
proved gut health.8 

Gut microbial community of fish is denser than terres
trial animals, owing to the fact that aquatic environments 
harbor a substantial abundance of microbiota .9 Studies 
have shown that the inclusion of dietary MCFAs contributes 
to growth-promoting effects and positively influences the 
gut microbial community. This is accomplished by aug
menting the relative abundance of beneficial lactic acid 
bacteria in gilthead sea bream.8 

Glycerol monolaurate (GML), a monoglyceride derived 
from medium-chain fatty acids, has been utilized as a food 
additive in the feed industry, as approved by the United 
States Food and Drug Administration.10 It is now widely 
acknowledged that symbiotic gut bacteria exert a lasting 
influence on the host’s immune system and metabolism 
through interactions involving microbial cell components 
and gene products. Recent studies have reported that GML 
notably increases the carcass yield, feed intake, and body 
weight in the male Cobb 500 broilers.11 

GML maintains stability as it passes through the gas
trointestinal tract, exhibiting a prolonged residence time.7 

This implies that GML could directly impact the gut mi
croflora10 and exhibit substantial antimicrobial potential, 
Thus, fostering a favorable environment for the promotion 
of beneficial effects on gut health.8 This facilitates direct 
interaction with the gut microbiota, which plays a crucial 

role in host health and physiology, especially regarding 
metabolism and immune development.12 Numerous stud
ies have been carried out to explore the potential effects 
of GML on animals. For example, GML has demonstrated 
antimicrobial properties by directly influencing gut micro
biota.13 Notably, GML may also contribute to nutrient me
tabolism and absorption within the gastrointestinal tract.14 

To date, GML supplementation has shown significant po
tential in enhancing flesh quality and productive perfor
mance in both poultry15 and aquaculture species.16 

Nonetheless, there is still a significant gap in research re
garding the effects of GML on aquatic animals. Limited re
search indicates that GML can significantly enhance the 
growth of Danio rerio,16 Pelodiscus sinensis,17 and Larim
ichthys croceus.18Furthermore, GML is crucial in facilitating 
fat metabolism and reducing fat accumulation in Salmo 
salar.19 These studies suggest that GML could serve as a 
promising feed additive for enhancing gene expression, in
testinal histology, and intestinal health in the culture of 
black sea bream fish. 
Black sea bream (Acanthopagrus schlegelii) holds sub

stantial economic significance in aquaculture, particularly 
in China, Japan, and various regions across Asia.20 The 
fish is a very popular aquaculture and abundant species in 
Southeast Asia, well-suited for intensive farming due to its 
rapid growth rate, strong disease resistance, and ability to 
tolerate a wide range of environmental conditions.16 De
spite its economic importance, there is a notable dearth of 
research specifically addressing the nutrient requirements 
of black sea bream.21 Furthermore, a comprehensive un
derstanding of the dietary composition necessary for Acan
thopagrus schlegelii is lacking. Therefore, targeted investi
gations are warranted to elucidate the precise nutritional 
demands and dietary preferences of this species to optimize 
its aquacultural practices and ensure sustainable produc
tion. The purpose of evaluating GML as a dietary supple
ment for enhancing liver antioxidant capacity and gut 
health of juvenile black sea bream intestine. 

MATERIALS AND METHODS 

FORMULATION OF EXPERIMENTAL DIETS AND 
ANALYZING THEIR COMPOSITION 

Six iso-nitrogenous (41.5%), iso-energetic (19 kJ g-1) diets 
were prepared in accordance with the regulator (GML 0.0), 
According to the black sea bream nutritional requirements; 
food was enhanced with a serial-wise increase in the level 
of GML 0.01%, 0.02%, 0.04%, 0.08%, 0.16%; named as 
GML1 0.01, GML2 0.02, GML3 0.04, GML4 0.08 and 
GML5 0.16, respectively. GML materials were obtained from 
the University of South China. Fishmeal (FM), soybean meal 
(SBM), soy protein concentrate (SPC), and squid liver meal 
constituted the main protein sources, whereas α-starch, 
fish oil, maize oil, and soybean lecithin served as the pri
mary lipid sources (Table 1 ). 
Each diet was prepared individually and processed as fol

lows: raw ingredients were first ground into fine powder, 
then according to the formula, ingredients were weighed 
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Table 1. Experimental diets’ formulation containing     
different levels of glycerol monolaurate (GML) and        
their proximate composition (%).     

Ingredient Content 

Fishmeal 19.9 

Soybean meal 43.5 

Soy protein concentration 7 

Squid liver meal 3 

α-starch 7 

Fish oil 3 

Corn oil 6.4 

Soy lecithin 2 

Ca(H2PO4)2-H2O 2.5 

CaCO3 0.7 

Alpha Cellulose 1.39 

Vitamins 0.75 

Minerals 0.75 

Y2O3 0.1 

Phytase 0.05 

L-carnitine 0.2 

CMC 0.05 

Carrageenan 0.2 

Methionine 0.8 

Lysine 0.21 

Taurine 0.5 

Total 100 

Nutrient contents 

Protein 38.36 

Lipid 14.10 

Carbohydrates 27.41 

Energy kJ g-1 19.35 

P/E ratio 1.98 

P available 0.78 

Phosphorus 1.38 

Calcium 0.98 

Ca/P 0.71 

Methionine 1.39 

Lysine 2.82 

Arginine 2.48 

Fish oil 4.55 

1Vitamin premixes’ (mg kg-1 of diet): folic acid, 10; cholecalciferol, 40; menadione, 15; 
riboflavin 22; DL-alpha-toco-pheryl acetate, 80; niacin, 165; thiamin mononitrate, 45; 
vitamin B12, 0.04; D-Ca pantothenate, 102; ascorbic acid, 150; inositol, 450; 0.1, retinyl-
acetate. 
2Mineral premix (g kg-1 of the total premix): CaCO3, 350; KH2PO4, 200; Cu-Cl2·2H2O, 2, 
NaH2PO4·H2O, 200; Fe-SO4·7H2O, 2; MgSO4·7H2O, 10; Sodium chloride, 12; CoCl2·6H2O, 
0.1; KI, 0.1; AlCl3·6H2O, 1; Sodium Molybdenum Oxide·2H2O, 0.5; and KF, 1, Na2SiO3, 
0.4, MnSO4·H2O, 2, 1; Zn-SO4·7H2O, 
3Values for the proximate investigation of food are Means of the experimental/triplicate 
studies. 
4Gross energy. 

accurately and then mixed manually for 5 min. The food 
mixer was provided with mixed materials for stirring. 

Maize, Fish oil, and Soy lecithin were mixed separately and 
then added to the food mixer with the other materials. Wa
ter was slowly poured into the mixture and homogenized. 
With the help of an extruder (Model HUARUI, Wuxi, China; 
HKJ-218) equipped with a 2.5mm matrix. Finally, pellets 
were made of the mixture; the pellets were then dried by 
keeping them at 23°C for 72 hours, sieved, packaged in air-
tight containers, and preserved at -20°C. 

ANIMAL HUSBANDRY, EXPERIMENTAL SITE AND 
CONDITIONS 

Young black-seabream individuals were acquired from the 
Marine Fisheries Research Institute of Zhejiang, China. The 
experimental trials took place at the Joint Laboratory of 
Nutrition and Feed for Marine Fish, located at Zhejiang 
Marine Fisheries Research Institute on Xixuan Island in 
Zhoushan. 
Before the growth trial, an indoor concrete tank (10m 

x 4m x 2m) was used for temporary storage of fish, and 
fish were kept acclimatizing fortnightly after being fed with 
commercial feed on a daily basis. Thereafter, 360 equal 
size fingerlings of IBW (initial weight of body) (1.55 ± 0.05 
g) were distributed to eighteen cylinder-shaped fiberglass 
tanks, randomly with 350 L capacity, keeping the stocking 
bulk 20 Fish/tanks. Triplicate tanks were provided with ran
domly given dietary treatments. The fish were fed three 
times daily (at 8:00 AM, 12:00 PM, and 4:00 PM) over a pe
riod of 8 weeks. Daily feed consumption was monitored and 
recorded. Water supply was treated as follows: sea water 
was pumped from the sea and then stored for 48 hrs in a 
sediment pool; after that, sea water was filtered in a sand 
pool before reaching each tank. Each flow-through tank re
ceived sand-filtered, aerated seawater at a flow rate of 2 
Lmin-1. The fish were kept under a natural photoperiod, 
with seawater temperature, ammonia nitrogen, and salinity 
in the tanks maintained at 27 ± 1 °C, 0.02–0.04 mgL-1, and 
28 ± 2 gL-1, respectively. The pH ranged from 8.1 to 8.3, and 
dissolved oxygen concentrations were maintained at ≥5.0 
mgL-1 throughout the experiment using air stones for con
tinuous aeration. Depending on the breeding environment, 
tanks were cleaned 1h after the last feeding. The fecal col
lection began in 6th week of the growth trial. At 6:00 A.M, 
fecal samples were collected on routine basis following Bu
reau, Harris, and Cho22 and keeping it preserved -20 °C. 

SAMPLES COLLECTION 

After completion of 8 weeks feeding trial, all experimental 
fish were starved for 24 hours and anesthetized with 
MS-222 solution of 60 mg L-1 (Sigma Chemical Co.). 
Intestinal organ was the main target sample during this 

study; intestine tissue was sampled as follow: 
For Biochemical, immune, and antioxidant indicators, 

the liver samples were stored at -80 °C. The samples of 
three full empty intestines per tank of each fish were col
lected and preserved at -80 °C for gene expression analysis. 
Three intestinal organs per aquarium were cut into two 
parts (anterior and posterior). About 3 cm of each intestine 
part were cut, washed, and cleaned with chilled phosphate 
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buffered saline: PBS (pH 7.0), for further observation and 
morphological measurements secure in 10% formalin. 3 cm 
of each intestine part were preserved in PBS along with glu
taraldehyde (2.5%) followed by storage at -4°C, for SEM ex
amination. 

BIOCHEMICAL PARAMETERS 

Assay kits from Nanjing Jincheng Bioengineering Institute 
(Nanjing, Jiangsu Province, China) were utilized to analyze 
serum samples. The goal was to measure various parame
ters, including total protein (TP), superoxide dismutase 
(SOD), malondialdehyde (MDA), glutathione peroxidase 
(GSH-Px), catalase (CAT), antioxidant capacity (T-AOC), 
alanine transaminase (ALT), and aspartate aminotrans
ferase (AST). The experimental procedures closely followed 
the manufacturer’s instructions, as described in prior stud
ies.23 

INTESTINAL HISTOLOGY 

APPLICATION OF SCANNING ELECTRON MICROSCOPY 
(SEM) FOR MICROSTRUCTURAL ANALYSIS 

Previously preserved gut samples were cleaned in glu
taraldehyde and 0.1Molar pbs with pH: 7.0, After-fixed with 
osmium tetroxide (OsO4; 1%) for an hour or two. With a 
categorized ethanol sequence: 30%, then at 50%, 70%, 80%, 
90%, 95%, and finally at 100% pure ethanol. After dehydra
tion, it was then transported into a mixture of isoamyl ac
etate and alcohol (1:1) for 30 min overnight, kept in pure 
isoamyl acetic acid. Prior to observation, the dehydration of 
samples was performed for 4-5 min in a critical point dryer 
(Hitachi-Model HCP-2) through liquid CO2 and coated with 
gold-palladium in a Hitachi Model E-1010 ion sputter. Us
ing Hitachi Model TM-1000 all samples were observed with 
SEM. Microvilli density was measured: in SEM photomicro
graphs with a magnification of 35,000 times, 3 images per 
diet treatment were selected. In the picture, microvilli were 
recognized by their round shape. The amount of the mi
crovilli was calculated in an area of 1μm2; for each picture 
3 area were selected, using Image-Pro plus 6.0 (Media Cy
bernetics, Inc.) software. 

ANALYSIS OF GENE EXPRESSION PATTERNS 

ISOLATION OF RNA AND CDNA SYNTHESIS PROCEDURE 

RNA extraction was conducted via Trizol kit (Invitrogen, 
USA). Almost 80 mg of RNA samples were isolated from 
gut samples. The RNA quality was confirmed by running gel 
electrophoresis using 1.5% agarose. Subsequently, the first-
strand cDNA that served as template for Rapid Amplifica
tion of cDNA, ends PCR was manufactured using SMARTTM 

RACE cDNA Amplification Kit (Clontech), and the template 
cDNA used for Quantitative Realtime PCR (qRT-PCR) was 
synthesized using Primer ScriptRM reagent Kit (TaKaRa 
Biotechnology Co. Ltd., Dalian, China), both kits were han
dle as per company’s instruction. In order to eradicate ge
nomic DNA, the reaction was incubated using gDNA Eraser 

(TaKaRa Biotechnology Co. Ltd, Dalian, China)) at 42 °C for 
5 min. cDNA veracity was confirmed by running gel elec
trophoresis (1.5% agarose gel). 

PCR REACTION 

The 25 μL PCR reactions were performed, comprising each 
primer of 1 μL, 2 μL of cDNA product, 12.5 μL of SYBR
Premix-Ex/TaqII (from TaKaRa Company of Biotechnology, 
Dalian, China). The RT-qPCR was programmed, firstly, at 95 
°C for a half an hour for initial denaturation, then 40 re
action cycles: 95 °C (duration 5 s), 60 °C (duration 30 sec
onds), an extension of 95 °C (duration 15 seconds). At the 
end of each PCR reaction, the amplification PCR product 
was confirmed to perform the melting curve analysis. 
By 2−ΔΔCT method (Schmittgen and Livak, 2008), gene 

expression levels of Insulin growth like factor-I (IGF-I); 
Growth hormone (GH); Interleukin-1 (IL-1); Transforming 
growth factor (TGF); Tumor necrosis factor receptor 1 
(TNF-1); Cholecystokinin (CCK); claudin-1 (CLDN-1), cas
pase-3 (CAS-3) and G protein-coupled receptor 41 (GPR41), 
were determined and normalized with β-actin. Separately 
each sample was studied through RT-qPCR in triplicate. 
IGF-1, GH, IL-1, TGF, TNF-1, CCK, CLDN-1, CAS-3, and 
GPR41 genes were recovered from the site: 
http://www.ncbi.nlm.nih.gov, using Primer (5.0) for design
ing of primers as per Table 2 . 

ANALYSIS OF MICROBIAL COMMUNITY COMPOSITION 

DNA extraction, PCR amplification, and Illumina MiSeq se
quencing were conducted in this study. Fecal samples (n = 
4) served as the source for total genomic DNA, extracted 
using the commercially available E.Z.N.A. Stool DNA Kit 
(D4015, Omega, Inc., USA). The PCR reaction mixture (12.5 
μL of Pusion Hot start flex 2X Master Mix, 2.5 μL of each 
primer, and 50 ng of template DNA) targeted the V4-V5 
regions of the bacterial 16S rRNA gene, employing uni
versal primers 338F (5’ ACTCCTAC GGGAGGCAGCAG 3’) 
and 806R (5’ GGACTACHVGGGTWTCTAAT 3’). Amplifica
tion products were resolved on a 2% agarose gel, and the 
desired fragments were recovered using the AxyPrep PCR 
Cleanup Kit. The resulting pooled library underwent Illu
mina MiSeq sequencing, utilizing the MiSeq Reagent Kit V3 
(600 cycles) for paired-end sequencing (2 × 300 bp). 

STATISTICAL EXAMINATION AND ANALYSIS 

The data were presented as mean ± standard deviation (SD). 
Statistical analysis was conducted using one-way ANOVA, 
followed by Tukey’s post-hoc test. A significance level of p 
< 0.05 was considered for determining statistically signifi
cant differences. All statistical analyses were performed us
ing IBM SPSS 20.0 (IBM, Chicago, IL, USA). 
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Table 2. Primer sequences used for real-time PCR (RT-PCR) analysis.         

Target 
genes 

Nucleotide sequence (5′–3′) Product size 
(bp) 

Accession No: or 
publication 

Amplification 
efficiency 

IGF-1 Forward: 
GTGGACGAGTGCTGCTTCCAA 
Reverse: 
GTGCCCTGCGGTACTAACCT 

2,299 AF030573.1 97.43 

GH Forward: 
GCCGTCAGCTTTCCTGATGATG 
Reverse: 
GGAGGAGACCTGCGACTACC 

2,469 AF502071.1 98.54 

IL-1 Forward: 
GAATCAAGGAGGGAGACAGGA 
Reverse: 
GTAGAGGAAGACAGAGACCAA 

986 JQ973887.1 98.65 

TGF Forward: 
TGTCTCCCCTACCCGCCGTCATC 
Reverse: 
ACCTCGCCTCCCGCTTCATCACT 

3,751 OQ248005.1 97.76 

TNF-1 Forward: 
ATACCAAGCAAACAGCAGGACGC 
Reverse: 
AGGAGAGGACGGTAGTCTTGATA 

242 MK440598.1 98.24 

CCK Forward: 
AGCCCAAGGCACTCTAGACA 
Reverse: 
GTTCTGGGCAGCTGTAGAGG 

153 Cluster-15370.85974 97.47 

CLDN1 Forward: 
ACTGTTAGGGTTTTTCCTGTCTC 
Reverse: 
GTGATGATGTTGTCCCCGATGTA 

229 Cluster-15370.120273 98.98 

Caspase-3 Forward: 
AGTCAGTCGAGCAGATGAAACA 
Reverse: 
GGAGAAAGCGTAGAGGAAGTC 

290 Cluster-15370.106619 97.35 

GPR41 Forward: 
CGCTGCTCGTGTTCGCTCTATG 
Reverse: 
GGTCCAGACAGGCGTTGAAGGT 

398 MH381812.1 97.74 

β-actin Forward: 
TATCGTCATGGACTCCGGTG 
Reverse: TGATGTCACGCACGATTTCC 

187 (Jiao et al., 2006) 98.53 

Abbreviations: IGF-1, insulin growth like factor-I; and GH, growth hormone; IL-1, interleukin-1; TGF, transforming growth factor; TNF-1, cholecystokinin (CCK), tumor necrosis fac
tor-1; GPR41, G protein-coupled receptor 41; CLDN-1, claudin-1; CAS-3, caspase-3. 

RESULTS 

BIOCHEMICAL, IMMUNE AND ANTIOXIDANT 
INDICATORS IN THE LIVER 

Immune and antioxidant parameters were measured in 
liver. The SOD, TP, GSH-Px, CAT, MDA, AST, ALT, and T-
AOC showed no significant effects (p > 0. 05) in all treat
ments (Table 3 ). 

GENE EXPRESSION IN LIVER 

The Relative expression of genes, IGF-1 and GH genes were 
measured in liver. Relative gene expression in liver level of 
IGF-1 and GH were statistically higher in the GML3 treated 
group compared to other groups (p > 0.05) (Figure 1 ). 

INTESTINAL GENE EXPRESSION 

The relative expression levels of IL-I, TGF, TNF-1, CCK, 
CLDN1, CASS-3, and GPR41 genes were measured in the in
testine, respectively. The relative expression of IL-I, TGF, 
TNF-1, CCK, CLDN1, CASS-3, and GPR41 genes was statis
tically higher (p > 0.05) in the GML3 group than in the other 
supplemented groups (Figure 2 ). 

INTESTINE HISTOLOGICAL STRUCTURE 

The photomicrographs of Scanning electron microscopy 
(SEM) of the foregut and hindgut microstructure segment 
of black sea bream is shown in Figures  3,4. Fish from dif
ferent dietary groups showed a gut with a columnar epithe
lium joined by good cells with great and systematized brush 
borders. The GML supplemented groups had longer brush 
borders compared to the control group. The cells seemed 
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Table 3. The antioxidant and biochemical parameters of juvenile        A. schlegelii   fed experimental diets for eight      
weeks in liver (n=3).     

Parameters 
Diets 

Control GML1 GML2 GML3 GML4 GML5 

TP (gL-1) 4.49 ± 0.71 4.65 ± 0.30 4.69 ± 0.22 4.75 ± 0.78 4.81 ± 0.36 4.59 ± 0.79 

SOD (U mgprot-1) 300.06 ± 
34.35 

300.96 ± 
17.84 

279.79 ± 
36.54 

315.36 ± 
65.04 

296.77 ± 
28.16 

290.22 ± 
59.06 

MDA (nmol 
mgprot-1) 

6.11 ± 0.27 6.08 ± 3.38 8.68 ± 2.43 4.73 ± 0.48 3.59 ± 0.35 6.91 ± 5.05 

GSH-Px (U 
mgprot-1) 

9.54 ± 1.56 8.64 ± 4.32 10.41 ± 2.34 12.06 ± 4.61 7.52 ± 4.39 10.03 ± 3.69 

CAT (U mgprot-1) 22.23 ± 4.72 22.46 ± 1.20 23.85 ± 0.72 23.54 ± 4.08 21.40 ± 1.91 23.23 ± 2.23 

T-AOC (mmol 
gprot-1) 

0.16 ± 0.06 0.13 ± 0.06 0.15 ± 0.05 0.13±0.04 0.10±0.05 0.16 ± 0.04 

ALT (U gprot-1) 14.74 ± 7.06 23.47 ± 4.82 19.54 ± 4.03 20.37 ± 8.04 28.98 ± 2.01 20.06 ± 
14.66 

AST (U gprot-1) 53.17 ± 
12.72 

63.61 ± 
10.59 

58.93 ± 
10.51 

65.99 ± 7.02 65.86 ± 
10.23 

71.23 ± 
16.65 

*Values are mean ± SD of triplicate aquarium (n=3). 
Abbreviations: SOD, superoxide dismutase; TP, total protein; MDA, malondialdehyde; CAT, catalase; AST, aspartate aminotransferase; GSH-Px, glutathione peroxidase; T-AOC, total 
antioxidant capacity; ALT, alanine aminotransferase. 

Figure 1. Relative levels of (a) insulin growth like factor-I (IGF-1) and (b) growth hormone (GH) genes in the liver                   
of juvenile   A. schlegelii   fed Control (0.00), GML1 (0.01) GML2 (0.02) GML3 (0.04), GML4 (0.08) and GML5 (0.16).               

to be joined by an intact junctional complex without visible 
intercellular spaces. 

EXAMINING THE COMPOSITION AND RELATIVE 
ABUNDANCE OF THE MICROBIOTA COMMUNITY 

SUMMARY OF SEQUENCING DATA OF INTESTINAL 
MICROBIOTA 

The sequencing data pertaining to the intestinal microbiota 
were presented in Table 4 . In total, 1,251,273 raw tags un
derwent sequencing, yielding an average of 77,527.315 tags 
per sample, with individual counts ranging from 73,500 to 
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Figure 2. Relative levels of (a) interleukin-1(IL-1), (b) transforming growth factor (TGF), (c) tumor necrosis factor               
receptor 1 (TNF-1), (d) cholecystokinin (CCK), (e) claudin-1 (CLDN1), (f) caspase-3 (CASS-3) and (g) G protein-               
coupled receptor 41 (GPR41) gene in the intestine of juvenile           A. schlegelii   Control (0.00), GML1 (0.01) GML2 (0.02)       
GML3 (0.04), GML4 (0.08) and GML5 (0.16).        

80,622. Following refinement, the dataset was reduced to 
658,737 clean tags, averaging 71,360.557 per sample, with a 
range of 69,299 to 77,459. Taxonomic units of various bac
terial species were subsequently identified from the clean 
tag pool, with all samples exhibiting Good’s coverage ex
ceeding 0.999. 

ALPHA DIVERSITY AND COVERAGE ESTIMATE OF 
INTESTINAL MICROBIOTA 

The dietary interventions did not significantly impact rich
ness estimation (Chao1) and diversity measures (Simpson 
and Shannon indices). Across all six groups, 219 opera
tional taxonomic units (OTUs) were identified within the 
intestinal microbiota. Notably, the GML3 fish group exhib
ited the greatest abundance of distinctive OTUs, while the 
control group exhibited the lowest (Table 5 ). 
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Figure 3. Scanning electron microscopy of foregut microstructure of juvenile black sea bream (×5000             
magnification).  
Notes: (a) Fish fed control diet, 0.0%; (b) fish fed GML1, 0.01%; (c) fish fed diet GML2, 0.02%; (d) fish fed diet GML3, 0.04%; (e) fish fed diet GML4, 0.08%; (f) fish fed diet GML5, 
0.10%. 
Photo (a) showed disrupted microvilli; photos (b), (c) (d), (e) and (f) showed enhanced villus surface with more compactly spread, and compressed microvilli. 

Figure 4. Scanning electron microscopy of the hindgut microstructure of juvenile black sea bream (×5000              
magnification).  
Notes: (a) Fish fed control diet, 0.0%; (b) fish fed GML1, 0.01%; (c) fish fed diet GML2, 0.02%; (d) fish fed diet GML3, 0.04%; (e) fish fed diet GML4, 0.08%; (f) fish fed diet GML5, 
0.10%. 
Photo (a) showed disrupted microvilli; photos (b), (c) (d), (e) and (f) showed enhanced villus surface with more compactly spread, and compressed microvilli. 
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Table 4. Summary of sequencing data of intestinal microbiota of black sea bream (           Acanthopagrus schlegelii ) fed   
the experimental diets.    

Parameters 
Diets 

Control GML1 GML2 GML3 GML4 GML5 

Raw tags 81171 84289 84476 84664 83846 82095 

Valid tags 76181 77804 79288 79759 75175 74175 

Coverage 1.00 1.00 1.00 1.00 1.00 1.00 

Control represents treatment of the basal diet; GML1 represent treatment of the glycerol monolaurate diet with 0.01%; GML2 represent treatment of the glycerol monolaurate diet 
with 0.02%; GML3 represent treatment of the glycerol monolaurate diet with 0.04%; GML4 represent treatment of the glycerol monolaurate diet with 0.08%; GML5 represent treat
ment of the glycerol monolaurate diet with 0.16%. 

Table 5. Alpha diversity and coverage estimate of intestinal microbiota of black sea bream (            Acanthopagrus  
schlegelii) fed the experimental diets.      

Index 
Diets 

Control GML1 GML2 GML3 GML4 GML5 

Observed 
species 

190.50 ± 
38.68 

224.25 ± 
25.32 

241.75 ± 
54.36 

295.25 ± 
180.18 

204.25 ± 
52.37 

191.75 ± 
45.31 

Shannon 
3.69 ± 0.42b 4.20 ± 

0.28ab 
4.33 ± 0.35ab 4.75 ± 0.97a 4.08 ± 

0.22ab 
3.89 ± 
0.35ab 

Simpson 0.84 ± 0.07 0.89 ± 0.02 0.94 ± 0.04 1.15 ± 0.51 0.89 ± 0.01 0.86 ± 0.04 

Chao1 
197.67± 
42.79 

230.47± 
29.55 

301.52 ± 
181.44 

310.07 ± 
58.58 

213.37 ± 
56.07 

198.71 ± 
50.06 

Note: Values are given as mean ± SD (n = 3) and each group show considerable difference (p > 0.05) within distinct superscripts 

PHYLUM LEVEL 

The composition of microbiota at the phylum level in the 
intestines of black sea bream was measured. A total of 8 
phyla were identified in the fish subjected to various dietary 
treatments. Among these, Proteobacteria emerged as the 
most prevalent microbiota phylum across the groups, suc
ceeded by Cyanobacteria, Firmicutes, Bacteroidetes, Aci
dobacteria, Actinobacteria, Verrucomicrobia, and 
Spirochaetes in sequential order. The phyla Bacteroidetes, 
Acidobacteria, and Verrucomicrobia showed no significant 
alterations (p > 0.05) in response to all dietary treatments. 
In general, the abundance of Proteobacteria, Cyanobacte
ria, Firmicutes, Actinobacteria, and Spirochaetes exhibited 
an increase in the treated groups compared to the control 
group (p < 0.05) (Table 6 ). 

CLASS LEVEL 

The microbiota composition at the class level was measured 
in different dietary groups. A total of 10 classes were identi
fied in the intestines of fish subjected to dietary treatments. 
Gammaproteobacteria was the most abundant microbiota 
class among the groups, followed by Alphaproteobacteria, 
Oxyphotobacteria, Clostridia, Actinobacteria, Bacteroidia, 
Bacilli, Holophagae, Betaproteobacteria, and Negativicutes 
in that order. The Gammaproteobacteria, Alphaproteobac
teria, Clostridia, Actinobacteria, Bacilli, and Betapro
teobacteria of classes were not affected significantly, (p > 
0.05) in all dietary groups. Overall, the Oxyphotobacteria, 
Bacteroidia, Holophagae and Negativicutes, increased with 
a GML supplementation (p < 0.05) (Table 7 ). 

GENUS LEVEL 

The microbiota composition at the genus level were mea
sured in different dietary groups. In the intestines of fish 
exposed to dietary treatments, a total of 20 genera were 
identified. The most abundant genera were: Chloroplast_un
classified > Pseudomonas > Delftia > Brevundimonas > Hy
drogenophaga > Caulobacter > Sphingomonas > Novosphin
gobium > Mitochondria_unclassified > 
Pleomorphomonadaceae_unclassified > Alphaproteobacte
ria_unclassified > Achromobacter > Methyloversatilis > 
Dechloromonas > Stenotrophomonas > Lutispora > Clostrid
ium_sensu_stricto_8> Subgroup_7_unclassified > Actinobacte
ria_unclassified > Curvibacter. The Pseudomonas, Hy
drogenophaga, Caulobacter, Sphingomonas, 
Novosphingobium, Mitochondria_unclassified, Pleomor
phomonadaceae_unclassified, Alphaproteobacteria_unclassi
fied, Methyloversatilis, Dechloromonas, Stenotrophomonas, 
Lutispora, Clostridium_sensu_stricto_8, and Actinobacte
ria_unclassified of genera were not affected significantly, (p 
< 0.05) in all dietary groups. Overall, the Delftia, Brevundi
monas, Achromobacter, and Subgroup_7_unclassified in
creased with a higher amount of GML supplementation (p 
< 0.05). While the Chloroplast_unclassified, and Curvibacter 
were reduced with a higher amount of GML supplementa
tion (p< 0.05) (Table 8 ). 

DISCUSSION 

GML is considered to have fungicidal, virucidal, anti-in
flammatory and antibacterial properties.24 Previous reports 
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Table 6. Relative abundance of the top eight phyla of intestinal microbiota of            Acanthopagrus schlegelii   fed the   
experimental diets (%).    

Phylum 
Diets 

Control GML 1 GML2 GML3 GML4 GML5 

Proteobacteria 63.52±12.21b 68.95±7.62ab 69.70±8.52ab 79.08±2.66a 78.08±3.39a 70.45 ± 
9.30ab 

Cyanobacteria 23.28± 
8.84ab 

26.28± 
9.92ab 

17.95 ± 4.07b 32.91 ± 
12.82a 

17.45 ± 
3.25b 

26.28± 
9.92ab 

Firmicutes 1.28± 0.24ab 1.25 ± 0.76ab 1.07 ± 0.45b 1.42 ± 
0.25ab 

1.78 ± 0.28a 1.49± 
0.41ab 

Bacteroidetes 0.64±0.57 0.34±0.096 0.33±0.08 0.34±0.09 0.46±0.13 0.52±0.06 

Acidobacteria 0.47±0.18 0.47±0.18 0.37±0.18 0.39±0.15 0.56±0.25 0.49±0.10 

Actinobacteria 0.41 ± 0.22b 0.63 ± 0.15ab 0.44 ± 0.09ab 0.75 ± 0.17a 0.69 ± 
0.25ab 

0.48±0.11ab 

Verrucomicrobia 0.15±0.22 0.15±0.22 0.17±0.17 0.02±0.02 0.02±0.02 0.06±0.12 

Spirochaetes 0.02±0.01ab 0.04±0.03ab 0.04±0.02ab 0.05±0.01a 0.02±0.02ab 0.01±0.01b 

Note: Values are given as mean ± SD (n = 3) and each group show considerable difference (p > 0.05) within distinct superscripts. 

Table 7. Relative abundance of the top ten classes of intestinal microbiota of            Acanthopagrus schlegelii   fed the   
experimental diets (%).    

Class 
Diets 

Control GML 1 GML2 GML3 GML4 GML5 

Gammaproteobacteria 42.51 ± 
9.29 

37.52 ± 
8.50 

35.82 ± 7.22 42.87 ± 10.14 44.36 ± 
4.95 

42.97 ± 
4.09 

Alphaproteobacteria 35.84 ± 
7.22 

37.54 ± 
8.50 

42.51 ± 9.29 44.36 ± 4.95 42.87 ± 
10.14 

42.97 ± 
4.09 

Oxyphotobacteria 17.42 ± 
3.26b 

23.05 ± 
3.24ab 

24.68 ± 
11.70ab 

32.91±12.82a 22.83 ± 
9.47ab 

26.27 ± 
9.92ab 

Clostridia 0.85±0.11 0.69±0.19 0.78±0.24 0.74±0.23 0.95±0.21 0.95±0.21 

Actinobacteria 0.53 ± 
0.05 

0.47 ± 0.18 0.48 ± 0.12 0.52 ± 0.25 0.35 ± 0.07 0.45 ± 0.13 

Bacteroidia 0.39 ± 
0.10ab 

0.35 ± 
0.11ab 

0.36 ± 
0.10ab 

0.29 ± 0.07b 0.49 ± 
0.29ab 

0.53 ± 
0.07a 

Bacilli 0.35 ± 
0.05 

0.18 ± 0.08 0.24 ± 0.19 0.37 ± 0.25 0.32± 0.21 0.24± 0.17 

Holophagae 0.35 ± 
0.11a 

0.33± 
0.12ab 

0.17± 0.01b 0.38 ± 0.09a 0.26 ± 
0.13ab 

0.38 ± 
0.09a 

Betaproteobacteria 0.16 ± 
0.05 

0.11 ± 0.05 0.15 ± 0.06 0.09 ± 0.04 0.14 ± 0.11 0.12 ± 0.07 

Negativicutes 0.12 ± 
0.06ab 

0.04 ± 
0.04b 

0.03 ± 0.02b 0.08 ± 0.06ab 0.17 ± 
0.10a 

0.15 ± 
0.11a 

Note: Values are given as mean ± SD (n = 3) and each group show considerable difference (p < 0.05) within distinct superscripts. 

suggests that the inclusion of antimicrobial drugs in the 
feed of poultry have several negative effects such as in
testinal microbiota alterations, residues presence on meat 
and egg, eco-pollution, and leading to antibiotic-resistant 
microbes11Furthermore, the foremost consciousness of the 
health hazards to humans was activated by the absolutely 
excessive use of antibiotics in chicken feed, which caused 
an increase in the demand for studies to come up with a 
nature-based substitute. Presently, GML as a possible alter
native was experimented with as an alternative for Zn-bac
itracin. It was found that GML positively induced growth 
performance with the inclusion level 300 mgkg-1. 

In this study, we examined the influence of GML supple
mentation on the well-being and nutritional absorption of 
black sea bream fingerlings. Various immune, biochemical, 
and antioxidant parameters were explored, including to
tal protein (TP), superoxide dismutase (SOD), malondialde
hyde (MDA), catalase (CAT), glutathione peroxidase (GSH-
Px), alanine transaminase (ALT), total antioxidant capacity 
(T-AOC), and aspartate aminotransferase (AST). The find
ings revealed no significant impact of GML supplemen
tation on the physiological and immune aspects of the 
treated groups of fish. Comparable results were observed in 
the previous study.23 The higher TP levels in the present 
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Table 8. Relative abundance of the top twenty genera of intestinal microbiota of            Acanthopagrus schlegelii   fed the   
experimental diets (%).    

Genera 
Diets 

Control GML 1 GML2 GML3 GML4 GML5 

Chloroplast_unclassified 32.91 ± 
12.82a 

16.11 ± 
2.88b 

21.62 ± 
5.46ab 

17.44 ± 
3.27b 

23.59 ± 
5.93ab 

26.27 ± 
9.92ab 

Pseudomonas 20.51 ± 
7.60 

19.52 ± 
6.09 

21.83 ± 
5.38 

23.69 ± 
7.70 

21.83 ± 
5.38 

19.98 ± 
5.05 

Delftia 11.95 ± 
2.39b 

13.52 ± 
3.54ab 

13.81 ± 
3.12ab 

11.95 ± 
2.39b 

14.37 ± 
2.38ab 

16.59 ± 
2.21a 

Brevundimonas 11.43 ± 
3.09ab 

9.94 ± 
3.46ab 

10.64 ± 
2.26ab 

10.84 ± 
2.94ab 

9.94 ± 
3.46ab 

14.44 ± 
3.31a 

Hydrogenophaga 1.97 ± 0.71 2.10 ± 0.47 1.97 ± 0.71 2.35 ± 0.56 2.14 ± 0.45 2.54 ± 0.55 

Caulobacter 1.73 ± 0.82 1.47 ± 0.82 1.02 ± 0.37 1.49 ± 0.85 1.48 ± 0.73 1.24 ± 0.21 

Sphingomonas 1.16 ± 
0.27a 

0.85 ± 
0.19ab 

1.15 ± 
0.39a 

0.96 ± 
0.27ab 

1.163 ± 
0.27a 

1.30± 
0.19a 

Novosphingobium 0.77 ± 0.09 1.09 ± 0.81 0.74 ± 0.22 1.08 ± 0.82 1.09 ± 0.81 0.89 ± 0.21 

Mitochondria_unclassified 0.76 ± 0.41 0.55 ± 0.15 1.11 ± 1.31 1.143 ± 
1.28 

0.54 ± 0.13 0.91 ± 0.55 

Pleomorphomonadaceae 
_unclassified 

0.75 ± 0.10 0.67 ± 0.18 0.79 ± 0.29 0.69 ± 0.24 0.83 ± 0.16 0.95 ± 0.31 

Alphaproteobacteria 
_unclassified 

0.66 ± 0.10 0.68 ± 0.13 0.69 ± 0.05 0.72 ± 0.09 0.66 ± 0.12 0.66 ± 0.03 

Achromobacter 0.55 ± 
0.06b 

0.67 ± 
0.07ab 

0.66 ± 
0.14ab 

0.64 ± 
0.14ab 

0.69 ± 
0.07ab 

0.76 ± 
0.05a 

Methyloversatilis 0.55 ± 0.16 0.55 ± 0.21 0.45 ± 0.12 0.53 ± 0.17 0.54 ± 0.14 0.59 ± 0.08 

Dechloromonas 0.44 ± 0.07 0.47 ± 0.23 0.53 ± 0.16 0.48 ± 0.15 0.47 ± 0.23 0.45 ± 0.22 

Stenotrophomonas 0.46 ± 0.13 0.41 ± 0.19 0.46 ± 0.29 0.33 ± 0.08 0.35 ± 0.19 0.41 ± 0.06 

Lutispora 0.41 ± 0.12 0.35 ± 0.14 0.32 ± 0.11 0.35 ± 0.13 0.39 ± 0.16 0.33 ± 0.03 

Clostridium_ 
sensu_stricto_8 

0.37 ± 0.18 0.33 ± 0.12 0.26 ± 0.04 0.26 ± 0.04 0.27 ± 0.04 0.34 ± 0.07 

Actinobacteria 
_unclassified 

0.31 ± 0.06 0.31 ± 0.09 0.35 ± 0.07 0.38 ± 0.07 0.34 ± 0.07 0.36 ± 0.08 

Curvibacter 0.26 ± 
0.26a 

0.28 ± 
0.15a 

0.20 ± 
0.06b 

0.14 ± 
0.03b 

0.16 ± 
0.05b 

0.25 ± 
0.05ab 

Note: Values are given as mean ± SD (n = 3) and each group show considerable difference (p > 0.05) within distinct superscripts. 

study suggest improved protein metabolism.25 Further
more, a decrease in MDA levels in the liver was observed, 
consistent with the findings of,26 who reported the antiox
idant activities of malic and citric acids in their research on 
poultry. 
In terms of biochemical parameters, AST and ALT exhib

ited no significant changes, indicating that GML exposure 
did not exert a substantial impact on the liver. Compara
ble outcomes were observed in previous studies involving 
lauric acid supplementation.23 Antioxidative enzymes were 
investigated in the present study to assess oxidative stress 
within the fish tissues. The overall antioxidant capacity is 
known as total antioxidant capacity (T-AOC). The study re
sults revealed that GML impacted the activities of liver CAT 
and T-AOC content, indicating that GML has the poten
tial to stimulate the production of antioxidant enzymes in 
the body, effectively counteracting reactive oxygen species 
(ROS). Our findings are consistent with the work of Senevi
ratne and Sudarshana Dissanayake.27 While limited data 
exist for aquatic animals, the literature supports our cur

rent findings: GML supplementation affected antioxidant 
parameters in black sea bream (Acanthopagrus schlegelii), 
which are consistent with observations by.23 

Several genes play a crucial role in fish growth, with par
ticular significance attributed to GHR and growth factor 
genes, such as insulin-like growth factor-1 (IGF-1).28 

Growth factors are synthesized either via endocrine stim
ulation mediated by growth hormone (GH) or through 
paracrine/autocrine stimulation by the respective tissue. 
The growth hormone (GH)-insulin-like growth factor (IGF) 
axis functions as the principal pathway for growth and tis
sue proliferation in the majority of vertebrate species. In 
our current study, the expression of growth hormone re
ceptor genes, such as GH, and growth factor genes, specif
ically insulin-like growth factor-1 (IGF-1), showed signif
icant upregulation in response to GML supplementation. 
This observation aligns with earlier findings reported by.29 

Research suggests that the fish liver is a primary site for 
insulin-like growth factor (IGF) synthesis, with secretion 
occurring in muscle cells as a paracrine hormone. The in
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creased expression of IGF-1 RNA in liver tissues in our 
study supports this observation. Importantly, our study 
represents the first report on the modulation of growth-re
lated genes, such as growth hormone (GH) and IGF-1, by 
GML in black sea bream. 
In gram-positive bacteria the lipoteichoic acid (LTA) pre

sent in the cell wall and acts as a ligand for Toll-like re
ceptor-2 (TLR-2), initiating a series of reactions involving 
cytokines such as tumor necrosis factor-1 (TNF-1) and in
terleukin-1 (IL-1).30 In black sea bream, GML supplementa
tion was observed to enhance IL-1, TNF-1, and transform
ing growth factor (TGF). Existing literature indicates that 
diverse fish species can have their expression of proinflam
matory cytokines, including IL-1, TNF-1, and TGF, effec
tively modulated by various diets.31 The study also noted 
an increase in proinflammatory cytokine genes expression 
like IL-1, TGF, and TNF-1 with probiotic supplementation. 
In our research, GML supplementation led to a significant 
upregulation of the anti-inflammatory cytokines IL-1, TGF, 
and TNF-1. Other studies have reported a relatively higher 
pro-inflammatory cytokine genes expression in tilapia 
post-feeding.32 Supporting this, tilapia exhibited an upreg
ulation of IL-1 and TNF-1 gene expression, resulting in in
creased disease resistance.33 The observed upregulation of 
IL-1 gene expression following GML supplementation also 
suggests effective anti-inflammatory signaling. 
This assertion is supported by a study that noted the 

upregulation of interleukin-1 (IL-1) in the intestine of O. 
niloticus due to feeding.34 Accordingly, our findings, which 
revealed significant increases in serum lipopolysaccharide 
(LPS) concentration and pro-inflammatory cytokines IL-1, 
transforming growth factor (TGF), and tumor necrosis fac
tor-1 (TNF-1) in the GML group (Fig. 2 & 3), suggest that 
GML induces a notable state of systemic low-grade inflam
mation. 
Cholecystokinin (CCK) plays a crucial role in regulating 

digestion and serves as a key factor in controlling appetite, 
contributing to the conclusion of meals in vertebrates. In 
the current investigation, there was a significant increase 
in CCK, aligning with earlier observations in the hindgut of 
ballan wrasse.35 

Claudins, integral membrane proteins located in tight 
junctions of epithelial and endothelial tissues, play a cru
cial role in barrier function and inflammation regulation. In 
our study, CLDN-1 exhibited a significant increase, aligning 
with observations in a Northern American cohort.36 

Extensive research has been conducted on caspase-3 
genes in vertebrates, but the understanding of caspase 
functions in aquatic animals is still limited.37 The Caspase 
3 family is recognized as a crucial immune gene in both ver
tebrates and invertebrates.38 However, due to the intrica
cies of fish tissue, a comprehensive understanding of how 
factors influencing apoptotic stimuli participate in apop
tosis activation and affect mitochondrial mechanisms dur
ing postmortem fish storage remains elusive. Despite the 
thorough examination of the structure, characteristics, and 
functions of caspase-3 in various species, there is a scarcity 
of information regarding its role in oysters.38 This study 
unveiled an elevation in Caspase-3 levels with a GML-sup

plemented diet, consistent with similar findings in Eriocheir 
sinensis.39 

GPR41, a G protein-coupled receptor (GPCR) found in 
mammals, is present in various human tissues such as pe
ripheral blood mononuclear cells, adipocytes, and colon ep
ithelial cells. The elevated expression of GPR41 in GML-
supplemented groups suggests its potential significance in 
the intestine. Additionally, GPR41 has been identified in 
adipose tissue in mice and shown to stimulate leptin secre
tion.40 

In animals, the villi of the intestine assume a crucial role 
in the digestion and absorption of food materials, concur
rently fostering organismal immunity by providing a habi
tat for microbiota.41 It consists of epithelial cells that aid in 
the processes of digestion and absorption, with goblet cells 
generating mucus to safeguard underlying layers and pro
vide lubrication for food materials. Intestinal integrity can 
be enhanced by dietary supplements like soybean meal,42 

and studies suggest that medium-chain fatty acids (MC
FAs), such as lauric acid, can serve as direct sources of en
ergy for enterocytes.23 The current research is consistent 
with earlier results, suggesting that GML has a beneficial 
impact on the structural features of the intestinal mucosa 
in juvenile black sea bream. Comparable outcomes were ob
served in swine using MCFAs, where an increase in villi 
length in the small intestine, accompanied by reduced crypt 
depth and intraepithelial lymphocytes, was noted by Di
erick et al.7 Furthermore, Hanczakowska, Szewczyk, and 
Okon43 reported that caprylic and capric acids, either pro
vided individually or in combination, significantly en
hanced piglet body weight and improved villus height. 
The dynamic community within the intestines of fish 

consists of aerobic, partially anaerobic, and anaerobic bac
teria, creating a unique and ever-changing environment 
known as the “island” microbiota. It is essential to preserve 
a harmonious intestinal microecology to support the opti
mal growth of fish, and achieving this balance depends on 
a diverse range of beneficial bacteria in the intestines. GML 
demonstrates a significant antibacterial impact, playing a 
role in stabilizing the balance of the animals’ intestinal mi
crobiota.44 

In this investigation, the alpha diversity indices (Simp
son, Shannon, Chao1, and Observed species) of the black 
sea bream’s intestinal microbiota remained unaffected sig
nificantly. This suggests that the inclusion of GML did not 
exert a substantial influence on the overall diversity and 
richness of the microbiota. Nevertheless, when integrated 
into a high-lipid diet, the addition of GML resulted in a 
noteworthy augmentation of intestinal Shannon diversity 
in black sea bream. It is noteworthy that the reported sig
nificant impacts of GML in previous studies may have been 
influenced by nutrient manipulation, as demonstrated in 
the results of.45 Nevertheless, the GML groups in our study 
exhibited significantly higher abundance levels of Pro
teobacteria, Cyanobacteria, Firmicutes, Actinobacteria, and 
Spirochaetes at the phylum level, indicating the capacity 
of GML to modify the microbiota composition at this taxo
nomic level. At the phylum level, the predominant intesti
nal microbiota in juvenile T. ovatus consisted mainly of Pro
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teobacteria, aligning with previous research findings.46 Key 
beneficial microflora, including Proteobacteria, Firmicutes, 
and Bacteroidetes, are recognized for supplying external 
digestive enzymes. These enzymes aid in breaking down 
food into smaller molecules, ultimately improving absorp
tion and utilization in the fish gut.47 As highlighted by,48 

up to 90% of the intestinal microbiota phyla in various fish 
species consist of Proteobacteria, Cyanobacteria, and Fir
micutes. These phyla, including Bacteroidetes, Actinobac
teria, and Verrucomicrobia, were among the top 8 phyla ob
served in black sea bream across all groups in our study. 
Prior investigations into the intestinal microbiota of black 
sea bream have consistently identified Proteobacteria, 
Cyanobacteria, Firmicutes, and Actinobacteria as dominant 
phyla,45,49 a pattern comparable to the top phyla observed 
in the control group in the present study. The higher abun
dance of Cyanobacteria and Spirochaetes in GML groups 
may indicate favorable conditions for their proliferation, 
contributing to a balanced microbiota diversity. While 
Spirochaetes were also identified as part of the dominant 
phyla in black sea bream by,49 their implications remain 
uncertain due to a lack of literature on the presence of this 
bacterial phylum in fish intestines. However, in our study, 
Proteobacteria, Cyanobacteria, Firmicutes, and Actinobac
teria exhibited increased abundance in the treated groups 
compared to the control group. The higher abundance of 
Cyanobacteria and Spirochaetes in treated groups may have 
found the conditions created to be more favorable, war
ranting further studies to elucidate the significance of these 
bacterial phyla in fish intestinal microbiota. Our findings 
align with previous research in fish species, where Pro
teobacteria and Firmicutes were reported as the most dom
inant microbes in the fish gut, independent of the diet.50 

The predominant phylum, Firmicutes, constituting approx
imately 70%, represents a transient microbial community 
in the distal section of the intestine.50 These bacteria are 
recognized as beneficial and are commonly employed as 
probiotics for vertebrates, particularly fish. In the present 
study, the addition of 0.04% GML was sufficient to aug
ment the gut microbiota in the intestinal region of black 
sea bream, thereby promoting the proliferation of Firmi
cutes. Diets rich in plant materials are often associated with 
elevated levels of gut microbiota.50 Our findings indicate 
that dietary supplementation of GML led to a substantial 
increase in gut microbiota compared to the control diet, 
aligning with similar results reported by.23 

However, in the present study, Oxyphotobacteria, Bac
teroidia, Holophagae, and Negativicutes exhibited signifi
cantly higher abundance than the control group, indicating 
the capacity of GML to modulate the microbiota at the 
class level. The elevated number of Gammaproteobacteria 
suggests the utilization of plant-based diets and their in
volvement in cellulose degradation. The impact of the in
creased abundance of unclassified Oxyphotobacteria in the 
GML supplemented diet-fed fish remains unclear, primarily 
due to the lack of literature on its presence in fish. However, 
this class of Cyanobacteria is known to conduct oxygenic 
photosynthesis and has been detected in the microbiota of 
pig feces.51 

Among the top 20 genera identified in the intestinal mi
crobiota in this study, seven were significantly influenced 
by dietary interventions. Pseudomonas, Brevundimonas, and 
Novosphingobium were previously reported by45 as domi
nant genera in the intestinal microbiota of black sea bream. 
Conversely, the study by49 did not identify these genera as 
predominant in the same species. Remarkably, despite the 
observed pathogenic tendencies in certain Spirochaetes,52 

the notably elevated presence of Brevinema (a Spirochaete) 
in the GML group cannot be attributed to pathogenicity, 
given the absence of disease symptoms in the fish. Healthy 
surgeonfish have exhibited a significant abundance of 
Brevinema in their intestinal microbiota.53 Therefore, it can 
be inferred that the increased abundance of Brevinema in 
fish fed the GML-supplemented diet may have contributed 
to the enhancement of intestinal structure and the expres
sion of barrier protein genes. In our study, the abundance of 
Delftia in the intestines of fish from the GML-supplemented 
diet group could suggest that GML created favorable con
ditions for its proliferation. This finding aligns with pre
vious research indicating the presence of this Proteobac
teria genus in the intestines of various healthy fish, such 
as Atlantic salmon.54 Furthermore, additional studies are 
needed to substantiate this observation. Given the varied 
reports on intestinal microbiota composition and diversity, 
influenced by differences in the intestinal microbiome 
among various fish species and variations in rearing envi
ronments, reaching definitive conclusions about the impli
cations or impacts of specific microbes may be paradoxi
cal. This underscores the need for continuous research and 
meta-analysis in this field. 
Our results align with previous observations regarding 

the impact of Lauric acid treatment on the gut microbiota. 
Both factors, Lauric acid treatment and alterations in the 
gut microbiota, exert influences on host health and phys
iology, particularly in aspects such as metabolism and im
munological development.23 

CONCLUSION 

In essence, incorporating GML dietary supplementation 
into fish feed can markedly augment the liver immune in
dex and antioxidant capacity of juvenile black sea bream. 
Our present findings underscore the considerable utility 
of GML3, with the 0.04% concentration proving optimal 
in our investigation. Additionally, supplementing the diet 
with GML3 (0.04%) leads to an increase in different genes 
and notable enhancements in both intestinal mucosal in
tegrity and gut microbiota composition among juvenile 
black sea bream. Further elucidation of the precise mech
anisms underlying GML’s effects warrants molecular-based 
investigations into the intrinsic connections between regu
latory pathways and physiological functions. 

Effect of dietary glycerol monolaurate supplementation on gene expression, intestinal mucosa and microbi…

Israeli Journal of Aquaculture - Bamidgeh 25



ACKNOWLEDGMENTS 

This work was funded by the Key Research and Develop
ment Program of Ningbo, Grant Number: 2023Z113, and 
the Ministry of Science and Technology, China (Project 
No.:2020YFD0900801). We extend our gratitude to the 
China-Norwegian Joint Laboratory of Nutrition and Feed 
for Marine Fish situated on Xixuan Island in Zhoushan City, 
Zhejiang Province. Additionally, we thank the Key Lab of 
Mariculture and Breeding of Zhejiang Province for provid
ing the experimental rearing system and logistical support 
during the fish growth trial. 

AUTHOR CONTRIBUTIONS 

Conceptualization: Sami Ullah (Equal), Fengqin Feng 
(Equal), Nanhai Xiao (Equal), Minjie Zhao (Equal), Jinzhi 
Zhang (Equal), Qingjun Shao (Equal). Data curation: Sami 
Ullah (Equal), Fei Shen (Equal), Jiahong Jian (Equal), Far
man Ullah Dawar (Equal). Formal Analysis: Sami Ullah 
(Equal), Fei Shen (Equal), Nanhai Xiao (Equal), Jiahong Jian 
(Equal), Minjie Zhao (Equal), Farman Ullah Dawar (Equal), 
Jinzhi Zhang (Equal). Investigation: Sami Ullah (Equal), Fei 
Shen (Equal), Qingjun Shao (Equal). Methodology: Sami Ul
lah (Equal), Fengqin Feng (Equal), Qingjun Shao (Equal). 
Writing – original draft: Sami Ullah (Equal). Writing – re

view & editing: Sami Ullah (Equal), Fengqin Feng (Equal), 
Nanhai Xiao (Equal), Minjie Zhao (Equal), Farman Ullah 
Dawar (Equal), Jinzhi Zhang (Equal), Qingjun Shao (Equal). 
Supervision: Jinzhi Zhang (Equal), Qingjun Shao (Equal). 
Resources: Jinzhi Zhang (Equal), Qingjun Shao (Equal). 
Funding acquisition: Qingjun Shao (Lead). 

COMPETING INTERESTS 

The authors of this manuscript disclose the absence of any 
conflicts of interest. 

ETHICAL STATEMENT 

The experimental protocols employed in this investigation 
adhered to the Guidelines of the Care and Use of Laboratory 
Animals in China. Approval for the study was obtained from 
the Committee on the Ethics of Animal Experiments at 
Zhejiang University (Ethics code: ZJU20190052). Stringent 
measures were implemented to ensure the careful handling 
of all fish throughout the duration of the experiment. 

Submitted: August 30, 2024 CST. Accepted: October 08, 2024 
CST. Published: October 23, 2024 CST. 

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License 

(CCBY-4.0). View this license’s legal deed at http://creativecommons.org/licenses/by/4.0 and legal code at http://creativecom

mons.org/licenses/by/4.0/legalcode for more information. 

Effect of dietary glycerol monolaurate supplementation on gene expression, intestinal mucosa and microbi…

Israeli Journal of Aquaculture - Bamidgeh 26



REFERENCES 

1. FAO. The State of World Fisheries and Aquaculture, 
2024.; 2024. https://openknowledge.fao.org/handle/
20.500.14283/cd0683en 

2. Oviedo-Rondon EO. Holistic view of intestinal 
health in poultry. Animal Feed Science Technology. 
2019;250:1-8. doi:10.1016/j.anifeedsci.2019.01.009 

3. Zhang H, Ran C, Teame T, et al. Research progress 
on gut health of farmers teleost fish: a viewpoint 
concerning the intestinal mucosal barrier and the 
impact of its damage. 2020;30:569-586. doi:10.1007/
s11160-020-09614-y 

4. Llewellyn MS, Boutin S, Hoseinifar SH, Derome N. 
Teleost microbiomes: the state of the art in their 
characterization, manipulation and importance in 
aquaculture and fisheries. 2014;5:207. doi:10.3389/
fmicb.2014.00207 

5. Martin SA, Krol EJ. Nutrigenomics and immune 
function in fish: new insights from omics 
technologies. Developmental Comparative 
Immunology. 2017;75:86-98. doi:10.1016/
j.dci.2017.02.024 

6. Kuang Y, Wang Y, Zhang Y, et al. Effects of dietary 
combinations of organic acids and medium chain 
fatty acids as a replacement of zinc oxide on growth, 
digestibility and immunity of weaned pigs. Animal 
Feed Science and Technology. 2015;208:145-157. 
doi:10.1016/j.anifeedsci.2015.07.010 

7. Dierick N, Decuypere J, Degeyter I. The combined 
use of whole Cuphea seeds containing medium chain 
fatty acids and an exogenous lipase in piglet 
nutrition. Archives of Animal Nutrition. 
2003;57(1):49-63. doi:10.1080/0003942031000086626 

8. Rimoldi S, Gliozheni E, Ascione C, Gini E, Terova 
G. Effect of a specific composition of short-and 
medium-chain fatty acid 1-Monoglycerides on 
growth performances and gut microbiota of gilthead 
sea bream (Sparus aurata). 2018;6:e5355. 
doi:10.7717/peerj.5355 

9. Banerjee G, Ray AK. Bacterial symbiosis in the fish 
gut and its role in health and metabolism. 
2017;72:1-11. doi:10.1007/s13199-016-0441-8 

10. Jiang Z, Zhao M, Zhang H, Li Y, Liu M, Feng F. 
Antimicrobial emulsifier–glycerol monolaurate 
induces metabolic syndrome, gut microbiota 
dysbiosis, and systemic low-grade inflammation in 
low-fat diet fed mice. 2018;62(3):1700547. 
doi:10.1002/mnfr.201700547 

11. Fortuoso BF, Dos Reis JH, Gebert RR, et al. 
Glycerol monolaurate in the diet of broiler chickens 
replacing conventional antimicrobials: Impact on 
health, performance and meat quality. Microbial 
pathogenesis. 2019;129:161-167. doi:10.1016/
j.micpath.2019.02.005 

12. Chassaing B, Koren O, Goodrich J, et al. Dietary 
emulsifiers impact the mouse gut microbiota 
promoting colitis and metabolic syndrome. Nature. 
2015;519(7541):92-96. doi:10.1038/nature14232 

13. Mo Q, Fu A, Deng L, et al. High-dose Glycerol 
Monolaurate Up-Regulated Beneficial Indigenous 
Microbiota without Inducing Metabolic Dysfunction 
and Systemic Inflammation: New Insights into Its 
Antimicrobial Potential. Nutrients. 2019;11(9). 
doi:10.3390/nu11091981 

14. Takada R. Effects of dietary medium-and long-
chain triglycerides on the ileal digestibilities of 
amino acids in pigs. Anim Sci Technol Jpn. 
1994;65:432-436. doi:10.2508/chikusan.65.432 

15. Liu T, Tang J, Feng F. Glycerol monolaurate 
improves performance, intestinal development, and 
muscle amino acids in yellow-feathered broilers via 
manipulating gut microbiota. Applied Microbiology 
and Biotechnology. 2020;104:10279-10291. 
doi:10.1007/s00253-020-10919-y 

16. Wang Y, Abdullah Z, Zhong H, Wang J, Feng F. 
Dietary glycerol monolaurate improved the growth, 
activity of digestive enzymes and gut microbiota in 
zebrafish (Danio rerio). Aquaculture Reports. 
2021;20:100670. doi:10.1016/j.aqrep.2021.100670 

17. Wang Y, Chao W, Juan D, Li Yang, et al. Effects of 
glycerol monolaurate on growth, health and 
nutritional quality of Chinese soft-shelled turtle 
(Pelodiscus sinensis). Chin J Anim Nutr. 
2019;31:428-436. doi:10.1016/j.aqrep.2020.100535 

18. Jiang HQ. The Effect of Glycerol Monolaurate on 
Growth, Health and Food Quality of Cultured Large 
Yellow Croaker. Zhejiang University; 2021. 

19. Belghit I, Waagbø R, Lock EJ, Liland NS. Insect-
based diets high in lauric acid reduce liver lipids in 
freshwater Atlantic salmon. Aquaculture Nutrition. 
2019;25(2):343-357. doi:10.1111/anu.12860 

20. Zhou F, Shao J, Xu R, Ma J, Xu Z. Quantitative L-
lysine requirement of juvenile black sea bream 
(Sparus macrocephalus). Aquaculture Nutrition. 
2010;16(2):194-204. doi:10.1111/
j.1365-2095.2009.00651 

Effect of dietary glycerol monolaurate supplementation on gene expression, intestinal mucosa and microbi…

Israeli Journal of Aquaculture - Bamidgeh 27

https://openknowledge.fao.org/handle/20.500.14283/cd0683en
https://openknowledge.fao.org/handle/20.500.14283/cd0683en
https://doi.org/10.1016/j.anifeedsci.2019.01.009
https://doi.org/10.1007/s11160-020-09614-y
https://doi.org/10.1007/s11160-020-09614-y
https://doi.org/10.3389/fmicb.2014.00207
https://doi.org/10.3389/fmicb.2014.00207
https://doi.org/10.1016/j.dci.2017.02.024
https://doi.org/10.1016/j.dci.2017.02.024
https://doi.org/10.1016/j.anifeedsci.2015.07.010
https://doi.org/10.1080/0003942031000086626
https://doi.org/10.7717/peerj.5355
https://doi.org/10.1007/s13199-016-0441-8
https://doi.org/10.1002/mnfr.201700547
https://doi.org/10.1016/j.micpath.2019.02.005
https://doi.org/10.1016/j.micpath.2019.02.005
https://doi.org/10.1038/nature14232
https://doi.org/10.3390/nu11091981
https://doi.org/10.2508/chikusan.65.432
https://doi.org/10.1007/s00253-020-10919-y
https://doi.org/10.1016/j.aqrep.2021.100670
https://doi.org/10.1016/j.aqrep.2020.100535
https://doi.org/10.1111/anu.12860
https://doi.org/10.1111/j.1365-2095.2009.00651
https://doi.org/10.1111/j.1365-2095.2009.00651


21. Zhou F, Xiong W, Xiao JX, et al. Optimum 
arginine requirement of juvenile black sea bream, 
Sparus macrocephalus. Aquaculture Research. 
2010;41(10):e418-e430. doi:10.1111/
j.1365-2109.2009.02474.x 

22. Bureau D, Harris A, Cho C. Apparent digestibility 
of rendered animal protein ingredients for rainbow 
trout (Oncorhynchus mykiss). Aquaculture. 
1999;180(3-4):345-358. doi:10.1016/
S0044-8486(99)00210-0 

23. Ullah S, Zhang J, Xu B, et al. Effect of dietary 
supplementation of lauric acid on growth 
performance, antioxidative capacity, intestinal 
development and gut microbiota on black sea bream 
(Acanthopagrus schlegelii). 2022;17(1):e0262427. 
doi:10.1371/journalpone.0262427 

24. Anang D, Rusul G, Bakar J, Ling FH. Effects of 
lactic acid and lauricidin on the survival of Listeria 
monocytogenes, Salmonella enteritidis and Escherichia 
coli O157: H7 in chicken breast stored at 4 C. Food 
Control. 2007;18(8):961-969. doi:10.1016/
j.foodcont.2006.05.015 

25. Zhang J, Zhou F, Wang L l., Shao Q, Xu Z, Xu J. 
Dietary protein requirement of juvenile black sea 
bream, Sparus macrocephalus. Journal of the World 
Aquaculture Society. 2010;41:151-164. doi:10.1111/
j.1749-7345.2010.00356.x 

26. Tezcan F, Gültekin-Özgüven M, Diken T, Ozcelik 
B, Erim FB. Antioxidant activity and total phenolic, 
organic acid and sugar content in commercial 
pomegranate juices. Food chemistry. 
2009;115(3):873-877. doi:10.1016/
j.foodchem.2008.12.103 

27. Seneviratne KN, Sudarshana Dissanayake DM. 
Variation of phenolic content in coconut oil extracted 
by two conventional methods. International journal of 
food science & technology. 2008;43(4):597-602. 
doi:10.1111/j.1365-2621.2006.01493.x 

28. Le Roith D, Bondy C, Yakar S, Liu JL, Butler A. The 
somatomedin hypothesis: 2001. 2001;22(1):53-74. 
doi:10.1210/edrv.22.1.0419 

29. Clemmons DR. Use of mutagenesis to probe IGF-
binding protein structure/function relationships. 
2001;22(6):800-817. doi:10.1210/edrv.22.6.0449 

30. Abid A, Davies SJ, Waines P, et al. Dietary 
synbiotic application modulates Atlantic salmon 
(Salmo salar) intestinal microbial communities and 
intestinal immunity. 2013;35(6):1948-1956. 
doi:10.1016/j.fsi.2013.09.039 

31. Lazado CC, Caipang CMA. Mucosal immunity and 
probiotics in fish. shellfish immunology. 
2014;39(1):78-89. doi:10.1016/j.fsi.2014.04.015 

32. Liu W, Ren P, He S, et al. Comparison of adhesive 
gut bacteria composition, immunity, and disease 
resistance in juvenile hybrid tilapia fed two different 
Lactobacillus strains. 2013;35(1):54-62. doi:10.1016/
j.fsi.2013.04.010 

33. Selim KM, Reda RM. Improvement of immunity 
and disease resistance in the Nile tilapia, Oreochromis 
niloticus, by dietary supplementation with Bacillus 
amyloliquefaciens. shellfish immunology. 
2015;44(2):496-503. doi:10.1016/j.fsi.2015.03.004 

34. Standen BT, Peggs DL, Rawling MD, et al. Dietary 
administration of a commercial mixed-species 
probiotic improves growth performance and 
modulates the intestinal immunity of tilapia, 
Oreochromis niloticus. Fish and Shellfish Immunology. 
2016;49:427-435. doi:10.1016/j.fsi.2015.11.037 

35. Lie KK, Torresen OK, Solbakken MH, et al. Loss of 
stomach, loss of appetite? Sequencing of the ballan 
wrasse (Labrus bergylta) genome and intestinal 
transcriptomic profiling illuminate the evolution of 
loss of stomach function in fish. 2018;19(1):1-17. 
doi:10.1186/s12864-018-4570-8 

36. De Benedetto A, Rafaels NM, McGirt LY, et al. 
Tight junction defects in patients with atopic 
dermatitis. 2011;127(3):773-786.e777. doi:10.1016/
j.jaci.2010.10.018 

37. Park HH, Lo YC, Lin SC, Wang L, Yang JK, Wu H. 
The death domain superfamily in intracellular 
signaling of apoptosis and inflammation. 
2007;25:561-586. doi:10.1146/
annurev.immunol.25.022106.141656 

38. Xu J, Jiang S, Li Y, et al. Caspase-3 serves as an 
intracellular immune receptor specific for 
lipopolysaccharide in oyster Crassostrea gigas. 
2016;61:1-12. doi:10.1016/j.dci.2016.03.015 

39. Wu MH, Jin XK, Yu AQ, et al. Caspase-mediated 
apoptosis in crustaceans: cloning and functional 
characterization of EsCaspase-3-like protein from 
Eriocheir sinensis. 2014;41(2):625-632. doi:10.1016/
j.fsi.2014.10.017 

40. Xiong Y, Miyamoto N, Shibata K, et al. Short-
chain fatty acids stimulate leptin production in 
adipocytes through the G protein-coupled receptor 
GPR41. 2004;101(4):1045-1050. doi:10.1073/
pnas.2637002100 

Effect of dietary glycerol monolaurate supplementation on gene expression, intestinal mucosa and microbi…

Israeli Journal of Aquaculture - Bamidgeh 28

https://doi.org/10.1111/j.1365-2109.2009.02474.x
https://doi.org/10.1111/j.1365-2109.2009.02474.x
https://doi.org/10.1016/S0044-8486(99)00210-0
https://doi.org/10.1016/S0044-8486(99)00210-0
https://doi.org/10.1371/journalpone.0262427
https://doi.org/10.1016/j.foodcont.2006.05.015
https://doi.org/10.1016/j.foodcont.2006.05.015
https://doi.org/10.1111/j.1749-7345.2010.00356.x
https://doi.org/10.1111/j.1749-7345.2010.00356.x
https://doi.org/10.1016/j.foodchem.2008.12.103
https://doi.org/10.1016/j.foodchem.2008.12.103
https://doi.org/10.1111/j.1365-2621.2006.01493.x
https://doi.org/10.1210/edrv.22.1.0419
https://doi.org/10.1210/edrv.22.6.0449
https://doi.org/10.1016/j.fsi.2013.09.039
https://doi.org/10.1016/j.fsi.2014.04.015
https://doi.org/10.1016/j.fsi.2013.04.010
https://doi.org/10.1016/j.fsi.2013.04.010
https://doi.org/10.1016/j.fsi.2015.03.004
https://doi.org/10.1016/j.fsi.2015.11.037
https://doi.org/10.1186/s12864-018-4570-8
https://doi.org/10.1016/j.jaci.2010.10.018
https://doi.org/10.1016/j.jaci.2010.10.018
https://doi.org/10.1146/annurev.immunol.25.022106.141656
https://doi.org/10.1146/annurev.immunol.25.022106.141656
https://doi.org/10.1016/j.dci.2016.03.015
https://doi.org/10.1016/j.fsi.2014.10.017
https://doi.org/10.1016/j.fsi.2014.10.017
https://doi.org/10.1073/pnas.2637002100
https://doi.org/10.1073/pnas.2637002100


41. Cera KR, Mahan DC, Cross RF, Reinhart GA, 
Whitmoyer RE. Effect of age, weaning and 
postweaning diet on small intestinal growth and 
jejunal morphology in young swine. 
1988;66(2):574-584. doi:10.2527/jas1988.662574x 

42. Volatiana JA, Sagada G, Xu B, Zhang J, Ng WK, 
Shao Q. Effects of butyrate glycerides 
supplementation in high soybean meal diet on 
growth performance, intestinal morphology and 
antioxidative status of juvenile black sea bream, 
Acanthopagrus schlegelii. 2020;26(1):15-25. 
doi:10.1111/anu.12984 

43. Hanczakowska E, Szewczyk A, Okon K. Effects of 
dietary caprylic and capric acids on piglet 
performance and mucosal epithelium structure of the 
ileum. J Anim Feed Sci. 2011;20:556-565. doi:10.1093/
ajcn/36.5.950 

44. Bergsson G, Steingrı́msson Ó, Thormar H. 
Bactericidal effects of fatty acids and monoglycerides 
on Helicobacter pylori. 2002;20(4):258-262. 
doi:10.1016/S0924-8579(02)00205-4 

45. Wang L, Sagada G, Xu B, Zhang J, Shao Q. 
Influence of dietary berberine on liver immune 
response and intestinal health of Black Sea bream 
(Acanthopagrus schlegelii) fed with normal and high-
lipid diets. Published online 2022:1-15. doi:10.1155/
2022/6285266 

46. Kormas KA, Meziti A, Mente E, Frentzos AJM. 
Dietary differences are reflected on the gut 
prokaryotic community structure of wild and 
commercially reared sea bream (Sparus aurata). 
2014;3(5):718-728. doi:10.1002/mbo3.202 

47. Ray AK, Ghosh K, Ringo E. Enzyme-producing 
bacteria isolated from fish gut: a review. 
2012;18(5):465-492. doi:10.1111/
j.1365-2095.2012.00943.x 

48. Ghanbari M, Kneifel W, Domig KJ. A new view of 
the fish gut microbiome: advances from next-
generation sequencing. 2015;448:464-475. 
doi:10.1016/j.aquaculture.2015.06.033 

49. Zhang C, Zheng X, Ren X, Li Y, Wang Y. Bacterial 
diversity in gut of large yellow croaker Larimichthys 
crocea and black sea bream Sparus macrocephalus 
reared in an inshore net pen. 2019;85:1027-1036. 
doi:10.1007/s12562-019-01349-5 

50. Estruch G, Collado MC, Peñaranda DS, et al. 
Impact of fishmeal replacement in diets for gilthead 
sea bream (Sparus aurata) on the gastrointestinal 
microbiota determined by pyrosequencing the 16S 
rRNA gene. 2015;10(8):e0136389. doi:10.1371/
journal.pone.0136389 

51. Spring S, Premathilake H, Bradway C, et al. Effect 
of very low-protein diets supplemented with 
branched-chain amino acids on energy balance, 
plasma metabolomics and fecal microbiome of pigs. 
2020;10(1):15859. doi:10.1038/s41598-020-72816-8 

52. Raffel SJ, Williamson BN, Schwan TG, Gherardini 
FC. Colony formation in solid medium by the 
relapsing fever spirochetes Borrelia hermsii and 
Borrelia turicatae. 2018;9(2):281-287. doi:10.1016/
j.ttbdis.2017.11.001 

53. Parata L, Nielsen S, Xing X, Thomas T, Egan S, 
Vergés A. Age, gut location and diet impact the gut 
microbiome of a tropical herbivorous surgeonfish. 
2020;96(1):fiz179. doi:10.1093/femsec/fiz179 

54. Gajardo K, Rodiles A, Kortner TM, et al. A high-
resolution map of the gut microbiota in Atlantic 
salmon (Salmo salar): a basis for comparative gut 
microbial research. 2016;6(1):30893. doi:10.1038/
srep30893 

Effect of dietary glycerol monolaurate supplementation on gene expression, intestinal mucosa and microbi…

Israeli Journal of Aquaculture - Bamidgeh 29

https://doi.org/10.2527/jas1988.662574x
https://doi.org/10.1111/anu.12984
https://doi.org/10.1093/ajcn/36.5.950
https://doi.org/10.1093/ajcn/36.5.950
https://doi.org/10.1016/S0924-8579(02)00205-4
https://doi.org/10.1155/2022/6285266
https://doi.org/10.1155/2022/6285266
https://doi.org/10.1002/mbo3.202
https://doi.org/10.1111/j.1365-2095.2012.00943.x
https://doi.org/10.1111/j.1365-2095.2012.00943.x
https://doi.org/10.1016/j.aquaculture.2015.06.033
https://doi.org/10.1007/s12562-019-01349-5
https://doi.org/10.1371/journal.pone.0136389
https://doi.org/10.1371/journal.pone.0136389
https://doi.org/10.1038/s41598-020-72816-8
https://doi.org/10.1016/j.ttbdis.2017.11.001
https://doi.org/10.1016/j.ttbdis.2017.11.001
https://doi.org/10.1093/femsec/fiz179
https://doi.org/10.1038/srep30893
https://doi.org/10.1038/srep30893

	Effect of dietary glycerol monolaurate supplementation on gene expression, intestinal mucosa and microbiota of juvenile black sea bream (Acanthopagrus schlegelii).
	Introduction
	Materials and Methods
	Formulation of experimental diets and analyzing their composition
	Animal husbandry, experimental site and conditions
	Samples collection
	Biochemical parameters
	Intestinal histology
	Application of scanning electron microscopy (SEM) for microstructural analysis

	Analysis of gene expression patterns
	Isolation of RNA and cDNA synthesis procedure
	PCR reaction
	Analysis of microbial community composition

	Statistical examination and analysis

	Results
	Biochemical, immune and antioxidant indicators in the liver
	Gene expression in liver
	Intestinal gene expression
	Intestine histological structure
	Examining the composition and relative abundance of the microbiota community
	Summary of sequencing data of intestinal microbiota
	Alpha diversity and coverage estimate of intestinal microbiota
	Phylum level
	Class level
	Genus level


	Discussion
	Conclusion
	Acknowledgments
	Author contributions
	Competing Interests
	Ethical Statement

	References


