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Effects of dietary guar gum with
different viscosity on growth
performance and intestinal
health in pearl gentian grouper
(Epinephelus fuscoguttatus®Q

X E. lanceolatusg3)

Lulu Zhu, Shuyan Chi, Shuang Zhang, Shiwei Xie,
Beiping Tan and Junming Deng*

College of Fisheries, Guangdong Ocean University, Zhanjiang, China

The study aimed to evaluate the impact of guar gum (GG) with different viscosity
on growth rate and gut health of pearl gentian grouper (Epinephelus
fuscoguttatusQ X E. lanceolatusg). Juvenile groupers (6.66 + 0.08 g) were
reared for 10 weeks and fed four different diets: three containing 8% GG with
low, medium, and high viscosity (designated as GGL, GGM, and GGH,
respectively), and a control diet, in which 8% GG was replaced with 8%
cellulose. The results indicated that at an 8% inclusion level, all three viscosities
of GG significantly reduced both growth rate and feed utilization, with the lowest
values observed in the GGH group. Similarly, dietary inclusion of GG with various
viscosity decreased the intestinal activities of lipase, alkaline phosphatase and
lysozyme as well as the content of immunoglobulin M, increased the plasma
diamine oxidase activity and endothelin-1 level. Additionally, dietary GG inclusion
regardless of viscosity up-regulated the relative expressions of intestinal
proinflammatory cytokines, while down-regulated the relative expressions of
intestinal anti-inflammatory cytokines and tight junction proteins. Notably,
dietary inclusion of 8% GGH decreased intestinal villus length and total
antioxidant capacity but increased intestinal malondialdehyde and secretory
immunoglobulin T contents. Dietary GG supplementation reduced the o-
diversity of the intestinal microbiota and decreased the relative abundance of
Proteobacteria and Firmicutes, while increasing the relative abundance of
Fusobacteriota, particularly Cetobacterium. This shift in microbial composition
was associated with decreased levels of acetic and valeric acids but increased
levels of caproic and isovaleric acids. These findings indicated that when using
GG as a feed binder, it is important to consider its viscosity, as excessively high
viscosity may negatively impact growth rate and intestinal health.
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1 Introduction

Guar gum (GG), a viscous non-starch polysaccharides (NSPs)
rich in galactomannan and derived from Cyamopsis tetragonolobus,
is widely utilized in various industries due to its exceptional binding
and thickening properties, making it a promising candidate for
applications in food manufacturing and aquaculture (Tahmouzi
et al., 2023). In mammals, GG has been extensively studied for its
health benefits, including reductions in blood glucose level,
cholesterol-lowering effect, modulation of gut microbiota, and
alleviation of constipation (Owusu-Asiedu et al., 2006; Gee et al.,
1983; Fu et al,, 2019). Similarly, in fish, GG has shown potential to
mitigate liver damage induced by high-fat diets and reduce
endogenous glucose production (Enes et al, 2013; Zhao et al,
2024). Beyond its physiological benefits, GG is also valued in
aquaculture for its ability to enhance feed quality by improving
water stability, reducing nutrient leaching, and enhancing fecal
stability, thereby minimizing water pollution and positioning it as
an effective feed binder (Amirkolaie et al., 2005; Brinker, 2009).

However, as GG is added to feed, its inherent viscosity increases
and liquidity decreases, which has been correlated with reduced
nutrient digestibility in several fish species (Storebakken, 1985;
Leenhouwers et al., 2006; Tu-Tran et al., 2020). Elevated dietary
viscosity can impair nutrient absorption by altering the rheological
properties of intestinal digesta, slowing down enzymatic hydrolysis,
and reducing the diffusion of nutrients across the intestinal
epithelium (Adebowale et al., 2019; Liu et al., 2022a; Jang et al,,
2024). Furthermore, high-viscosity diets may disrupt gut motility
and microbial fermentation dynamics, potentially leading to
suboptimal growth performance and compromised intestinal
health (White et al., 2021; Liu et al., 2022b; Perera et al., 2022).
Despite these concerns, previous researches in fish have primarily
focused on the effects of GG at varying inclusion level on the growth
performance across species, limited research has investigated how
the viscosity of GG influences fish growth and nutrient absorption
(Storebakken, 1985; Amirkolaie et al., 2005; Leenhouwers et al.,
2006; Enes et al.,, 2013; Gao et al., 2019; Zhao et al., 2024).
Furthermore, existing studies have demonstrated that GG exhibits
higher viscosity in seawater than in freshwater, attributed to its ion-
binding properties (Wang et al., 2015). Nonetheless, there is a
significant gap in research regarding the effects of GG on marine
fish species.

Grouper (Epinephelus spp.), a high-value marine fish prized for
its superior meat quality, has witnessed a remarkable increase in
aquaculture production. Driven by escalating market demand and
advancements in farming technology, the worldwide output of
grouper has increased thirtyfold over the past 20 years since the
21st century (FAO, 2022). China has consistently been at the
forefront of global grouper production, with the pearl gentian
grouper (Epinephelus fuscoguttatus@ x E. lanceolatus3) emerging
as the most significant cultured species for its rapid growth, high
salinity tolerance, and robust disease resistance. In contrast to
freshwater fish, groupers must continuously ingest seawater to
maintain osmotic balance, which considerably affects the
composition and viscosity of their intestinal contents. The gut, as
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the essential interface with the external environment, is crucial for
preserving fish health by both facilitating nutrient digestion and
absorption and defending against environmental toxins and
pathogens (Su et al, 2020; Long et al.,, 2023; Liu et al, 2024).
Furthermore, the intestinal microbiota further enhances fish health
by aiding assimilation, modulating the immune system, and
producing beneficial metabolites that improve resilience to
diseases (Rajoka et al, 2021; Yu et al, 2024). Consequently,
understanding the impact of GG viscosity in diets on intestinal
health in groupers is of paramount importance. This study aims to
explore the effects of GG, as a potential feed adhesive, on the growth
and intestinal health of groupers, with a particular focus on how its
varying viscosity influences these outcomes. The findings will
provides foundational insights into how viscosity impacts
intestinal health in fish, offering valuable information for the
development of feed adhesives and their application in aquaculture.

2 Materials and methods

2.1 Diets

Fish meal, chicken meal, soy isolate protein, and corn gluten
meal were utilized as the primary protein sources, with soybean oil
and fish oil serving as the lipid sources (Table 1). Four diets were
formulated to be isoproteic and isolipidic, where the control diet
used cellulose and wheat starch as carbohydrate sources, and 8%
GG with low viscosity (GGL, 2500 mPa-s), middle viscosity (GGM,
5200 mPa-s), or high viscosity (GGH, 6000 mPa-s) respectively
replaced cellulose in the other three diets. The guar gum with
different viscosity was purchased from Guangrao Liuhe Chemical
Co., Ltd. (Guangrao, China).

2.2 Experimental animals and conditions

360 young fish (6.66 + 0.08 g) were randomly assigned into 12
fiberglass tanks (0.5 m?), with 30 fish per tank, at the Marine
Biological Research Base of Guangdong Ocean University
(Zhanjiang, China) for feeding trial. Each diet was fed to three
tanks, and the groupers were fed until they appeared satiated at
08:30 and 16:30 for 10 weeks, with water temperature maintained at
26-30°C and salinity at 27-30%o throughout the trial. In compliance
with the Experimental Animal Management Law of China, all
animal experiments were approved by the Animal Ethics
Committee of Guangdong Ocean University.

2.3 Sampling

After the feeding trial, the groupers were starved for 24 hours.
Prior to sampling, all groupers were anesthetized with a diluted
eugenol solution (1:12000; Reagent, China), then counted and
weighed. Blood was collected from the caudal vein and
transferred to Eppendorf (EP) tubes. The samples were then
centrifuged at 3500 rpm for 10 minutes, and the supernatant was
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TABLE 1 Ingredient composition and nutrient content of
experimental diets.

Ingredients (%) C GGL GGM GGH
Fish meal 46.00 46.00 46.00 46.00
Soy protein isolate 10.00 10.00 10.00 10.00
Corn gluten meal 4.00 4.00 4.00 4.00
Chicken meal 10.00 10.00 10.00 10.00
Soybean oil 4.50 4.50 4.50 4.50
Fish oil 0.20 0.20 0.20 0.20
Soy lecithin 1.50 1.50 1.50 1.50
Vitamin and mineral premix® 1.00 1.00 1.00 1.00
Wheat starch 13.00 13.00 13.00 13.00
Cellulose 8.00

Guar gum with low viscosity - 8.00

Guar gum with middle viscosity = - - 8.00

Guar gum with high viscosity - - - 8.00
Ca(H,PO,), 123 123 1.23 123
Choline chloride 0.50 0.50 0.50 0.50
Y,0; 0.05 0.05 0.05 0.05
Vitamin C 0.02 0.02 0.02 0.02
Proximate composition

Dry matter (% DM) b 89.91 89.26 89.88 89.78
Crude protein (% DM) b 49.42 49.67 49.30 49.76
Crude lipid (% DM) b 12.16 12,51 12.33 12.02
Ash (% DM) o 11.41 11.48 11.42 11.25
Viscosity (mPa-s) b 2.1 188.7 273.8 334.0

“Vitamin and mineral premix (g/kg mixture): ascorbic acid, 10.01 g riboflavin, 0.88 g
thiamine, 0.33 g; pyridoxine, 0.73 g; cyanocobalamin, 0.001 g; vitamin Bo, 0.07 g; vitamin B,
0.003 g; vitamin Bs, 1.64 g; vitamin Bj, 2.89 g; CoCl-6H,0, 0.14 g; MnSO,-7H,0, 31.56 g; Ca
(I05),, 0.42 g; FeSO,4-7H,0, 52.87 g; ZnSO,-7H,0, 43.15 g; MgSO,-H,0, 44.65 g; Na,SeOs,
0.11 g; H5CICu,0s5, 0.65 g.

Values are based on actual measurements.

collected as plasma. The plasma samples were stored at -80°C for
subsequent biochemical analyses. Intestinal tissues from four
groupers per tank were separated, frozen in liquid nitrogen, and
transferred to a -80°C freezer for antioxidant parameter and other
analyses. Two groupers were randomly selected from each tank, and
their hindgut were collected for histological preparation. For each
fish, two types of sections were prepared: one portion of the hindgut
was fixed in 2.5% glutaraldehyde for transmission electron
microscopy (TEM) analysis, while the other portion was fixed in
4% paraformaldehyde for hematoxylin and eosin (H&E) staining.
This approach ensured that two distinct types of histological
sections were obtained from each individual fish. Hindgut
contents from eight fish per tank were randomly collected in
collection tubes (with each tube containing contents from four
fish), rapidly cryopreserved in liquid nitrogen, and kept at -80°C for
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intestinal microbiota profiling; and intestine tissues were collected
in collection tubes, rapidly cryopreserved in liquid nitrogen, and
kept at -80°C for enzyme activities and qPCR analysis.

2.4 Growth performance analysis

On the basis of the recorded data, the indexes for the assessment
of growth performance including WGR, DGC, SR, PER, and FCR
were calculated as follows:

(Final body weight — Initial body weight) o

WGR (%) = 100
(%) Initial body weight
DGC (% d™) = (y/Final body weight — +/Initial body weight) 100
Days
SR(%) = Final fish number « 100
°’” TInitial fish number
PER (%) = (Final body weight - .Initial body weight) « 100
Protein intake
FCR Feed intake

" (Final body weight — Initial body weight)

2.5 Enzymatic and other
biochemical parameters

Tissue homogenate was prepared as described by Chen et al.
(2024), the contents of total protein, malondialdehyde (MDA) and
glutathione (GSH) as well as the activities of trypsin, lipase, amylase,
creatine kinase, alkaline phosphatase (AKP), catalase, and superoxide
dismutase (SOD) were determined by commercial kits (Nanjing
Jiancheng, China; Cat# A045-2-2, A003-1-2, A006-2-1, C016-1-1,
A054-2-1, A080-2-2, A059-2-2, A032-1-1, A007-1-1, A001-3-2)
adhering to instructions. The plasma lipopolysaccharide (LPS),
endothelin-1 (ET1) and D-lactic acid (D-LA) contents as well as
glutathione peroxidase (GPX), diamine oxidase (DAO) activity, and
intestinal mucoprotein 2 (MUC2), secretory immunoglobulin T
(sIgT), immunoglobulin M (IgM), and polymeric immunoglobulin
receptor (pIgR) levels, as well as lysozyme (LYS), histone deacetylase
(HDAC), Na'/K" ATPase, and Ca2+/Mg2 * ATPase activities were
measured by commercial ELISA kits (Shanghai Enzyme-Link, China;
Cat# YJ232256, YJ955101, YJ511201, YJ987714, YJ113425, YJ955010,
YJ295636, YJ204791, YJ405356, YJ652391, YJ290715, Y]J296520,
YJ955010) following instructions.

2.6 Inspection of tissue morphology
Formalin-fixed intestinal tissue was paraffin-embedded and

stained with H&E for microscopic observation (Nikon DS-U3,
Japan). Villus height and width were measured from eight
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random villi, and muscularis thickness was measured at eight evenly
distributed points on the intestinal cross-section, and then the
average values were calculated. For ultrastructure, tissue was fixed
in glutaraldehyde, post-fixed in osmium tetroxide, dehydrated, and
embedded in resin. Sections were stained with uranyl acetate and
lead citrate, and observed under a transmission electron microscope
(Hitachi HT760, Japan).

2.7 Real-time quantitative PCR

Total RNA was extracted from intestinal tissue using a
commercial kit (Vazyme, China), and its quality was assessed
prior to reverse transcription to synthesize cDNA. The reverse
transcription reaction was carried out under the following
conditions: gDNA was removed by incubating the sample at 42°C
for 2 minutes, followed by reverse transcription at 37°C for 15
minutes, and a final denaturation step at 85°C for 5 seconds. The
resulting cDNA was used as the template for qPCR analysis on a
Roche Light Cycler480 (Roche, Germany), using reagents from
Takara (Japan). The qPCR reaction conditions were as follows:
pre-denaturation at 95°C for 30 seconds, denaturation at 95°C for
10 seconds, and annealing/extension at 60°C for 30 seconds, repeated
for 40 cycles. The melting curve analysis included an initial
denaturation at 95°C for 5 minutes, followed by incubation at 60°C
for 1 minute. The temperature was then gradually increased to 95°C,
with fluorescence signals recorded at 1°C increments.

The primer sequences for each target gene and the reference
gene (B-actin) are listed in Table 2.

2.8 Microbiota sequencing analysis

Microbiota DNA was isolated using a commercial kit (Magen,
China), and subjected to quality testing using agarose gels and
purity testing with a UV spectrophotometer (Nanodrop 2000;
ThermoFisher, USA). The DNA samples were amplified using the
primer pair (Forward/Reverse: AGAGTTTGATCCTGGCTCAG/
GGTTACCTTGTTACGACTT), and the amplification products
were subsequently used for cDNA library construction.
Sequencing was carried out on the HiSeq2500 PE250 platform
(Ilumina, Foster, CA, USA), and the resulting data were analyzed
and visualized using the Novogene platform (Guangzhou, China).
Subsequently, the data were annotated, analyzed for microbial
diversity, and subjected to functional prediction using Tax4Fun.
The Tax4Fun functional prediction is based on a nearest-neighbor
method using the minimum 16S rRNA sequence similarity. This
approach involves extracting prokaryotic full-genome 16S rRNA
sequences from the KEGG database and aligning them to the
SILVA SSU Ref NR database using the BLASTN algorithm to
establish a related matrix. Functional annotations of the KEGG
database prokaryotic genomes, derived from UProC and PAUDA
methods, are then mapped onto the SILVA database for functional
annotation. The sequencing samples are clustered into OTUs using
the SILVA database sequences as reference, enabling the subsequent
functional annotation of the microbiota.
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2.9 SCFAs contents analyses

The content and composition of short-chain fatty acids
(SCFAs) in the digesta were determined using a method
described by Chen et al. (2024). Briefly, 50 mg of digesta was
mixed with a buffer solution concluding 50 puL of 15% phosphate
buffer, 100 UL of isocaproic acid, and 400 pL of ether. The mixture
was centrifuged at 12,000 rpm for 10 min at 4°C and then
supernatant was collected for GC-MS analysis.

2.10 Statistical analysis

Data are shown as means + standard error (means + SEM) and
analyzed using one-way variance analysis (ANOVA) with SPSS 18,
followed by Tukey’s multiple range test. P< 0.05 reveals a significant
difference between the datasets. The P-values from the regression
analysis were calculated between feed viscosity and the parameters.

3 Results
3.1 Growth performance

After the 10-week feeding trials, the survival rate of grouper
ranged from 86.67% to 100%, with no significant differences among
the dietary groups (P > 0.05; Figure 1). The final body weight, weight
gain, daily growth coefficient, and protein efficiency ratio in the groups
fed different viscosities of GG diets were significantly lower than those
in the control group (P< 0.05); however, the feed conversion ratio in
these groups was significantly higher than that in the control group
(P< 0.05). Moreover, the grouper in the GGH group exhibited a
significantly lower protein efficiency than those in the GGL and GGM
groups (P< 0.05), while its feed conversion ratio was significantly
higher than that of the GGL and GGM groups (P< 0.05).

3.2 Enzyme activity for intestinal digestion
and absorption

The intestinal lipase and AKP activities in the groups fed different
viscosities of GG diets were significantly lower than those in the control
group (P< 0.05; Figure 2), while no significant differences were
observed in trypsin, amylase, Ca®"/Mg>" ATPase, or creatine kinase
activities (P> 0.05). Na'/K" ATPase activity was significantly higher in
the GGM and GGH groups than that in the group (P< 0.05); however,
AKP activity in the GGM and GGH groups was significantly lower
than that in the GGL groups (P< 0.05).

3.3 Intestinal barrier functionality

The plasma LPS and D-LA levels in the GGH group were
significantly higher than those in the control group (P< 0.05;
Figure 3) and the DAO activity in both the GGM and GGH groups
was significantly higher than that in the control group (P< 0.05).
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TABLE 2 Sequence of primers used for relative quantification.

10.3389/fmars.2025.1549055

Primers Sequence Gene ID Amplicon size (bp)  E-Value (%)
B-actin_Fw GATCAGCAAGCAGGAGTACGA KU746361.1 137 98.15
B-actin_Ry TGTGGTGTGTGGTTGTTTTGC

tnf-0_Fw AGTGGAGAAACGGTCAAGGC FJ491411.1 87 94.39
tnf-0_Rv AGAGGCCAGTTTGTGGGATG

tgf-BI_Fw GGACAACAACCCGCTACCT GQ205390.1 150 95.68
tgf-BI_Rv CGCATTCACAAAACAGCCGA

il-1B_Fw CATGCAACGTGAGCGAGATG KU886042.1 107 97.35
il-18 Ry GGCGAAGATGAGGTTGACCA

il-6_Fw ATACACAGTTCTCCTCAAGCACG JN806222.1 118 101.61
il-6_Rv AGGGTTCCTCATCTTTCCTTIGG

il-8_Fw GTCGCCACATCGAGAAGGT GU988706.1 111 99.46
il-8_Rv CTTCGGGGTCAAGGCAAAC

il-10_Fw GCAAACGACGACTTGGACAC KJ741852.1 147 93.84
il-10_Rv ATCCTCTGTCACTCCGGTCA

occludin_Fw TCGCGCTGCTAATGCTGATA MK809395.1 144 92.42
occludin_Rv TGACGAACACTCCTGAAGGC

20 _Fw TCCACTCCGGTCAAAAGCTC MK809396.1 147 101.52
z0 _Rv GACAGGAAGGTCCACGTCAG

claudin-15_Fw GGCGGCCCTGATAGGAATAC MK809394.1 142 95.49
claudin-15_Rv GTTGAAGGCGTACCAGGACA

claudin-3_Fw CATCGGCAGCAACATTGTGA MK782153.1 117 95.60
claudin-3_Rv GAGAGGGCGAGCATAGAGTC

claudin-12_Fw CAACAATGCAGGCTGTCACC MK796426.1 90 95.03
claudin-12_Rv CGGAACAGGAACCACACTGA

tnf, tumour necrosis factor; tgf, transforming growth factor; il, interleukin; zo, zonula occludens.

Furthermore, plasma ET1 level in the groups fed different viscosities of
GG diets were significantly higher than that in the control group, with
the highest levels observed in the GGH group (P< 0.05).

3.4 Physical barrier of intestinal mucosa

H&E staining (Figure 4A) revealed the inclusion of 8% GG with
different viscosity caused intestinal structure alternations.
Specifically, compared to the control group, the GGH group
exhibited significantly increased intestinal villus length and
muscularis thickness (P< 0.05; Table 3) while no significant
difference was observed in villus width (P > 0.05). In addition, TEM
analysis revealed that the inclusion of 8% GG with different viscosity
led to disorganized arrangement of microvilli and damage to tight
junctions in the intestinal cells, with the most prominent effects showed
in the GGH group (Figure 4B). The intestinal relative expression levels
of claudin-3 and claudin- 15 in the groups fed different viscosities of GG
diets were significantly lower than those in the control group (P< 0.05;
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Figure 4C). Moreover, the level of zonula occludens (zo) in the GGH
group was significantly lower than that in the control group (P< 0.05).
No significant differences were observed in the relative expression
levels of intestinal occludin among the dietary treatments (P > 0.05).

3.5 Chemical barrier of intestinal mucosa

The intestinal LYS activity in the groups fed different viscosities
of GG diets was significantly lower than that in the control group
(P< 0.05; Figure 5), while no significant differences were observed
in the levels of MUC2 and HDAC compared to the control group
(P > 0.05).

3.6 Immune barrier of intestinal mucosa
3.6.1 Immunoglobulins and immune receptors

The intestinal IgM level in the groups fed different viscosities of
GG diets was significantly higher than that in the control group, and
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Growth performance and feed utilization of pearl gentian grouper fed diets containing guar gum with varying viscosity. FBW, final body weight;
WGR, weight gain rate; DGC, daily growth coefficient; SR, survival rate; PER, protein efficiency ratio; FCR, feed conversion ratio. C, control diet; GGL,
low-viscosity guar gum diet; GGM, middle-viscosity guar gum diet; GGH, high-viscosity guar gum diet. Values in vertical bars are presented as the
means + SE (n = 3), with different letters indicated significant difference (P< 0.05). The P-values from the regression analysis were calculated

between feed viscosity and the parameters. The same as below.

that in the GGH group was significantly higher than the GGL and
GGM groups (P< 0.05; Figure 6). The sIgT level in the GGH group
was significantly higher than that in the control group (P< 0.05); the
pIgR level the groups fed different viscosities of GG diets had no
significant difference compare to that in the control group (P > 0.05)
but that in GGH group was significantly higher than GGL group
(P< 0.05).

3.6.2 Gene expression of Inflammatory cytokines
The expression levels of -8 and il-10 in the groups fed different
viscosities of GG diets had no significant difference compare to
those in the control group (P > 0.05; Figure 7), but the expression
level of il-18 in GGH group were significantly higher than that in
the control group (P< 0.05). The expression levels of tnf-o and il-6
in GGM and GGH groups were significantly higher than those in
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Intestinal digestive and absorptive enzymes activities of pearl gentian grouper fed diets containing guar gum with varying viscosity. TRP, trypsin; AMS,

amylase; LIP, lipase; CK, creatine kinase; AKP, alkline phosphatase.
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Intestinal mucosal barrier function-related indicators of pearl gentian grouper fed diets containing guar gum with varying viscosity. LPS,
lipopolysaccharide; ET1, endothelin-1; DAO, diamine oxidase; D-LA, D-lactic acid.
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the control groups; the il-6 expression level in the GGH group
significantly higher than that in the GGM group (P< 0.05).
However, the expression level of tgf-B in GGL and GGH group
were significantly higher than that in the control group (P< 0.05).

3.6.3 Antioxidant activity in the intestine

Dietary inclusion of 8% GG with different viscosity on The intestinal
CAT activity in the groups fed different viscosities of GG diets had no
significant difference compared to that in the control group (P > 0.05;
Figure 8). The MDA content in the GGH group was significantly lower
than that in the control group (P< 0.05). However, the T-AOC level in
the GGM and GGH groups were significantly higher than that in the

control group (P< 0.05), and the GSH contents in the GGL and GGH
groups were significantly higher than that in the control group (P< 0.05).
Additionally, the GPX and SOD activities in the GGH group were
significantly lower than that in the control group (P< 0.05).

3.7 Biological barrier of intestinal mucosa

3.7.1 The diversity and function prediction of
intestinal bacteria

The ACE, Chao 1, Simpson, and Shannon indices of intestinal
bacteria in the groups fed different viscosities of GG diets was

C
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FIGURE 4

Intestinal mucosal physical barrier of pearl gentian grouper fed diets containing guar gum with varying viscosity. (A) Proximal intestine morphology
(H&E; 100x); (B) Ultrastructure of distal intestinal epithelium (TEM; 5000x): Blue arrow: tight junctions; Yellow arrow: microvilli; (C) Relative mRNA

expression levels of distal intestinal physical barrier-related genes.
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TABLE 3 Morphology of the distal intestine of pearl gentian grouper fed diets containing guar gum with varying viscosity.

C GGL GGM GGH Linear-P Quadractic-P
Villus length (um) 562.10 + 29.87° 563.04 + 38.58° 512.05 + 20.19° 393.96 + 20.60° 0.006 0.016
Villus width (1um) 98.18 + 1.82 11028 + 2.88 98.48 + 7.45 100.42 + 12.04 0.920 0.332
Muscularis 252.70 + 13.97° 242,01 + 0.42° 223.10 + 15.14 188.23 + 5.26° 0.004 0.063

thickness (Lm)

C, control diet; GGL, low-viscosity guar gum diet; GGM, middle-viscosity guar gum diet; GGH, high-viscosity guar gum diet. Values are presented as means + SE (n = 3). a,b Different letter
superscripts in the same row indicated significant difference (P < 0.05). The P-values from the regression analysis were calculated between feed viscosity and the parameters. The same as below.

significantly lower than those in the control group (P< 0.05; have demonstrated that dietary GG inclusion can inhibit growth
Table 4). Shown as Figure 9A, the intestinal flora in hybrid  performance in broiler chickens (1.7%), rats (10%) and pigs (7%),
grouper was primarily predominated by Fusobacteriota, while also reducing nutrient digestibility and increasing the
Proteobacteria and Firmicutes. The changes in the top 20 genera  proportion of intestinal harmful bacteria (Poksay and Schneeman,
are shown in Figure 9B, with Cetobacterium accounting for more 1983; JTha and Berrocoso, 2015; de Souza et al., 2023). In this study,
than 59% of the relative abundance, and together with  dietary 8% GG significantly inhibited growth performance of
Photobacterium, they make up over 83% of the total abundance  grouper, and the inhibiting effect enhanced as the increase of
(Figure 9C). The results of Tax4Fun functional prediction on  viscosity of GG. Viscosity is a critical characteristic of GG, which

carbohydrate and amino acid metabolism are shown in Figure 10.  escalates with higher inclusion levels in diet (Leenhouwers et al.,
2006; Tu-Tran et al., 2020). A similar trend of growth reduction
3.7.2 The analysis of intestinal SCFAs with increasing GG inclusion level has been observed in

Pangasianodon hypophthalmus, Carassius gibelio, and
groups fed different viscosities of GG diets was significantly lower ~ Oncorhynchus mykiss (Storebakken, 1985 Gao et al., 2019; Tu-
than that in the control group (P< 0.05; Figure 11), but the  Iran etal, 2020). Conversely, low doses of GG have demonstrated
growth-promoting effects in O. mykiss (2.5%) and Micropterus

The valeric acid concentration of intestinal contents in the

propionic, butyric, and caproic acids concentrations in the groups

fed different viscosities of GG diets had no significant difference ~ salmoides (0.3%) (Storebakken, 1985; Zhao et al., 2024). In terms

compared to the those in the control group (P > 0.05). Moreover, ~ offeed viscosity, the control group in this study had a viscosity of 2.1

the acetic acid concentration in the GGH group was significantly ~ mPa's, whereas the viscosity in the guar gum supplementation
lower than that in the control group (P< 0.05). The isobutyric acid ~ groups increased from 188.7 mPa-s to 334.0 mPa-s. Growth in the
concentration in the GGM group was significantly lower than that ~ supplementation groups was significantly lower than in the control

in the control group, and the isovaleric acid concentration in GGL ~ group, but no significant differences were observed between the

and GGM groups was significantly lower than that in the control ~ supplementation groups. In the Clarias gariepinus, the viscosity of
group (P< 0.05). the guar gum supplementation groups ranged from 16.9 mPa-s to
170.9 mPa-s, compared to 1.0 mPa-s in the control group, with no

significant differences in growth. In the Oreochromis niloticus L.

4 Discussion trial, the viscosity of the guar gum supplementation group was 42.9
mPa-s, compared to 0.9 mPa-s in the control group, and a significant

GG, a typical hemicellulose polysaccharide, possesses excellent ~ decrease in growth was observed. Therefore, the varying effects of
thickening, stabilizing, and gelling properties, which render it GG on growth performance are possibly due to its viscosity and the

widely applicable in the food and feed industries. Previous studies  specific fish species involved.
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FIGURE 5
Intestinal mucosal chemical barrier-related indicators of pearl gentian grouper fed containing guar gum with varying viscosity. HDAC, histone
deacetylase; LYS, lysozyme; MUC2, mucoprotein 2.
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Intestinal humoral immune effector molecules-related indicators in distal intestine of pearl gentian grouper fed diets containing guar gum with
varying viscosity. IgM, immunoglobulin M; sIgT, secretory immunoglobulin T; plgR, polymeric immunoglobulin receptor.

In the present study, dietary GG significantly reduced the
intestinal activities of lipase and AKP, which correlated with the
observed decline in growth performance, consistent with findings in
C. gibelio and M. salmoides (Gao et al., 2019; Liu et al., 2022¢). Our
experiment shows that an GG within the viscosity range of 188.7
mPa-s to 334.0 mPa-s did not significantly affect lipase activity in the
intestines of grouper. However, at the feed viscosity of 273.8 mPa-s,
a significant decrease in intestinal AKP enzyme activity was
observed compared to the 188.7 mPa-s viscosity. The increase in
feed viscosity, particularly beyond a certain threshold, likely leads to
a higher viscosity of intestinal chyme, which could interfere with
lipase-substrate interactions and potentially bind bile acids, thereby
impairing fat emulsification and reducing lipase activity. Once the
feed viscosity exceeds a specific threshold, further increases in
viscosity may not result in a significant reduction in lipase
activity. However, AKP activity appears to decrease continuously
within the viscosity range of 188.7 to 273.8 mPa-s, suggesting that
AKP activity has a different threshold for inhibition compared to
lipase. AKP, involved in digestion and responsive to mechanical
stimulation of intestinal cells (Chaturvedi et al.,, 2019), may be less
stimulated due to slower chyme movement. This reduction in AKP
secretion likely impairs nutrient absorption, contributing to

inhibited growth. Thus, GG viscosity impacts both enzyme
activity and digestive dynamics, ultimately reducing
growth performance.

Intestinal morphology is pivotal for nutrient digestion and
absorption, with the muscularis muscularis thickness closely tied
to motility. In this study, increased GG viscosity correlated with
reduced muscularis thickness, suggesting impairment of intestinal
motility, which likely contributed to the decline in growth. The
length of intestinal villi, which directly affects absorption, also
decreased as GG viscosity increased, suggesting reduced
absorptive capacity. Previous studies have shown that GG
thickens the unstirred water layer near the intestinal mucosa,
hindering absorption. This thickening, combined with decreased
epithelial renewal, likely limits villus growth, further impairing
nutrient absorption (Cerda et al., 1987; Tha and Berrocoso, 2015).
Interestingly, in M. salmoides, GG addition improved both
muscularis thickness and villus length (Liu et al., 2022d; Zhao
et al,, 2023), likely due to enhanced intestinal motility to process
viscous chyme. In contrast, groupers appear to reduce motility,
possibly to conserve energy in response to increased water retention
from GG in the high-salinity marine environment. This could
explain the increased Na*/K" ATPase activity in the GGM and
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Antioxidant function in distal intestine of pearl gentian grouper fed diets containing guar gum with varying viscosity. T-AOC, total antioxidant
capacity; GPX, glutathione peroxidase; GSH, glutathione; SOD, superoxide dismutase; MDA, malondialdehyde.

GGH groups, as marine fish require efficient ion regulation for
water balance. Overall, the negative impact of GG viscosity on
intestinal morphology and motility likely limits nutrient absorption
and contributes to the observed growth inhibition.

The intestinal mucosal barrier is essential for protecting against
pathogens. In our study, increased GG viscosity led to significant
elevations in plasma markers of intestinal barrier damage (ET-1, D-
LA, LPS, and DAO activity) in groupers, particularly in the GGH
group. This indicates that higher GG viscosity impairs the intestinal
barrier, which can limit nutrient absorption and increase
vulnerability to pathogens. Similar effects have been observed in
M. salmoides (Liu et al., 2022d). Disruption of the intestinal barrier,
in turn, negatively impacts growth by compromising digestive
efficiency and overall gut function. Thus, the viscosity of GG not
only reduces nutrient absorption but also weakens intestinal
defense, contributing to inhibited growth.

Claudins, zo, and occludin are key components of tight junctions
in cells, essential for regulating intercellular permeability (Chen et al.,
2024). The observed decrease in the relative mRNA expression of
these genes in the dietary GG groups, especially with increasing GG
viscosity, suggested a probable correlation with the disruption of tight

junction function. This indicates that dietary GG, especially in its
high-viscosity form (GGH), may compromise the integrity of
intestinal mucosal barrier. These disruptions likely contribute to
the observed growth inhibition, as the compromised barrier
function hampers efficient digestion and nutrient uptake.

Lysozyme defends the intestinal mucosal barrier by
enzymatically degrading bacterial cell walls, which prevents
bacterial invasion and maintains gut homeostasis. In this study,
the inclusion of 8% GG at three different viscosities significantly
reduced intestinal lysozyme activity. Previous research also reported
that dietary 8% GG increased the total bacterial count in the midgut
and hindgut of mullet (Ramos et al., 2015). These findings suggest
that dietary GG, especially at higher viscosities, may impair the
intestinal barrier’s ability to defend against pathogens, potentially
promoting gut dysbiosis. This disruption in intestinal health likely
reduces nutrient absorption and increases the risk of inflammation,
contributing to the observed growth inhibition. Thus, the viscosity
of GG not only affects digestive function but also compromises gut
immunity, further limiting growth potential.

Inflammatory responses are key to innate immunity, protecting
against infections. In mice, dietary GG enhances the relative

TABLE 4 Alpha diversity index of distal intestinal flora of pearl gentian grouper fed diets containing guar gum with varying viscosity.

Diets C GGL GGM GGH Linear-P Quadractic-P
Shannon 7.98 +0.33° 1.97 + 0.07° 1.54 + 0.28° 2.03 +0.23* ‘ 0.000 0.000
Simpson 0.97 +0.01° 0.65 + 0.02* 0.43 + 0.08* 0.49 + 0.06* ‘ 0.000 0.008
Chaol 6367.04 + 2245.11° 248.32 + 63.96" 553.30 + 71.10° 897.03 + 148.58" ‘ 0.013 0.021
ACE 3435.22 + 203.32° 203.27 + 33.03° 360.29 + 69.22° 645.68 + 134.53° ‘ 0.000 0.000

Values are presented as means + SE (n = 3). a,b Different letter superscripts in the same row indicated significant difference (P < 0.05).
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expression of il-6 and increase susceptibility to colonic
inflammation (Paudel et al, 2024). In our study, dietary GG,
particularly GGH, upregulated the pro-inflammatory cytokines
(tnf-o, il-1B, and il-6) and downregulating the anti-inflammatory
cytokine (tgf-B) in pearl gentian grouper. Similarly, the viscous
enhancement resulting from higher inclusion levels of GG led to a
reduction in pro-inflammatory cytokines in M. salmoides (Zhao
et al,, 2023). As GG viscosity increased, the inflammatory response
intensified, indicating that higher viscosity could disrupt immune
regulation in the gut. This inflammation may impair gut function,
reduce nutrient absorption, and inhibit growth. Additionally,
increased ROS levels and decreased antioxidant capacity (T-AOC,
GPX, SOD, GSH) in GG-fed groupers, especially in the GGH group,
highlighted oxidative stress in the intestine. Elevated MDA levels
further supported this, indicating oxidative damage that could
compromise cellular integrity. In response, the grouper increased
intestinal IgM and sIgT levels, suggesting an enhanced immune

Frontiers in Marine Science
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response to oxidative stress and inflammation. However, the lack of
significant changes in immunoglobulin transport via pIgR points to a
more energy-efficient strategy of locally increasing immunoglobulin
levels instead of enhancing systemic immune function. These immune
system disruptions, alongside oxidative stress, likely impair nutrient
absorption and contribute to the observed growth inhibition, as the
energy spent on managing inflammation and oxidative damage diverts
resources away from growth.

The intestinal microbiota is crucial for maintaining the function of
intestinal barrier and influencing nutrient assimilation, immune
defense, and epithelial cell differentiation (Piazzon et al., 2020; Wei
etal., 2020). In present study, dietary GG supplementation at different
viscosities reduced abundance decline of intestinal microbiota. A
decline in o-diversity disrupts gut homeostasis, diminishing
microbial richness and evenness, and making microbiota more
susceptible to environmental stressor (Li et al., 2023). This
imbalance can compromise intestinal function and nutrient
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The predicted function (Level 3) in amino acid and carbohydrate metabolism of intestinal microbiota in pearl gentian grouper fed diets containing
guar gum with varying viscosity. The values on the x-axis represent the sum of the relative abundances annotated to the corresponding

KEGG pathway.

absorption, ultimately impacting growth. In this study, the intestinal
dominant phyla of grouper were Proteobacteria, Firmicutes,
Actinobacteria and Bacteroidota, which was similar with previous
study in grouper species (Li et al, 2022). Dietary GG at different
viscosities reduced Firmicutes and increased Fusobacteriota,
particularly Cetobacterium and Photobacterium. Cetobacterium, a
beneficial bacterium, and Photobacterium, a pathogenic one,
together accounted for over 83% of the microbial abundance,
suggesting these genera respond to GG supplementation. GG also
reduced the abundance of aerobic bacteria and may decrease oxygen
levels in the gut, potentially limiting the growth of oxygen-demanding
microbes. Functional analysis revealed GG altered microbial
metabolism, upregulating pathways for simple carbohydrates and
amino acids while downregulating those for complex carbohydrates.
This shift in microbial preference may impact nutrient absorption and
growth. The effects of GG viscosity on microbiota were similar across
different viscosities, suggesting the overall impact of GG
supplementation outweighs viscosity differences. In summary, GG’s
impact on gut microbiota diversity, bacterial composition, and oxygen

levels likely disrupts intestinal function, impairs nutrient absorption,
and contributes to growth inhibition. These findings highlight that the
viscosity of GG, in addition to altering microbial communities, may
have broader implications for gut health and growth.

The observed increase in the relative abundance of Cetobacterium is
significant, as this genus is known for its ability to produce SCFAs, which
are essential energy sources for intestinal cells and play a crucial role in
maintaining the structural and functional integrity of the intestine
(Estensoro et al,, 2016; Wang et al,, 2022). However, dietary GG
supplementation led to a reduction in intestinal SCFA levels, especially
acetic acid, with the decline becoming more pronounced as GG viscosity
increased. This contrasts with findings in M. salmoides, where GG was
linked to increased SCFA levels (Liu et al., 2022d). We hypothesize that
the higher viscosity of GG in grouper results in prolonged
gastrointestinal transit time, reducing SCFA production by altering the
gut’s oxygen environment. The slower transit may also facilitate more
SCFA absorption, potentially impacting intestinal functionality. Similar
gastrointestinal movements that affect gut bacteria and thus gut function
have also been found in mice (Zhu et al, 2018). Furthermore, the
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reduction in hexanoic acid could reflect the accelerated absorption of
acetic acid, inhibiting its further production. This suggests that GG may
indirectly influence gut microbiota and intestinal physiology, possibly
enhancing SCFA production to mitigate negative effects on intestinal
function. Additionally, the observed increase in branched-chain SCFAs,
such as isobutyrate and isovalerate, indicates a shift toward amino acid
fermentation, which may reduce feed efficiency. A greater reliance on
amino acid fermentation could lead to inefficient protein utilization,
limiting growth.

5 Conclusion

In summary, dietary inclusion of 8% GG with three viscosities
adversely impacted the growth performance and intestinal health of
pearl gentian grouper, with these negative effects becoming more
pronounced as the viscosity of GG increased.
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