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Abstract

With the gradual decrease in freshwater resources, the available space for freshwater aquaculture is diminishing. As a result,
saline-alkaline water aquaculture has emerged as a crucial method to fulfill the increasing demand. This study investigates
the impact of alkaline water on the growth performance, tissues (gill, liver, and kidney), digestive enzyme activity, and
intestinal microbiology in grass carp (Ctenopharyngodon idella). The aquarium conditions were set with sodium bicarbonate
(18 mmol/L (LAW), 32 mmol/L. (HAW)) to simulate the alkaline water environment. A freshwater group was the control
(FW). The experimental fish were cultured for 60 days. The findings revealed that NaHCO; alkaline stress significantly
reduced growth performance, caused alterations in the structural morphology of gill lamellae, liver, and kidney tissues, and
led to decreased activity of intestinal trypsin and lipase amylase (P < 0.05). Analysis of 16S rRNA sequences demonstrated
that alkalinity influenced the abundance of dominant bacterial phyla and genera. Proteobacteria showed a significant decrease
under alkaline conditions, while Firmicutes exhibited a significant increase (P <0.05). Furthermore, alkalinity conditions
significantly reduced the abundance of bacteria involved in protein, amino acid, and carbohydrate metabolism, cell trans-
port, cell decomposition, and environmental information processing. Conversely, the abundance of bacteria associated with
lipid metabolism, energy metabolism, organic systems, and disease functional flora increased significantly under alkalinity
conditions (P <0.05). In conclusion, this comprehensive study indicates that alkalinity stress adversely affected the growth
performance of juvenile grass carp, likely due to tissue damage, reduced activity of intestinal digestive enzymes, and altera-
tions in intestinal microorganisms.
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Introduction

As one of the most representative herbivorous fish in China,
grass carp (Ctenopharyngodon idella) is renowned for its
delicious meat and rich nutritional value (Yang et al. 2020).
Although China possesses abundant water resources, there
are still numerous low-lying saline waters that remain under-
utilized (Yao et al. 2015). Research has shown that high
alkalinity can damage tissue structures and have a significant
impact on the growth, reproduction, physiology, and bio-
chemistry of aquatic organisms (Yao et al. 2012).
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Studies on saline-alkaline research in fish have pri-
marily focused on growth, tolerance to saline-alkaline
stress, nonspecific immune mechanisms, and transcrip-
tomics (Chen et al. 2020). Alkalinity stress stimulates
energy and ion regulation pathways, while slowing down
pathways related to the immune system and reproduc-
tion (Yao et al. 2012). Research has demonstrated that
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chronic stress can suppress the immune response, down-
regulate normal immune responses, and increase the
likelihood of disease contraction in Triplophysa yarkan-
densis subjected to salt-alkaline stress for 30 days (Chen
et al. 2020). Similarly, under saline-alkaline stress, the
expression level of osmoregulatory genes in Ridgetail
white prawn (Exopalaemon carinicauda) is diminished
(Ge et al. 2019).

Similar to most organisms, the intestinal tract of fish
harbors a large number of microorganisms. The func-
tions of fish intestinal flora primarily involve improving
nutrition, enhancing immune regulation, and inhibiting
pathogenic bacteria (Wu et al. 2012). The gut microbiota
of fish performs a vital function through the secretion of
protease, amylase, and lipase, which provide essential
nutrients necessary for the fish’s growth, development,
and overall health (Hao et al. 2017a, b). Additionally,
the fish’s gut microbiota synthesizes a diverse array
of vitamins, including vitamin B12, contributing to
the digestion and absorption of nutrients (Hassenruck
et al. 2020). Fish and their digestive tract microorgan-
isms have developed a complex symbiotic relationship
through mutual adaptation over an extended period of
natural evolution (Sullam et al. 2012). The intestinal
microorganisms play an irreplaceable role in nutrient
absorption, intestinal immunity, and intestinal physio-
logical regulation for the fish, which directly affects the
host’s dietary habits, growth performance, and immune
function (Yi et al. 2019).

Several studies have revealed that probiotics have the
ability to regulate weight and metabolic function by influ-
encing food intake through the modulation of intestinal
bacterial communities (Kobyliak et al. 2016). Bacillus
subtilis can be used to promote intestinal health by regu-
lating the immune response and fat metabolism in grass
carp intestines, as observed in a study by Yaotong Hao
(Hao et al. 2017a, b). The researchers observed that grass
carp exhibited a higher abundance of functional micro-
organisms related to carbohydrate transport and metabo-
lism in their intestines when fed Sudan grass. Conversely,
when fed animal feed, an increase in the presence of bac-
teria associated with energy and protein metabolism was
observed (Hao et al. 2017a, b).

Since no previous studies have examined the effects of
alkalinity stress conditions on the growth performance,
histomorphology, and gut microbial community structure
of grass carp, our aim is to investigate these effects in
juvenile grass carp under high alkalinity. To achieve this,
we established three different alkalinity conditions (0, 18,
32 mmol/L) based on the maximum tolerated concentra-
tion of NaHCO; (37 mmol/L). This maximum tolerated
concentration was determined through pre-experimental
alkalinity tests conducted on grass carp juveniles.
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Materials and methods
Experimental fish and daily management

The experimental grass carp juveniles were artificially bred
at the fish breeding experimental station of Qingpu, which is
part of the Aquatic Biogenetic Breeding Center at Shanghai
Ocean University. A group of healthy juvenile grass carp,
with a comparable size of 6.62+1.32 g and 6.94+0.56 cm
(n=270), was randomly selected and reared in a 1 m°> con-
tainer with blue plastic for a duration of 60 days. The experi-
ment was divided into three groups, each consisting of three
replicates, with each replicate stocked with 30 experimental
fish. The fish were fed three times a day (08:00, 13:00, and
18:00) using Tong Wei small pellet floating feed, specifi-
cally designed for young fish (feed ingredients are shown
in Table 1). In the actual breeding process, the experimen-
tal water underwent 72 h of aeration, and the experimen-
tal conditions were established using two concentrations
of AW: 1.56 g/L (alkalinity =18.57 mmol/L, pH 8.5+0.1)
and 2.73 g/L (alkalinity =32.5 mmol/L, pH 8.9 +0.1). These
concentrations were prepared by combining FW (alkalin-
ity =0.66 mmol/L, pH 7.3 +£0.1) with sodium bicarbonate
(NaHCO3). The alkalinity was determined using acidimetric
titrations and expressed in millimoles per liter (mmol/L).

The water temperature during the experiment ranged
from 20 to 25 °C, with dissolved oxygen (DO) levels above
5.85 mg/L, NH4+—N levels below 0.5 mg/L, and NO,-N lev-
els below 0.05 mg/L. The intake of bait was recorded sta-
tistically for each group, and the survival rate of each group
was calculated.

Processing of samples and data collection

At the conclusion of the culture experiment, the body length
and body mass of all fish were measured. Additionally, the
survival rate was determined after a 24-h fasting period.
Juvenile grass carp were randomly selected from each par-
allel group and anesthetized in an MS-222 (200 mg/L) solu-
tion. Subsequently, they were dissected on ice (Song et al.
2021). Three fish from each parallel group had their gills,
liver, and kidneys fixed in Bouin’s solution for 24 h. Sub-
sequently, they were stored in 70% alcohol for histological

Table 1 Formulation and

- . Nutrients Input (%)
proximate composition of
commercial diets Crude protein 32.0
Crude fiber 12.0
Crude fat 8.0
Crude ash 15.0
Lysine 1.4
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and histochemical observation. Under aseptic conditions,
the midgut and its contents were randomly extracted from
each parallel group and placed into 1.5-mL centrifuge tubes.
Subsequently, they were transferred to liquid nitrogen and
stored at— 80 °C as a backup.

Growth index assessment

The growth performance of fish cultured for 60 days was
evaluated based on several indicators, including survival rate
(SR), weight gain rate (WGR), feed conversion ratio (FCR),
and specific growth rate (SGR). The aforementioned indexes
were calculated using the following equations.

SR(%) = N,/N, x 100% (D
WGR(%) = [(W, — W,)/W,] x 100% 2
FCR(g) = [W;/(W, = W))] 3)
SGR(%/d) = [(InW, — InW,)/T] x 100% (4)

Note: in the equation, “No” represents the initial number
of fishtails counted, “N7” represents the final number of fish-
tails counted. “W1I” and “W2” represent the average initial
and final body weight of each fish group, respectively. “T”
represents the experimental time, and “Wf” represents the
average food intake during the experiment.

Histological analysis

At the conclusion of the experiment, three fish were selected
from each parallel group. The gill, liver, and kidney tissues
were then fixed in Bouin’s solution for 24 h after anesthetiz-
ing the test fish using MS-222. Following alcohol gradient
dehydration, xylene transparency, paraffin wax permeation
at 60 C, tissue embedding, and subsequent sectioning (at
5 um), drying, H&E staining, neutral gum sealing, and other
necessary procedures were conducted to prepare the paraf-
fin sections. Finally, photos were captured using a Nikon
Eclipse 80i light microscope.

Digestive enzyme activity assay

The entire procedure was conducted on ice, and the bowel
was flushed with saline (0.7%). Next, 0.1 g of the sample
was taken, homogenized according to the kit’s instruc-
tions, and centrifuged for 15 min at 4 °C and 2500 revolu-
tions per minute (rpm). The activities of amylase, lipase,
and trypsin were determined from the supernatant. The
activity values for each digestive enzyme in the samples

were then calculated using the standard curve (the reagents
were purchased from Nanjing Jiancheng Institute of Bio-
logical Engineering).

Sequencing of gut microbial samples

Total bacterial DNA was extracted from the microbial
community of grass carp intestinal contents using the Fast
DNA SPIN Kit for Feces (MPB biomedical). PCR ampli-
fication was performed with diluted genomic DNA as the
template. Specific primers with barcodes were selected
based on the amplification region. The amplification was
carried out using Phusion High Fidelity PCR Master Mix
with GC Buffer from New England Biolabs Company and
Efficient transcriptase. The V4 region of the 16S rRNA
gene was amplified using two universal primers: 515F (5'-
GTGYCAGCMGCCGCGGTAA-3") and 806R (5'-GGA
CTCANVGGGTWTCTAAT-3"). The Raw Tags obtained
were subjected to quality control using fastp software,
resulting in high-quality Clean Tags. These Clean Tags
were then compared with a database using Usearch soft-
ware to identify and remove chimeras, resulting in the gen-
eration of the final validated Effective Tags. The DADA2
algorithm in QIIME?2 software was employed for noise
reduction and filtering out sequences with an abundance
less than 5, resulting in the generation of the final classifi-
cation unit, Operational Taxonomic Units (OTUs).

Data analysis

The thickness, length, and spacing of gill lamellae, as well
as the length of protruding gill lamellae and the thickness
of interlamellar cell clusters, were measured and quanti-
fied using Image J software. The experimental data were
expressed as “mean + standard deviation” (mean + SD),
and the data were analyzed using SPSS22 software. One-
way ANOVA was used to compare the significance of
differences between the data at a significance level of
P=0.05. QIIME2 software was employed to calculate
observed OTUs, Shannon, Simpson, Chaol, Goods, and
coverage indices, as well as to plot dilution curves (Rar-
efaction Curve) and analyze the intergroup differences in
the alpha diversity of the intestinal flora. The PICRUSt2
(Phylogenetic Investigation of Communities by Recon-
struction of Unobserved Stats 2) platform is used to infer
the gene functions of gut microbes in juvenile fish. This is
done based on the OTU tree and the genetic information
of OTUs obtained from the Greengene database. The top
24 flora richness values were selected for Level 1, Level 2,
and Level 3 analyses, and GraphPad Prism 8 software was
utilized for graphing.
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Results
Growth performance

At the beginning of the experiment, there were no significant
differences in the initial weight, length and height of grass
carp juvenile. There were no mortalities of fish in any of the
groups in this experiment. From Table 2, it was obtained that
the final weight, weight gain rate, and specific growth rate
of the HAW group were significantly (P <0.05) lower than
those of the LAW group, and extremely significant (P <0.01)
lower than FW group. Final weight, weight gain rate, and
specific growth rate were significantly lower in the LAW
group than FW group. The final body length of the HAW
group was significantly lower than FW group, but the LAW
group was not significantly different from the FW group.
Furthermore, the bait coefficient of the HAW group was sig-
nificantly higher than that of the FW group (P <0.01), but
no significant difference was observed between the HAW
and LAW groups.

Morphology

As observed in Table 3, the length of gill lamellae in the
FW and HAW groups was significantly shorter than that
in the LAW group (P <0.01). Additionally, the length of
gill lamellae in the HAW group was significantly shorter
than that in the FW group (P <0.01). The PL in the FW and
HAW groups was significantly shorter than that in the LAW
group (P <0.01). Furthermore, the PL in the FW group was
significantly shorter than that in the HAW group (P <0.01).
The ILCM height was significantly lower in both the LAW

and HAW groups compared to the FW group (P <0.01).
The spacing of gill lamellae was significantly greater in the
LAW group compared to both the FW and HAW groups,
and the HAW group showed an extremely significant differ-
ence (P <0.01) with the FW group. The changes in the gill
structure of grass carp juveniles in all experimental groups
are shown in Fig. 1. The gill filament morphology of the
FW group exhibited a normal structure of gill filaments.
The gill filaments of the LAW group exhibited interlamel-
lar cell loss and increased spacing between gill lamellae. A
noticeable trend was observed from the LAW group to the
HAW group, with gill lamellae and PL becoming progres-
sively shorter. Additionally, there was evidence of necrotic
epithelium sloughing in the gill lamellae, and the thinning
of gill lamellae thickness was more pronounced.

The liver tissue of juvenile fish in the FW group exhibited
a normal hepatocyte structure with uniform cytoplasm. Slight
deviation of the nucleus from the center of the cell was observed
(38.23+8.7 cells/mm?). In contrast, the nuclei of hepatocytes in
the LAW (170.23 +8.7 cells/mm?) and HAW (379+9.2 cells/
mm?) groups showed a significant deviation from the center
of the cell (arrow) compared to the FW group, indicating a
pronounced increase with higher alkalinity (P <0.01). Fur-
thermore, hepatocytes in the HAW group (190.40+-4.68 cells/
mm?) exhibited significant swelling compared to the FW group
(124.43 +1.68 cells/mm?) and LAW group (125.50+2.48 cells/
mm?) (P<0.01). Cytoplasmic vacuolization was also observed
in the HAW group (circles) (Fig. 2).

Observations revealed that the renal tubular lumen in
the LAW group (triangular sign) was enlarged, while the
renal tubular epithelial cells in the HAW group exhibited
swelling and necrotic epithelium (arrows). Furthermore,
the tubular lumen in the HAW group appeared to be even

Table 2 The growth parameters at different alkalinity groups during 60 days experiments

Indicators group  0d 60d WGR/ % SGR/ %/d FCR/g
Body length/cm  Body weight /g~ Body length /cm  Body weight /g
Fw 6.94+0.56 6.62+1.32° 10.73+0.91% 24.78 +2.34* 275+9.60" 221+0.19*  191+0.18*
LAW 6.94+0.56° 6.62+1.32 10.04+0.87* 21.09+2.67° 218+1020°  1.93+0.16°  2.27+0.14°
HAW 6.94+0.56* 6.62+1.32° 9.55+0.55" 19.73+3.21¢ 198 +5.10° 1.82+£0.29° 2.52+0.15¢
Values are means + SD, (n=30). Different superscript letters in the same column indicate significant differences (P <0.05)
Table 3 M‘?rph"l"gica,l Gill morphology measurements (pm)
characteristics of gill histology
under alkalinity stress Group Length of gill lamellae  Gill lamellae spacing  Thickness of ~ ILCM height = PL length
gill lamellae
FW 126.34 +10.49% 10.86+1.17% 21.12+1.73*  59.86+3.51% 59.77+6.78*
LAW  178.09+14.47° 22.15+2.79 19.40+3.21°  47.03+3.74°  126.86+7.32"
HAW  118.45+8.29° 18.26+2.22¢ 11.81+1.87° 34.39+3.62° 81.6+5.53¢

Values are means + SD, (n=30). Letters over each column indicate significant differences (P <0.05)
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Fig.1 Effects of NaHCO; on gill structure (H&E staining, 400X). a
FW group, b LAW group, ¢ HAW group. I, thickness of gill lamella
(pm); II, length extending from the base of gill lamella (pm); III,
length of protruding gill lamellae (pm) (PL); IV, thickness of inter-

more prominently enlarged (triangular sign). In contrast, the
cellular structures such as renal tubular epithelial cells and
tubular lumen in the FW group (Fig. 3) remained unaffected.

Intestinal digestive enzyme activity

According to the data presented in Table 4, both the
trypsin and lipase activities in the intestinal tissues

laminar matrix of gill lamella (pm); V, distance between two adja-
cent gill lamellae (pm). L, secondary lamellae; ILCM, interlayer cells
mass

of both the LAW and HAW groups were significantly
lower (P < 0.05) compared to the FW group. Notably, as
the alkalinity increased, there was a more pronounced
decrease in enzyme activity. The amylase activity in
the LAW group did not show a clear difference com-
pared to the FW group, while the amylase activity in
the HAW group was significantly lower than that in the
FW group.
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Fig.2 Effects of NaHCOj; on the structure of hepatocytes (H&E staining, 400 ). a FW group, b LAW group, ¢ HAW group; arrows, nucleus

deviates from the center of the cell, circles, Cytoplasmic vacuolation

Fig.3 Effects of NaHCOj; on the structure of kidney cells (H&E staining, 400 %). a FW group, b LAW group, ¢ HAW group. Triangles, renal
tubules with enlarged lumen; arrows, swollen, necrotic epithelium of renal tubular epithelial cells
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Table 4 Digestive enzyme activity indexes

Parameter FW LAW HAW

Trypsin 2654.80+87.74* 2349.70+61.31" 2183.40+80.89°
(U/' mg)

Lipase 241.03+5.21% 226.90 +4.82° 216.20+£7.32°
Ulg)

Amylase 434.50 +8.18° 431.70+4.03* 419.10+6.10°
(U/ mg)

Data are expressed as the means +SD (n=9). The letters on each line
indicate a significant difference (P <0.05)

OTU and Alpha diversity index of intestinal
microorganisms

For this study, the V4 region of the 16S rRNA gene in
juvenile fish was sequenced using the Illumina NovaSeq
PE250 sequencing platform. A total of 974,299 raw reads
were obtained, out of which 954,710 effective sequences
were selected for subsequent analysis. Alpha diversity anal-
ysis indices are widely used to assess species abundance
and diversity. The results of the alpha diversity analysis
are presented in Table 5. There were no significant differ-
ences observed among the different groups in terms of the

a-diversity index. However, both the Chao and Shannon
indices exhibited a tendency to increase with higher alka-
linity levels. Dilution curves were generated based on the
measured valid data (Fig. 4). It is evident that the rarefaction
curves of each group gradually level off, and the Good’s
coverage of each group approaches 1. This indicates that
nearly all sequences in the samples have been detected, and
the amount of sequencing data is relatively adequate. The
HAW group exhibited the highest Shannon index, while the
LAW group showed the highest Simpson diversity index
(Fig. 4 and Table 5).

As shown in Venn Diagram (Fig. 5), there were 653 clus-
ters in the FW group, 546 clusters in the LAW group, and
687 clusters in the HAW group. The number of OTUs spe-
cific to the FW and LAW groups was 418 and 311, respec-
tively, while the total number of shared species between
them was 235. There were 405 OTUs specific to the FW
group and 439 OTUs specific to the HAW group, with a
total of 248 species present in both groups. There were 267
OTUs specific to the LAW group and 408 OTUs specific to
the HAW group, with a total of 279 species present in both
groups. The three groups shared 13.87% of the OTUs in
common, while the number of unique OTUs accounted for
26.9%, 16.32%, and 26.13% of the total in the three groups,

Table 5 Alpha diversity index

: : Indicators group
of gut microbial

Chao 1 index

Shannon index Simpson index Good’s coverage

Fw 306.29+96.11 3.90+1.10 0.82+0.12 1.00+0.00
LAW 321.45+28.83 4.24+0.31 0.87+0.02 1.00+0.00
HAW 337.11+131.76 4.37+1.60 0.81+0.18 1.00+0.00
Values are means +SD, n=3
350
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Fig.4 Rarefaction curve
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Fig.5 Venn diagram comparing the observed OTU of intestinal bac-
terial communities

respectively. Compared to the FW group, the LAW group
showed a reduction of 107 OTU clusters, while the HAW
group exhibited an increase of 34 OTU clusters.

Fig. 6 Histogram of the 1.00
relative abundance of intestinal
microbes at the phylum level

0.75

0.50—

Relative Abundance

0.25—

The composition of gut microbiome

To observe the structure of gut microorganisms in juvenile
fish at different taxonomic levels, data from all groups of
juvenile fish gut microorganisms were combined for com-
parative analysis using statistical methods. Microbial com-
munity structure can be analyzed at various taxonomic
levels, including phylum, class, order, family, and genus.
Currently, the most commonly performed analyses are at
the phylum and genus levels. Species annotation analysis of
the samples based on the phylum level revealed 24 micro-
bial phyla in this experiment. The top 9 species in terms of
abundance were selected to generate histograms, while the
remaining species were combined as “Others.” According
to Fig. 6, the major bacterial phyla for the FW group were
Fusobacteria (45.34%), Proteobacteria (35.95%), and Firmi-
cutes (8.13%). Similarly, the LAW group had Fusobacteria
(44.99%), Proteobacteria (24.06%), and Firmicutes (20.64%)
as the major bacterial phyla. In contrast, the HAW group
displayed Fusobacteria (41.41%), Proteobacteria (28.68%),
and Firmicutes (19.65%) as the major bacterial phyla. It is
evident that the dominant bacterial populations in the three
alkalinity groups primarily belong to the phyla Fusobacteria,
Proteobacteria, and Firmicutes. The three dominant phyla
accounted for 89.41%, 89.69%, and 89.73% of the total gut
microbiome in each respective group.

Based on the genera level, species annotation analysis was
conducted on the samples, and histograms were generated
using the top 11 species with the highest abundance, as shown
in Fig. 7. Cetobacterium (57.49%), Candidatus-Berkiella
(8.69%), and Phreatobacter (9.60%) were major microbial
genus for the FW group. Cetobacterium (56.96%), Bacte-
roides (7.19%), and Aeromonas (2.99%) were major micro-
bial genus for the LAW group. Cetobacterium (25.84%),
Sebaldella (26.96%), and Aeromonas (8.67%) were major
microbial genus for the HAW group.

Others
Dependentiae
Chloroflexi
Planctomycetota
Verrucomicrobiota
Actinobacteriota
Bacteroidota
Firmicutes
Proteobacteria
Fusobacteriota

Group Name
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Fig.7 Histogram of the 1.00
relative abundance of intestinal

microbes at the genus level
0.75

0.50

Relative Abundance

0.25

0.00

®  Others
Allorhizobium-Neorhizobium-
Pararhizobium-Rhizobium
Aeromonas
Pseudorhodoplanes
Erysipelatoclostridium
Bacteroides

ZOR0006
Candidatus-Berkiella
Phreatobacter

Sebaldella

Cetobacterium

Function prediction of gut bacterial communities

To analyze functional differences based on COG (clusters
of orthologous group) functional annotations and abun-
dance information, the top 24 abundantly ranked samples
were selected. A clustering analysis was performed at the
functional level, and a heat map was generated to visual-
ize the results. The experiment depicted in Fig. 8 yielded
crucial conclusions. At Level 1, the abundance of functional
flora involved in metabolism, genetic information process-
ing, environmental information processing, and cellular
transport and catabolism was lower in the LAW and HAW
groups compared to the FW group. Furthermore, there was
a decrease in the abundance of flora with increasing alka-
linity. Both the LAW and HAW groups exhibited a higher
abundance of organismal systems functional microflora and
human diseases-related flora compared to the FW group.

. 05

Metabolism
Genetic Information Processing
Environmental Information Processing

Organismal systems

Human Diseases

Cellular Processes

LAW HAW

Level 1 Fw

Fig.8 Distribution of COG functional annotations feature heat maps
(Level 1)
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Group Name

Additionally, the abundance of flora showed an increasing
trend with rising alkalinity.

According to Fig. 9, at Level 2 and Level 3, the abun-
dance of functional flora related to energy metabolism was
higher in the LAW and HAW groups compared to the FW
group. The protein and amino acid metabolism in the LAW
and HAW groups was lower than in the FW group, and the
bacterial community abundance decreased with increasing
alkalinity. The HAW group exhibited the highest abundance
of ADP-glyceromanno heptose 6 epimerase activity and car-
bohydrate transport in the glucose metabolism microflora.
The FW group, on the other hand, showed the highest abun-
dance of transferase activity transferring glycosyl groups and
ADP-heptose-lipopolysaccharide heptenyl transferase activ-
ity functional flora. Notably, the HAW group had the lowest
abundance of these functions. In lipid metabolism, the LAW
and HAW groups exhibited higher abundance of functional
microflora involved in hydrolase activity-acting on ester bonds
and Acyl-CoA dehydrogenase activity, compared to the FW
group. Additionally, the abundance of functional flora involved
in the purine nucleotide biosynthetic process, which is part
of nucleotide metabolism, was higher in both the LAW and
HAW groups compared to the FW group. The abundance of
functional microflora involved in the genetic material informa-
tion processing pathway (transcription) was lower in the LAW
and HAW groups compared to the FW group, with the HAW
group exhibiting the lowest abundance among the groups. The
abundance of the phosphoenolpyruvate-dependent sugar phos-
photransferase system in signaling molecular and interactions
microflora was highest in the HAW group and lowest in the
LAW group. The abundance of Na*/H* antiporter, belong-
ing to the membrane fusion protein (MFP) (TCS8.A.1) family,
was lower in the LAW and HAW groups compared to the FW
group, with the lowest abundance observed in the HAW group.
The abundance of drug transmembrane transporter active
functional flora in the HAW group was lower than in the FW
group, while the LAW group had the highest abundance. Addi-
tionally, the abundance of the functional microflora involved
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E Metaboli I: ATPase activity
nergy Metabolism (ABC) transporter 0.5
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in the phosphorelay signal transduction system was higher in
the LAW and HAW groups compared to the FW group, with
the LAW group having the highest abundance. In the immune
system, the abundance of functional flora with phosphatase
activity and belonging to the aldehyde dehydrogenase family
was higher in the LAW and HAW groups compared to the FW
group. The abundance of functional microflora belonging to
the phage integrase family in the immune system was lower in
the FW group compared to the LAW and HAW groups. The
FW group exhibited a higher abundance of functional micro-
flora involved in transport and catabolism compared to the
LAW and HAW groups, with the lowest abundance observed
in the LAW group.

Discussion

Growth performance, tissue structure, and enzyme
activity

In aquaculture, growth performance efficiently reflects
the production value and economic benefits of the cul-
tured species (Song et al. 2021). However, environmental

factors can play a pivotal role in affecting nutrient uptake,
and thus on the growth performance (Yao et al. 2016). In
previous studies, it is found that the growth rate of Nile
tilapia also showed a decreasing trend with increasing
alkalinity (Lin et al. 2013). Intestinal digestive enzyme
activity is an important indicator of fish digestion and
absorption of feed, and the activity of digestive enzymes
reflects the ability of fish to use nutrients (Dawood et al.
2019). In this experiment, NaHCO; alkaline stress sig-
nificantly reduced the growth performance and activities
of trypsin, amylase, and lipase in juvenile fish. Further-
more, both growth performance and intestinal digestive
enzyme activities decreased with increasing alkalinity,
while bait coefficients increased accordingly. These find-
ings are consistent with the results obtained from studying
different alkalinity conditions in Allogynogemetic crucian
carp and Chalcalburnus chalcoides aralensis (Bi et al.
2021). The author speculates that there are two reasons.
Firstly, in the alkaline environment of juvenile fish, Na*
ions enter the fish’s body, leading to an increase in extra-
cellular osmotic pressure (Cosco et al. 2019). Secondly,
K*, Na*, and Mg?* present on the external side of pro-
teoliposomes at physiological concentrations inhibit the
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transport activity. Additionally, OH™ is produced in water
during HCO;™ dehydration, and these OH™ ions enter the
intestine, affecting the pH in the intestines of juvenile fish
(Zhao et al. 2022). When the osmotic pressure and pH in
the intestines of juvenile fish are affected, the activity of
intestinal digestive enzymes is reduced, thereby inhibiting
the utilization of bait (Wood and Eom 2019). The energy
metabolism of fish is directly related to their growth, and
an increase in water alkalinity may result in higher energy
consumption by juvenile fish to regulate osmotic pressure
(Su et al. 2020). As a result, the alkaline environment
reduces the allocation of energy towards growth metabo-
lism, decreases bait conversion efficiency, and ultimately
impairs the growth performance of grass carp.

Gills serve as the primary organ for material exchange
between fish and the external environment, playing a cru-
cial role in osmotic and ionic regulation, acid-base balance,
excretion of nitrogenous waste, and facilitating aquatic gas
exchange (Evans et al. 2005). Fish gills are also considered
as primary target organs for the toxic effects of chemical
contaminants. Structural and physiological changes in the
gills can serve as effective indicators of water contamina-
tion and directly reflect the toxic effects of chemicals on
fish (Guo et al. 2022; Tsui et al. 2012). Studies have shown
that high water alkalinity, often associated with high pH,
results in a decrease in H" concentration in fish (Zhao et al.
2022). As a consequence, ammonia nitrogen (NH;) can-
not bind with H and is unable to be excreted in the form
of ammonium (NH,") within the body. A high percentage
of NH; is highly toxic to fish, whereas NH," is relatively
non-toxic. In summary, the elevated pH in alkaline water
typically hinders nitrogen waste excretion in fish (Zhao et al.
2020). In this study, it was observed that with increasing
alkalinity, the shedding of gill filament interlamellar cell
clusters became more pronounced, the spacing between gill
lamellae increased, the gill lamellae shortened, the thick-
ness of gill lamellae decreased, and the epithelial cells of
gill lamellae were shed in juvenile fish. Firstly, this may
be attributed to the dissolution of NaHCOj; in water, which
leads to CO, dehydration and an increase in PCO,. As a
result, CO, can rapidly permeate the cell membrane and
easily enter the fish’s body (Swietach 2019). This causes a
decrease in the pH of the fish’s body fluid, a reduction in H*
concentration, a decrease in the binding of ammonia nitro-
gen (NH;) with H" in the body, and a decrease in the excre-
tion of NH; in the form of ammonia (NH,"). Consequently,
this leads to ammonia poisoning and respiratory alkalosis
in the fish (Brauner et al. 2019; Zhao et al. 2020). Secondly,
the entry of Na™ ions into the blood results in an increase in
the osmotic pressure of the extracellular fluid. Additionally,
during HCO;~ dehydration, the concentration of OH™ ions in
fish increases, further exacerbating the respiratory alkalosis
in the gills of juvenile fish (Zhao et al. 2022). To adapt to the
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alkaline environment, the epithelial cells of the gill filaments
undergo dehydration, leading to the shedding of interlamel-
lar cell masses in the gill filaments, which initially causes
an extension of the gill lamellae. As alkalinity continues to
increase to 32 mmol/L, the dehydration of gill filament epi-
thelial cells becomes more severe, resulting in the shedding
and necrosis of these cells. This leads to a reduction in the
length and thickness of gill lamellae, as well as a significant
increase in spacing between them. These changes result in
a decreased contact area between the gill filaments and the
alkaline environment, facilitating physiological adaptation.
Eventually, the gill tissue structure exhibits noticeable signs
of adaptive degradation.

The liver is an extremely sensitive organ in fish and serves
as a vital hub for substance metabolism. It plays a crucial
role in the biotransformation of exogenous xenobiotic sub-
stances (Eladari and Kumai 2015). It has been observed that
an imbalance between the synthesis rate of substances in
hepatocytes and their release from the internal circulatory
system results in cell vacuolation (Wolf and Wheeler 2018).
Alkalinity was the controlled variable in this experiment.
The hepatocytes of juvenile fish in the LAW group exhibited
enlargement and nucleus deviation from the center of the
cell, whereas the hepatocytes of the HAW group displayed
cell swelling, nucleus deviation from the center of the cell,
and cytoplasmic vacuolation, indicating severe damage.
Therefore, the damage to liver cells may be closely related to
the metabolic imbalance of Na*, OH™, NHj;, and other sub-
stances in the liver, which could potentially impair the liver’s
ability to eliminate harmful metabolites from the body.

The kidney is one of the main metabolic and immune
organs of the organism and is very important for regulating
osmotic pressure and maintaining homeostasis. Abnormali-
ties in the external environment can lead to corresponding
changes in kidney cell structure; therefore, the kidney could
be regarded as an indicator of the salinity adaptation range
of fish (Handeland et al. 2003). In a study, it was found that
the kidney function of Salmo clarki henshawi was degraded
under hypertonic conditions, with shortened tubules and
reduced or even absent glomeruli (Kim et al. 2017). The
proximal renal tubule is responsible for most of the renal
sodium and bicarbonate reabsorption in tilapia in a bicar-
bonate environment, and the proximal tubular bicarbonate
recycle pathway plays a crucial role in maintaining acid—base
balance in tilapia under osmotic stress (Su et al. 2020). The
kidneys of grass carp juveniles in the control group exhibited
intact kidney cell structure, with no evidence of glomerular
structure or significant tubular damage. In contrast, it was
observed that the renal tubular lumen in the LAW group
was enlarged. Furthermore, the renal tubular epithelial cells
in the HAW group exhibited swelling, necrosis, and more
pronounced enlargement of the tubular lumen. The author
believes that the cause of renal cytopathy is similar to that
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of gill and liver cells. The decrease in HCO;™ levels leads to
a decrease in the pH of the juvenile fish’s body fluids, which
in turn reduces the excretion of NH; in the form of ammonia
(NH,*), resulting in metabolic ammonia poisoning in the
kidneys. Additionally, this may be attributed to the entry of
Na™ into the kidneys of juvenile fish in highly alkaline water,
leading to increased osmotic pressure in the extracellular
fluid of the kidneys (Cosco et al. 2019; Jeffries et al. 2019;
Zhao et al. 2020). And in order to maintain osmotic pressure
balance in the body, the renal tubules may undergo varying
degrees of atrophy, which is unfavorable for the excretion of
harmful metabolites in juvenile grass carp.

Intestinal microorganisms

The structure of the intestinal flora is closely associated with the
host type, diet, individual size, and environment (Sullam et al.
2012). The sequencing results of this experiment revealed that
the dominant microflora in the intestines of both the treatment
and control groups consisted of Fusobacteria, Proteobacteria,
Firmicutes, and Bacteroidetes. These findings were consistent
with the dominant microbial flora observed in the intestines of
other freshwater fishes, and the proportional structure of the
dominant bacterial groups aligned with the results reported
by other researchers (Han et al. 2010; Wu et al. 2012). In this
experiment, the dominant intestinal flora at the phylum level
was relatively similar between the experimental and control
groups of juvenile fish. However, there were variations in the
abundance of each type of microflora. Specifically, the abun-
dance of Proteobacteria phylum was significantly lower in the
LAW and HAW groups compared to the FW group. Proteobac-
teria is a prominent group in the gut microbial composition of
many fish species. For instance, a study by Shaofeng Han (Han
et al. 2010) demonstrated that Proteobacteria is the dominant
intestinal group in grass carp. The Proteobacteria phylum flora
has been found to exhibit a range of metabolic types, with many
species being partly anaerobic, heterotrophic, or autotrophic.
Additionally, certain species within this phylum possess the
capability of utilizing photosynthesis to store energy (Bradley
and Pollard 2017). Bacteroidota is a microflora that is involved
in sugar metabolism and transport. It has the ability to ferment
dietary fiber and decompose various indigestible polysaccha-
rides, thereby providing energy for the host and promoting its
growth. The abundance of the Bacteroidota phylum was sig-
nificantly lower in the HAW group compared to the LAW and
FW groups, suggesting that alkalinity negatively impacted the
sugar metabolism function of juvenile fish.

The analysis of bacterial composition at the genus level
indicated a significant decrease in the abundance of the
genus Cetobacterium in the HAW group compared to the
LAW and FW groups. The genus Cefobacterium is known
to be a prevalent species found in the intestines of fresh-
water fish (Casillas et al. 2022). Cetobacterium possesses

the capability to ferment complex carbohydrates, and a
significant population of Cetobacterium in the fish intes-
tine is known to produce vitamin B12. Fish are unable to
synthesize vitamin B12 internally and depend on external
sources to meet their requirements. The primary function of
vitamin B12 is to influence DNA synthesis and regulation,
participate in cellular metabolism, contribute to fatty acid
synthesis, and play a crucial role in energy production. This
vitamin plays a key role in maintaining the body’s normal
hematopoietic process (Casillas et al. 2022; Tsuchiya et al.
2008). In aquatic animals, a deficiency of vitamin B12 can
result in reduced appetite in fish (Karmakar et al. 2022).
Therefore, the significant decrease in the relative abundance
of Cetobacterium in the intestinal flora observed in this
experiment, caused by alkalinity, may lead to a reduction
in vitamin B12 production. Consequently, this could result
in decreased appetite in juvenile fish, reduced fulfillment of
their nutrient requirements, diminished bait utilization, and
hindered growth of the juvenile fish.

The abundance of Bacteroides in the HAW group was
significantly lower compared to the LAW and FW groups.
Research has demonstrated that Bacteroides play a beneficial
role in enhancing the utilization of nitrogenous substances,
biotransformation of steroids, and hydrolysis of macro-
molecules. Additionally, certain strains of Bacteroides can
synthesize and secrete polysaccharide A, which possesses
anti-inflammatory properties and exhibits a protective effect
against liver damage (Hao et al. 2017a, b). It has been dis-
covered that Bacteroides are producers of SCFAs (short-
chain fatty acids) in the intestine. Elevated levels of SCFAs
in the intestine have been linked to the body’s inflammatory
defense mechanisms. Within the intestinal flora, anthobac-
teria primarily generate SCFAs such as butyrate and propi-
onate. SCFAs promote melatonin synthesis by decreasing
the expression of inducible nitric oxide synthase in the liver
and exhibit antioxidant properties. The production of SCFAs
activates immune suppressive cells, such as T helper cells,
which safeguard the intestinal mucosa against pathogens by
diminishing the inflammatory response. This process helps
alleviate insulin resistance and inflammation by reducing
the release of intestinal toxins (Hao et al. 2017a, b; Wu et al.
2020). Therefore, the fish in the HAW group exhibited a
reduced capacity to inhibit the secretion of intestinal toxins,
impede inflammatory responses, and maintain antioxidant
activity.

Changes in the intestinal environment can lead to altered
bacterial growth, and both Na* and pH are crucial factors in
shaping the gut microbiota (Engevik et al. 2013). The diges-
tive tract is a complex ecosystem, and the internal colonizing
bacteria within it carry a greater number of genes compared to
the host genome. This allows them to enrich their functional
genes within specific signaling pathways through internal
restructuring. As a result, they actively participate and influence
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various aspects of the host’s physiological activities, including
immunity and nutrition (Zhang et al. 2020). Through cluster-
ing analysis of COG functional annotations in the Greengene
database, it was observed that the abundance of metabolic func-
tional groups, such as protein metabolism, amino acid metabo-
lism, carbohydrate metabolism, and nucleotide metabolism,
was lower in the LAW and HAW groups compared to the FW
group. The abundance of these microflora decreases as alkalin-
ity increases, indicating that alkalinity reduces the abundance
of flora involved in nutrient digestion and absorption in the
intestinal tract of juvenile grass carp. This reduction may lead
to a decrease in the intestinal digestion and absorption capacity
of grass carp.

In this experiment, the abundance of functional micro-
flora involved in energy metabolism and lipid metabolism
was higher in the LAW and HAW groups compared to the
FW group. This indicates that grass carp upregulate the abun-
dance of microorganisms associated with lipid and energy
metabolism functions in response to the alkaline stress envi-
ronment. The abundance of functional microflora involved in
genetic information processing pathways and cellular trans-
port and catabolism was lower in the LAW and HAW groups
compared to the FW group. This indicates that the alkalinity
conditions inhibited the growth of functional microflora asso-
ciated with genetic information processing pathways in grass
carp. Consequently, the interaction between the gut microbial
community and the gut environment of grass carp is reduced,
resulting in decreased participation of gut microorganisms in
cellular transport, catabolism, transcription, and translation
functions in fish. The abundance of functional flora involved
in environmental processing, such as the regulation of iron
and potassium homeostasis, sodium, and hydrogen ion trans-
port, signaling, and membrane transport, was lower in the
LAW and HAW groups compared to the FW group. This
suggests that alkalinity may inhibit the survival of functional
flora related to environmental information processing in the
intestine, thereby reducing the association of microorganisms
with functions related to environmental information process-
ing in the intestine of grass carp. In a study by Barranger
et al. (Barranger et al. 2019), it was found that exposure of
Mpytilus galloprovincialis to Cg, fullerene induces immune
and inflammatory responses as a response to stress. These
responses include the release of lysozyme, oxidative bursts,
and nitric oxide production. Studies have shown that bacte-
riophages can produce proteins that inhibit the growth of host
bacteria (Liu et al. 2004). Aldehyde dehydrogenase plays a
role in removing aldehydes from the body and also exhibits
catalytic and non-catalytic functions, such as transesterifica-
tion and oxidative stress (Ziouzenkova et al. 2007). Further-
more, phosphatase activity reflects the physiological activity
level and health status of an organism (Lee et al. 2017). In
this experiment, the abundance of bacteriophage integrase,
aldehyde dehydrogenase, and phosphatase was higher in
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the LAW and HAW groups of immune organic systems and
disease-related functional flora compared to the FW group.
These findings indicate that juvenile fish developed defenses
under alkalinity conditions, which were countered by gut
microbes leading to increased immune enzyme.

Conclusions

This study is the first to investigate the effects of high
NaHCO; alkalinity conditions on the growth performance
of juvenile grass carp. In conclusion, the findings indi-
cate that under such conditions, the gills, liver, and kid-
ney tissues of juvenile grass carp are damaged, leading to
reduced activity of trypsin, lipase, and amylase. Addition-
ally, the structure and functional status of the intestinal
microflora are altered, which may contribute to the decline
in the growth performance of grass carp.
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