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Abstract

In the present study, juvenile striped catfish (Pangasianodon hypophthalmus), a freshwater fish species, have been chroni-
cally exposed to a salinity gradient from freshwater to 20 psu (practical salinity unit) and were sampled at the beginning
(D20) and the end (D34) of exposure. The results revealed that the intestinal microbial profile of striped catfish reared
in freshwater conditions were dominated by the phyla Bacteroidetes, Firmicutes, Proteobacteria, and Verrucomicrobia.
Alpha diversity measures (observed OTUs (operational taxonomic units), Shannon and Faith’s PD (phylogenetic diversity))
showed a decreasing pattern as the salinities increased, except for the phylogenetic diversity at D34, which was showing an
opposite trend. Furthermore, the beta diversity between groups was significantly different. Vibrio and Akkermansia genera
were affected differentially with increasing salinity, the former being increased while the latter was decreased. The genus
Sulfurospirillium was found predominantly in fish submitted to salinity treatments. Regarding the host response, the fish
intestine likely contributed to osmoregulation by modifying the expression of osmoregulatory genes such as nkala, nkalb,
slc12al, slc12a2, cftr, and agpl, especially in fish exposed to 15 and 20 psu. The expression of heat shock proteins (hsp)
hsp60, hsp70, and hsp90 was significantly increased in fish reared in 15 and 20 psu. On the other hand, the expression of
pattern recognition receptors (PRRs) were inhibited in fish exposed to 20 psu at D20. In conclusion, the fish intestinal micro-
biota was significantly disrupted in salinities higher than 10 psu and these effects were proportional to the exposure time.
In addition, the modifications of intestinal gene expression related to ion exchange and stressful responses may help the fish
to adapt hyperosmotic environment.

Key points

e [t is the first study to provide detailed information on the gut microbiota of fish using the amplicon sequencing method.
e Salinity environment significantly modified the intestinal microbiota of striped catfish.

e Intestinal responses may help the fish adapt to hyperosmotic environment.
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Introduction

Striped catfish Pangasianodon hypophthalmus industry
has been an important inland aquaculture production in
Southeast Asia, particularly in Mekong Delta in Vietnam.
In 2019, striped catfish production in Vietnam reached
1.4 million of tons with estimated value of US$2.3 billion
(FAO 2020). Nevertheless, the industry is currently fac-
ing climatic challenges, especially extensive salinity intru-
sion caused by the climate change. The saline water was
observed up to 40 km far from the river mouth in places
and increased salinity level in striped catfish farms up to
9 psu (practical salinity units) (Schmitz et al. 2017a, b,
¢). Several studies have been conducted to investigate the
effects of salinity on physiological striped catfish (Nguyen
et al. 2014; Schmitz et al. 2016a,b). However, the intesti-
nal response of fish is largely unknown.

The fish intestine is a complex multifunctional organ
that plays crucial roles in nutrient absorption, the immune
response, and osmoregulation (Martin et al. 2016; Dehler
et al. 2017a). In addition to the gills and kidney, the gas-
tro-intestinal tract contributes to internal osmoregulation
through balancing the uptake and maintenance of electro-
lytes and water when fish migrate from fresh water to sea-
water (Ringg et al. 2003; Malakpour Kolbadinezhad et al.
2018). When adapting to hyperosmotic environments,
fish continuously drink water to compensate water loss
that may alter intestinal physiology resulting in changes
in physiochemical factors in the intestine, including gas-
tric acidity, digestive enzymes, and bile salts (Usher et al.
1990). These changes are known to affect the intestinal
colonization by specific microbes in teleosts (Ringg et al.
2003). Therefore, the changes in internal pH and osmo-
lality could significantly affect the resident and transient
intestinal microbes (Ray and Ringg 2014). In fact, pre-
vious research on anadromous and euryhaline fish spe-
cies has shown that salinity could decrease the intestinal
microbial richness and evenness and can cause changes in
its composition (Zhang et al. 2016; Dehler et al. 2017a).
The salinity gradient is an important factor that can shape
fish microbial communities, with marked differences in
the community composition in freshwater versus seawa-
ter fish (Dehler et al. 2017a). Furthermore, the environ-
mental water and diets can also influence the intestinal
microbial composition in fish. Hence, it could be predicted
that freshwater and seawater fish have different intesti-
nal microbiota due to different compositions in the envi-
ronment (Herlemann et al. 2011) and, therefore, the fish
intestinal microbiota and the respective environmental
microbiota should have a similar composition. However,
it is known that several bacterial species are specifically
abundant in the intestine but not in the water (Schmidt
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et al. 2015; Dehler et al. 2017b). This suggests that there
is a complex mechanism for bacterial colonization of the
fish intestine that responds to both temporal environmental
changes and host physiology (Schmidt et al. 2015; Dehler
et al. 2017a).

Regarding fish responses to environmental salinity changes,
fish living in hyperosmotic environments are required to retain
water and secrete ions against the concentration gradient (Ron-
kin et al. 2015). The regulatory mechanisms involve many
processes and most of them take place in the gill, kidney, and
intestine (Marshall and Grosell 2005). In the euryhaline species
Mozambique tilapia (Oreochromis mossambicus), the ability to
tolerate hypersaline water may be related to its capacity to upreg-
ulate ion exchange in the posterior intestine with significantly
increased expressions of Na*-K*-Cl~ 2 cotransporter (nkcc2),
Na*-K*-Cl™ 1 cotransporter (nkccl), cystic fibrosis trans-
membrane regulator (cftr) and Na*/K™-ATPase (nka), which
are involved in exchanging sodium, potassium, and chloride
ions (Li et al. 2014). Another euryhaline fish, silver sea bream
(Sparus sarba) acclimated to 33 psu also exhibited an increase
of aquaporin 1 (agpl) transcripts, regulating water and solute
transport, when exposed to hyposaline (12 psu) and hypersaline
(70 psu) environments (Deane et al. 2011). In striped catfish,
osmoregulation is known to increase through upregulation of gill
Na*/K*-ATPase activity when the fish are transferred from fresh
water (0 psu) to seawater (20 psu) (Schmitz et al. 2016a). In
the case of insufficient ionic regulation, salinity fluctuations can
lead to osmotic stress in aquatic organisms, eventually causing
disruption of protein synthesis and protein damage (Deane et al.
2002). During osmotic stress, the synthesis of heat shock protein
(hsp) families increases remarkably; therefore, these proteins
are considered to be a biomarker of stress in fish (Hightower
1991; Deane et al. 2011). For instance, hsp70 (heat shock protein
70) expression in gills of tilapia (Sarotherodon melanotheron)
significantly increased with hyperosmotic stress. Additionally,
hepatic expression of hsp genes, including 2sp60 (heat shock
protein 60), Asp70, and hsp90 (heat shock protein 90), were
lowest in fish reared in isosmotic salinity and highest in those
adapted to hypoosmotic and hyperosmotic salinities (Deane
et al. 2002). However, not much is known about the physiologi-
cal changes in the intestine during such osmotic changes.

The interactions between the host and intestinal micro-
biota play an important role in many aspects of physi-
ology, metabolism, and immune homeostasis in fish
(Rawls et al. 2004). Microbial colonization of intestinal
mucosal surfaces results in positive effects on gut immune
responses, while microbiota imbalance disrupts immu-
noregulatory functions and may lead to disease develop-
ment (Pérez et al. 2010). Intestinal epithelial cells are
capable of sensing components of the expression of pat-
tern recognition receptors (PRRs), among which toll-like
receptors can recognize bacterial lipopolysaccharides and
other microbial molecules such as pathogen—associated
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molecular patterns (Tlaskalova-Hogenova et al. 2005;
Hormannsperger and Haller 2010). The interaction
between the receptor and the ligand activates the signal-
ling molecules, resulting in an increase of solute media-
tors that recruit and regulate the immune and inflamma-
tory responses (Fasano and Shea-Donohue 2005). In sea
bass (Dicentrarchus labrax), a downregulation of intesti-
nal inflammatory genes such as interleukin 1 beta (il15),
interleukin 10 (il10), transforming growth factor p (zgfp)
in fish fed with probiotics has been previously shown
(Picchietti et al. 2009). In contrast, another probiotic mix
upregulated toll-like receptor 1 (¢lr1), toll-like receptor 3
(tlr3), ill1p, tumor necrosis factor alpha (tnfa), il10, and
tgfp in the gut of zebrafish (Danio rerio) (Gioacchini
et al. 2017). Collectively, these studies indicate that there
is an alteration of the microbe composition that may lead
to locally regulated host inflammatory responses.

In the present study, we investigated alterations in the
intestinal microbiota as well as host gene expression in
the intestine of striped catfish under different conditions
of salinity.

Materials and methods
Experimental conditions

Juvenile striped catfish weighing 24.04 +1.02 g/fish were col-
lected from Viet-Uc hatchery, An Giang province, and accli-
mated in fresh water for 2 weeks before starting the experiment.
The juveniles were distributed (40 fish/tank) into 5 experimen-
tal recirculating systems with triplicate for each treatment. The
final salinities in the different treatments were 0, 5, 10, 15, and
20 psu, and the salinities were gradually increased at a rate of 0,
0.25,0.5,0.75, and 1 psu per day, respectively. The increase was
done twice daily to reduce the shock to juveniles. Fish were fed
ad libitum twice daily with commercial dry pellets (Aquaexcel
7434, Cargill, Vietnam), and the residual feed was removed after
30 m of feeding. All treatments reached the target salinities after
20 experimental days (D20). Then, the fish were continuously
reared in the corresponding salinities for 2 weeks (until D34).
Water quality parameters, including pH (7.6 +0.2), tempera-
ture (29.5+0.6 °C), dissolved oxygen (6.7 +0.5 mg/l), nitrites
(0.2+0.1 mg/1), and total ammonia nitrogen (0.6+0.1 mg/l) were
measured and maintained at optimal levels for striped catfish dur-
ing the experiment.

Sampling
Three individual juveniles/tank were sampled at D20 and

D34 (Supplementary Fig. S1). There were 5 treatments in
D20, and 4 treatments in D34 were sampled because all fish

exposed 20 psu were dead in the end of the experiment.
The fish were first euthanized with 200 mg/L MS-222 (ethyl
3-aminobenzoate methane sulfonate; Sigma, St. Louis, MO,
USA). Then, the fish abdominal cavity was opened asepti-
cally. The intestinal samples were separated and transferred
to a cryotube containing RNAlater (prepared following the
protocol detailed at https://www.protocols.io/view/RNAla
ter-Recipe-c56y9d). The tubes were stored at—80 °C until
further analysis.

DNA extraction, preparation of 16S rRNA gene
amplicon libraries (V3-V4 region), library
quantification, and sequencing

DNA was extracted from the intestinal samples using the
NucleoMag VET kit (Macherey—Nagel, Diiren, Germany)
according to the manufacturer’s protocol. The DNA quanti-
ties were measured using the Qubit dsDNA BR Assay Kit
(Life Technologies, Carlsbad, CA, USA).

Library preparation followed the standard Illumina (San
Diego, CA, USA) 16S rRNA metagenomics sequencing pro-
tocol (15,044,223 Rev. B). The V3-V4 region of 16S rRNA
was amplified using the primers 341F-TCGTCGGCAGCG
TCAGATGTGTATAAGAGACAGCCTACGGGNGGC
WGCAG and 785R-GTCTCGTGGGCTCGGAGATGT
GTATAAGAGACAGGACTACHVGGGTATCTAATCC.
These primers were shown to have a broad phyletic cov-
erage (Klindworth et al. 2013). The PCR comprised 50 pl
reactions, including 10 pl of 5 X KAPA HiFi (Kapa Biosys-
tems, Woburn, USA), 1.5 pl of 10 mM dNTP, 1.5 pl of each
forward and reverse primer (1 pM), 1 pl of MgCl, (2.5 mM),
1 pl Kapa Hifi Hstart (Kapa Biosystems, Woburn, USA),
5 pl of genomic DNA (50 ng), and 28.5 pl of PCR grade
water. Thermocycling conditions included an initial dena-
turation step at 95 °C for 3 min, then 25 cycles at 95 °C
for 30 s, 55 °C for 30 s, and 72 °C for 30 s. A final exten-
sion step was conducted at 72 °C for 5 min. After the PCR,
the products were subsequently purified using AmPure XP
beads (Beckman Coulter, High Wycombe, UK) and the
concentration was checked using Qubit dsDNA BR Assay
Kit. Then, a second PCR amplification was performed to
attach dual indices and Illumina sequencing adapters using
the Nextera XT Index kit (Illumina, San Diego, CA, USA).
The reaction contained 14 pl of DNA elution and PCR grade
water, 2.5 pl each of Nextera XT Index 1 Primer (N7XX)
and Nextera XT Index 2 Primer (S5XX) (200 nM), 5 pl of
5 x KAPA Hifi, 0.75 pl of 10 mM dNTP, and 0.25 pl of
2 x KAPA HiFi Hstart (0.5 U). The process included an
initial denaturation step at 95 °C for 3 min, then 8 cycles
of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s, and a
final extension step at 72 °C for 5 min. AMPure XP beads
were used to purify PCR products. The 16S rRNA amplicon
libraries for each sample were quantified by a fluorometric
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method using dsDNA binding dyes. Then, 5 pL of the
4 nM DNA library pool was prepared for sequencing on the
Illumina MiSeq platform. The library pool was denatured
with 0.2 M NaOH and diluted with Pre-chilled HT1 buffer
(Illumina, San Diego, CA, USA) to a final concentration of
4 pM. Sequencing was performed with a MiSeq Reagent Kit
v3-600 cycle (Illumina, San Diego, CA, USA) following the
manufacturer’s protocols. Paired-end sequencing was per-
formed on an Illumina MiSeq platform with 5% PhiX spike-
in quality control using PhiX Control Kit v3 (Illumina, San
Diego, CA, USA). Raw sequencing data from all samples
can be openly accessed on NCBI database with BioProject
accession number PRINA802379.

Data analysis

The data analysis was performed according to the protocol of
Lokesh et al. (2019). The FastQ files were used as the input
for the UPARSE pipeline (usearch version 11.0.667) (Edgar
2013). First, the forward and reverse reads were merged,
with maximum mismatches of 10 and minimum ID percent-
age of 80%. The primer binding sites were trimmed, and
the merged reads were truncated at 400 bp. The resulting
sequences were then quality filtered with maximum expected
error rate set to 1. Next, the dereplication was performed,
and the reads with < 10 sequences were discarded. OTUs
(operational taxonomic units) were clustered at a thresh-
old of 97% similarity level and chimeric sequences were
discarded. After clustering, the raw reads were mapped to
OTUs by searching the reads as queries against the OTU
representative sequences. Taxonomic ranks were assigned
to OTUs using the SINTAX algorithm using Ribosome
Database Project database downloaded at the link of https://
drive5.com/sintax/rdp_16s_v18.fa.gz (rdp_16s sequences,
version v18). Taxonomic assignments with scores < 0.5 were
not considered in the downstream analyses.

Alpha and beta diversities were computed using QIIME?2
(Hall and Beiko 2018). Then, one-way ANOVA followed by
Tukey’s post hoc tests were used to statistically compare the
treatments on the same sampling day and an independent
t-test applying a 95% confidence interval was used for the
treatments at the same salinity levels from different sampling
days in SPSS 20 software (IBM Corporation, Armond, NY,
USA). Appropriate transformation was performed when
the assumptions of normality and equal variance were not
met. Beta diversity was assessed based on the Bray—Cur-
tis distance. Pairwise comparisons between treatments
were performed using ANOSIM in QIIME2. The results of
Bray—Curtis distance and relative abundance were plotted
using R package (version 4.0.5) (Team RC 2013) and phy-
loseq (version 1.34.0) (McMurdie and Holmes 2013). The
significantly abundant OTUs were calculated using Linear
Discriminant Analysis Effect Size (LEfSe) (Segata et al.
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2011) on Galaxy (version 1.0) with p-value set at 0.05 and
LDA log score threshold at 3.5. The LEfSe results were plot-
ted using GraPhlAn (version 1.1.3) (Asnicar et al. 2015).
To predict the metagenomes of each sample, the OTU table
was used in PICRUSt2 (Phylogenetic Investigation of Com-
munities by Reconstruction of Unobserved States2) version
2.4.1 with the maximum value of Nearest Sequenced Taxon
Index (NSTI) of 0.03 (Douglas et al. 2020). The generated
tree was complemented with OTU resulting in hidden-
state prediction (hsp) (Louca and Doebeli 2018) using the
maximum-parsimony method, generating predicted Kyoto
Encyclopedia of Genes and Genomes (KEGG) orthology.
The abundance profiles of KEGG orthologys were statisti-
cally analysed by LEfSe with p-value set at 0.05 and LDA
log score threshold set at 2.5.

RNA extraction and qPCR

Intestinal RNA was extracted using Tri-Reagent solution
(Ambion, Thermofisher Scientific, Waltham, MA, USA)
according to the manufacturer’s instructions. The RNA con-
centration and quality were determined by NanoDrop-2000
spectrophotometer (Thermo Scientific, Waltham, MA,
USA) and after migration on agarose gel (1%), respectively.
Genomic DNA contamination was removed by digestion
using rDNAse I (Thermo Fischer Scientific, Waltham, MA,
USA). Then, 1 pg of total RNA was reverse-transcribed using
RevertAid RT kit (Thermo Fischer Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions. The
cDNA samples were diluted 1:25 and used to determine
gene expressions of nkala (Na*/K*-ATPase ala); nkalb
(Na*/K*-ATPase alb), sicI2al (solute carrier protein fam-
ily protein 12 group A, member 1); sic/2a2 (solute carrier
protein family protein 12 group A, member 2); cftr, agpl,
hsp70, hsp90, hsp60, tlrl, and tlr2 (toll-like receptor 2); il13,
il10, and tnfa (tumour necrosis factor alpha); and #gfff and
alpl (alkaline phosphatase) by quantitative PCR (qPCR).
The reactions were performed using SsoAdvanced™ Uni-
versal SYBR® Green Supermix (Bio-Rad, Hercules, CA,
USA) on QuantStudio 5 (Applied Biosystems, Waltham,
MA, USA). The thermal conditions were set at 95 °C for
3 min in the initial denaturation step, followed by 40 cycles
at 95 °C for 30 s and 60 °C for 30 s. The primers used in
the present study were designed using Primer-BLAST (Ye
et al. 2012) from the striped catfish sequence published on
GenBank. The efficiency of each gene was tested before
analysing. The details concerning the primers are given in
Supplementary Table S1. For analysis, sample value and
normalization were determined using the relative expres-
sion ratio mathematical model (Pfaffl 2001). Briefly, Ct val-
ues are transformed according to the equation: Ratio (fold
change) =E ACt(conlrol—sample)/E ACt(conlrol—sample)’

where E, .

target reference

. is the qPCR efficiency of the target gene and
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E, ference 15 the qPCR efficiency of the reference gene (beta
actin actf) (Pfaffl 2001). To determine the qPCR efficiency,
the serial dilution of pooled cDNA from all samples was
included in the qPCR reaction. Statistical comparisons were
carried out by one-way ANOVA, followed by Tukey’s post
hoc test between treatments on the same sampling day and
an independent #-test applying a 95% confidence interval was
used for the treatments at the same salinity levels in different
sampling days in SPSS 20 (IBM Corporation, Armond, NY,
USA). Appropriate transformation was performed when the
assumptions of normality and equal variance were not met.

Results

Differences in the intestinal microbial diversity
and composition

Alpha diversity

The intestinal microbiota was clustered in 939 OTUs. Alpha
diversity, including observed OTUs, Shannon index, and
Faith’s PD (phylogenetic tree) of the intestinal microbiota
had a decreasing pattern with the increase in salinity at D20.
Notably, the highest values were expressed in the 5 psu

a Observed OTUs
300 be & x b
250 be B B
200 A A
150
a
100
0
b20 Sampling days D34
B0psu @S5psu @10psu O15psu @20 psu
Faith's PD *
c e
80 BC
70
60 *
50 B
40 A
30 o c ¢
20 ’J_‘ ab
| Wl
0 |
D20 Sampling days D34

E0psu B5psu B10psu O15psu W20 psu

Fig.1 Alpha diversity in the intestinal microbiota of striped catfish
exposed to different levels of salinity. a Observed operational taxonomic
units (OTUs), b Shannon index, and ¢ Faith’s PD (phylogenetic diversity).
Results are given as mean=+SD. Different lower-case and upper-case let-

(observed OTUs and Shannon index) and 10 psu (Faith’s
PD) treatments, which were significantly different compared
to the communities of the 15 psu and 20 psu treatments at
D20 (p <0.05) (Fig. 1). The richness at D34 decreased sig-
nificantly (» <0.05) in fish exposed to 10 psu compared to
the same salinity at D20 (Fig. 1a). Although Shannon index
decreased similarly at 5 psu and 10 psu, the changes were
not statistically different (Fig. 1b). Interestingly, there was a
significant increase in Faith’s PD in saline treatments at D34
compared to the corresponding treatments at D20 (p < 0.05)
(Fig. 1¢).

Beta diversity

To visualize the intestinal microbiota impaired under dif-
ferent salinity conditions, a Bray—Curtis similarity-based
ordination analysis (PCoA) was performed. The ordination
at D20 showed that the samples in 20 psu were completely
separated from those in the other treatments (Fig. 2a). This
was confirmed with the p-value <0.01 and R-value>0.7
(ANOSIM) (Table 1). Furthermore, the pairwise compari-
son between 15 psu and the other treatments showed similar
patterns, with the most significant difference found between
5 and 15 psu with a p-value of 0.001 and an R-value of
0.655. The remaining pairwise comparisons varied between

Shannon

bc p
a 'i |j_‘
D34

D20

7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

Sampling days
B0psu @Spsu @10psu O15psu W20 psu

ters denote statistically significant differences between treatments at D20
and D34, respectively (p <0.05). Asterisks denote significantly higher val-
ues in the treatment compared to the corresponding values on the other
sampling days (p <0.05)
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Fig.2 Principal coordinate analysis (PCoA) plot based on Bray—Curtis distance similarities in the intestinal microbiota of striped catfish
exposed to different salinity levels. a Treatments plotted at D20. b Plot of treatments at D34

Table 1 Pairwise ANOSIM test based on Bray—Curtis dissimilarity in
intestinal microbiota of striped catfish juveniles at D20 and D34

Pairwise comparison D20 D34

p value Rvalue  pvalue R value
0 ppt vs 5ppt 0.003 0.338 0.001 0.632
0 ppt vs 10 ppt 0.002 0.428 0.001 0.856
0 ppt vs 15 ppt 0.008 0.337 0.001 0.938
0 ppt vs 20 ppt 0.001 0.924
5 ppt vs 10 ppt 0.001 0.462 0.004 0.313
5 ppt vs 15 ppt 0.001 0.655 0.001 0.723
5 ppt vs 20 ppt 0.001 1
10 ppt vs 15 ppt 0.009 0.323 0.157 0.098
10 ppt vs 20 ppt 0.001 1
15 ppt vs 20 ppt 0.001 0.786

Phylum

Abundance
3 o

~n
o

Spirochaetes
Tenencutes
Verrucomicrobia

a
100' IIII
0- I

0 psu Spsu 10psu 15psu 20 psu

Bacteroidetes
Campilobacterota
Fibrobacteres
Firmicutes
Fusobacteria
Lentisphaerae
Proteobacteria

0.001 and 0.009 for the p-value, and 0.323 and 0.462 for the
R-value. At D34, there were significant differences in all
pairwise comparisons (p <0.01 and R > 0.6), except between
the 5 and 10 psu treatments and 10 and 15 psu (Fig. 2b). The
differences in beta diversities under each salinity treatment
between two different sampling points (D20 and D34) were
significant in all groups, except for the groups with 0 psu
(Supplementary Fig. S2 and Supplementary Table S2).

Relative abundance of the prominent taxa in the intestinal
microbiota of striped catfish

It is clear that Bacteroidetes was the dominant phylum in

all treatment groups at D20 (Fig. 3) with the highest abun-
dance (73.7%) in the 20 psu treatment. This was followed

b
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Fig. 3 Mean relative abundance of the top 10 bacterial phyla in striped catfish intestinal microbiota at D20 (a) and D34 (b)
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by Firmicutes (23.3%) and then Verrucomicrobia (14.7%) in
the freshwater treatment. Firmicutes was also the predomi-
nant phylum in fish exposed to 5, 10, and 15 psu with 20.0,
20.4 and 25.4%, respectively. Campilobacterota increased
significantly up to 27.5% in the 10 psu group. In addition,
a gradual decrease in Verrucomicrobia was observed with
increasing salinity, from 14.7% in fresh water (0 psu) to 1%
at 20 psu. In the 20 psu treatment group, Proteobacteria
(20%) were the most abundant after Bacteroidetes (73.7%)
(Fig. 3a). At D34, there was a significant increase in the
Campilobacterota phylum in the 5 and 10 psu groups (46.0%
and 37.4%, respectively), which became one of the most
abundant phyla in the intestinal microbiota. In addition, the
proportion of Proteobacteria as the predominant bacteria
in the gut microbiota changed in fish treated with 10 and
15 psu, at 38.8% and 30%, respectively (Fig. 3b).

At D20, Akkermansia was the most dominant genus in the
gut microbiota of fish kept in freshwater conditions (13.4%)
(Fig. 4a), followed by several different Bacteroides species,
Helicobacter (4.2%), and Cetobacterium (1.5%). In fish
exposed to 5 psu, Helicobacter was the most abundant genus
(9.5%), followed by several Bacteroides species and Ceto-
bacterium (4.9%). Under 10 psu, Sulfurospirillum accounted
for 20.4% and was the predominant genus in the intestinal
microbiota. When treated with 15 psu, the Bacteroides spe-
cies were still predominant in the microbiota, but a signifi-
cant increase in Vibrio and Parabacteroides was observed up
to 6.7 and 5.4%, respectively. The most notable change in the
20 psu treatment was that the Bacteroides_OTU1 accounted
for the greatest proportion of the microbiota at 70%, fol-
lowed by the Vibrio genus (8%). The fish at D34 had a simi-
lar diversity of gut microbiota as those at D20, except for the
increase in the genus Treponema (5.3%). Sulfurospirillum
was the prominent genus in fish in 5 psu, accounting for over
36% of the community, followed by Helicobacter at 9.1%.
In the 10 and 15 psu treatments, the genera Sulfurospirillum
and Vibrio dominated (27.1 and 14.0%, respectively). In the

Abundance

Parsbacteroides_OTU32 2
Sutfurospinlium_OTU2
Vidrio_OTU8

NA

0 psu

S psu 10psu  15psu 20 psu

15 psu group, Bacteroides_OTU1 was dominant (12.7%). In
addition, the proportion of the genera Cetobacterium (3.5
and 5.7% at 10 and 15 psu, respectively) and Romboutsia
(2.1 and 2.5% at 10 and 15 psu, respectively) increased with
salinity (Fig. 4b).

Differential abundance of the OTUs in intestinal microbiota
of striped catfish

LEfSe was used to determine the intestinal biomarkers
(OTUs) in striped catfish exposed to different levels of
salinity (Fig. 5a). At the phylum level, Verrucomicrobia,
mainly reflecting the abundance of OTUs of the genera
Akkermansia and Lentisphaerae, were biomarkers in the
0 psu treatment. In addition, Fusobacter, mainly repre-
sented by the genus Cetobacterium, were differentially
abundant in the 5 psu treatment, while Tenericutes and
Campilobacterota were biomarkers in 10 psu. The lat-
ter was mainly comprised of the genera Sulfurospirilum
and Helicobacter. The abundance of Treponema genus,
belonging to the Spirochaetes phylum, was significantly
higher in the 0 and 5 psu treatments than for the other
treatments. The 15 psu treatment was significantly
enriched in the Firmicutes phylum, reflecting the abun-
dance of the Clostridia class, although the lower taxo-
nomic levels shared significant abundance in all treatments
except 20 psu. The Bacteroidia clade, which belongs to the
Bacteriodetes phylum, was significantly abundant in the
20 psu treatment, but the Bacteroides genus shared high
abundances in all the different salinities. Moreover, the
most significant abundance of Vibrio genus belonging to
the class Gammaproteobacteria were found in the 20 psu
treatment, indicating that the genus is a biomarker in fish
subject to a saline environment.

At D34, the phyla Bacteroidetes, Verrucomicrobia,
and Spirochaetes, reflecting the abundance of the genera
Bacteroides, Akkermansia, and Treponema, respectively,

Genus
Akkermansis_OTU4
Bacteroides_OTU1
Bacteroides_OTUS
Bacteroides_OTUS
Bacteroides_OTU9
Cetobactenium_OTU7
Helicobacter_OTU3
Romboutsis_OTuU21
Sutfurospiniium_OTU2
Treponems_OTU11
Vibrio_OTU20
Vibrio_OTUS
Vibrio_OTU88
NA

0 psu

5 psu 10 psu 15 psu

Fig.4 The mean relative abundance of the intestinal microbiota of striped catfish at the genus level at D20 (a) and D34 (b). Only the OTUs pre-

sent at an abundance greater than 1% were retained
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Fig.5 Cladogram showing differentially abundant taxa in the intes-
tinal microbiota of striped catfish at D20 (a) and D34 (b) for the
various salinity conditions. Linear discriminant analysis effect size

were significantly more abundant in the freshwater group
(Fig. 5b). In the 5 psu treatment, the phyla Letisphaerae
and Campilobacterota had the highest abundances, the latter
being reflected in the highly abundant genera Sulfurospiril-
lum and Helicobacter. Although the phylum Proteobacteria
was a biomarker in the 10 psu treatment, it reflected only the
Gammaproteobacteria class with the representation of the
Vibrio genus. The point of interest in the 15 psu treatment
was the high abundance of Bacteroides_OTU 1.

Presumptive metabolic potential of the intestinal
microbiota of striped catfish

The OTU table was used as the input file for PICRUSt2, and
accuracy was calculated using the NSTI value. The results
according to LEfSe showed that there were 20 significantly
different abundances of KEGG pathways at level 2 in which
the treatment of 20 psu had the highest number (9) of sig-
nificantly enriched pathways, such as carbohydrate metabo-
lism, lipid metabolism, cell motility, and membrane transport
(Table 2). This was followed by 6, 4, and 1 enriched path-
ways at 0, 5 and 15 psu, respectively, at D20. At D34, the
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(LEfSe) was used to validate the statistical significance and the effect
size of the different abundances of taxa in the treatments compared to
the control

0 psu treatments had the highest number of enriched pathways
with 9 of 18 total pathways, while the 5, 10, and 15 psu treat-
ments were significantly abundant with 5, 3, and 1 pathways,
respectively.

Gene expression
Expression of genes related to osmoregulation

The expression of nkala and nkalb showed a signifi-
cant increase with salinity at D20 and D34. In addition,
a remarkable increase in mRNA levels of nkalb was
observed after fish were maintained at the targeted salini-
ties of 5, 10, and 15 psu for two weeks (Fig. 6a, b). A
similar pattern was observed for the solute carrier fam-
ily genes slci12al and slci2a2, which encode nkcc2 and
nkccl, respectively (Fig. 6¢, d). Notably, the mRNA level
of slc12a2 was the lowest at 5 and 10 psu, whereas it was
the highest at 20 psu at D20 (Fig. 6d). Moreover, slci2al
showed a gradual increase with salinity at D20 (Fig. 6c).
At D34, the expression of both genes was significantly
higher in the 15 psu group than in the other groups. Fish
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Fig.5 (continued)

exposed to salinity of 5, 10, and 15 psu at D34 had sig-
nificantly higher mRNA levels for these genes than the
corresponding fish at D20. The transcripts of nkala,
nkalb, sici2al, and slc12a2 were lowest on D20 at 5 psu
compared to the other conditions. With respect to cystic
fibrosis transmembrane conductance regulator (cftr) and
aquaporin 1 (agpl), the highest levels of the genes were
observed in the O psu treatment and the lowest in the
20 psu treatment at D20. Similarly, the mRNA levels of
cftr and agpl were significantly higher in fish exposed to
fresh water than in fish exposed to 10 and 15 psu (Fig. 6e,
f). Notably, both gene expressions significantly decreased
on D34 compared to D20 when treated with 10 psu.

Heat shock protein family

The highest expression of heat shock protein 70 (hsp70) was
found in the 15 and 20 psu groups, and was significantly dif-
ferent from that of the freshwater group at D20. However,
the changes recovered after 2 weeks of exposure to salinity
(Fig. 7a). A similar pattern was observed in the mRNA lev-
els of heat shock protein 90 and 60 at D20, where there was
a significant increase with salinity. Moreover, the increased
responses were prolonged until D34 when treated with
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15 psu (Fig. 7b, c). In general, salinity greater than 10 psu
had a significant effect on the expression of hsp genes in
the initial period of exposure and these responses decreased
with exposure time.

Intestinal pattern recognition receptor and its
associated pathways (TLRs)

In general, the expression of genes involved in PRRs, such
as tlrl, tlr2, illp, tnfa, il10, and tgfp, showed the low-
est expression in fish exposed to 20 psu at D20 (Fig. 8).
Notably, the expression of tlrl was significantly lower
in fish exposed to 20 psu than that in the lower salinity
levels, while the statistical significance of #/r2 was found
only between the treatments of 5 psu and 20 psu (p <0.05)
(Fig. 8a, b). Pro-inflammatory genes such as il/f and tnfa
were remarkably downregulated in the 20 psu treatment
compared to the others (p <0.05) (Fig. 8c, d). Moreover,
il1p expression was significantly lower in fish exposed to
15 psu compared to the others at D34. For anti-inflam-
matory responses, fgff transcripts were the lowest at
20 psu and significantly different from 0, 5, and 10 psu
treatments. For i//0 expression, there was no statistical
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Table 2 ].)ifferenti.ally z.ibundant No KEGG pathway in level 2 D20 D34
presumptive functions in level
2 of Kyoto Encyclopedia of Group LDA pvalue Group LDA pvalue
Genes and Genomes (KEGG)
pathways of the intestinal 1 Transcription Opsu  4.027 0.000 Opsu  4.062 0.000
microbiota of striped catfish 2 Folding, sorting and degradation Opsu 3.843 0.002 Opsu 3.801 0.001
exposed to different salinitie.s. 3 Infectious disease bacterial Opsu  3.743 0.030
PICRUSt2 was used to predict . . .
the metagenome and the 4 Amino acid metabolism Opsu  3.759 0.034 Opsu 3.852 0.014
significantly abundant pathways 5 Translation Opsu  3.949 0.000 Opsu  4.165 0.000
were identified with the help of 6  Glycan biosynthesis and metabolism Opsu  4.176 0.000 Opsu  4.154 0.001
LEfSe 7 Immune system Opsu  3.419 0.006
8 Digestive system Opsu  3.672 0.001
9 Endocrine system Opsu  3.753 0.001
10 Nucleotide metabolism Spsu  4.084 0.000 Opsu 3.988 0.001
11 Xenobiotics biodegradation and metabolism 5 psu  3.962 0.029 Spsu  3.922 0.044
12 Metabolism of cofactors and vitamins Spsu  4.071 0.000 5Spsu 3942 0.014
13 Metabolism of terpenoids and polyketides Spsu  4.883 0.000 S5psu  4.639 0.001
14 Biosynthesis of other secondary metabolites 15 psu  3.413  0.015
15  Cellular community prokaryotes 20 psu  4.400 0.000 10 psu  4.413  0.000
16  Environmental adaptation 20 psu 3.781 0.000 10 psu  3.805 0.000
17 Carbohydrate metabolism 20 psu  4.039 0.003
18  Cell motility 20psu  4.724  0.000 10 psu  4.598 0.000
19  Lipid metabolism 20psu  3.964 0.001 10 psu 3.862 0.001
20 Replication and repair 20psu  3.767 0.001
21 Transport and catabolism 20psu  3.721 0.005
21 Membrane transport 20 psu  4.130 0.000 10 psu  3.979 0.001
23 Metabolism of other amino acids 20 psu  4.128 0.000 15psu  3.995 0.002

difference between treatments at D20, although it was the
lowest in the 20 psu treatment, whereas at D34, it was
highest in the freshwater treatment and significantly differ-
ent compared to that of 10 and 15 psu (Fig. 8e, f). Moreo-
ver, il10 gene expression was significantly decreased in the
10 psu treatment after 2 weeks of exposure to salinity. The
expression of a gene related to lipopolysaccharide detoxi-
fication, alkaline phosphastase, was examined (Fig. 8g). It
showed a gradual increase with the salinity gradient, and
was statistically higher in the 20 psu treatment than in the
0, 5, and 10 psu treatments. There were no remarkable
differences in the expression of this gene after two weeks
of exposure to salinity.

Discussion

Fish intestine responds to changes in the osmotic
conditions

In teleost fishes, the gut plays an important role in water bal-
ance in marine environments but its role in osmoregulation
is less important in freshwater fish, which are hyperosmotic
to the environment (Takei and Hwang 2016). Entry into a
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saline environment results in a 10- to 50-fold increase in
drinking volume to compensate for water losses in fish (Gro-
sell 2006). The oesophageal-gastrointestinal tract absorbs
more than 95% of the NaCl in seawater during ingestion and
this absorption facilitates water absorption (Grosell, 2010).
The major components of the absorption are basolateral
Na*/K*-ATPase and apical Na*-K*-2C1~ (Grosell 2006).
In the present study, the genes involved in ion transport-
ers, especially nkala and slc12al were generally upregu-
lated at salt levels of 15 and 20 psu for short-term exposure
(D20) and even at 10 psu for long-term exposure (D34).
The genes nkala and nkalb are two similar paralogues of
nkal that encode the a-subunit of Nat/K*-ATPase (Lind
et al. 2013). Na™/K*-ATPase, known to be an active pump,
represents the primary driving force for activation of many
ion transport systems in osmoregulatory organs, including
the intestinal tract in teleost fish (Yang et al. 2018), and
its upregulated expression indicates a higher need for ion
uptake or excretion (Lin et al. 2003; Yang et al. 2009; Whit-
tamore 2012). Also, slc12al coding nkcc2 plays a dominant
role in intestinal NaCl absorption in euryhaline fish (Takei
2021). The upregulation of nkal and sici2al was also found
in a study of the euryhaline fish Mozambique tilapia and sea
bream when transferred from hypo- to hyperosmotic envi-
ronments (Gregdrio et al. 2013; Li et al. 2014). Salinities
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Fig.6 Fold changes in the expression of genes related to osmoregu-
lation in the intestine of striped catfish exposed to different salinity
levels. a nkala, b nkalb, ¢ slci2al, d slci12a2, e cftr, and f agpl.
Results are expressed as mean+SEM. Different lower-case and

between freshwater and 10 psu generally did not upregulate
the expressions of these osmoregulatory genes, even fish
subjected to 5 and 10 psu showed a significant decrease in
slc12a2 expressions compared to that in freshwater in the
early exposure. The regulations indicate that fish may have
a tendency to reduce ion exchange salinities close to their
isosmotic point which is estimated to be 9 psu in striped
catfish (Nguyen et al. 2014). In mammals, CI~ secretion
is regulated by cftr on the apical membrane and by nkccl
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upper-case letters denote statistically significant differences between
treatments at D20 and D34, respectively (p <0.05). Asterisks denote
significantly higher values in the treatment compared to the corre-
sponding values on the other sampling day (p <0.05)

on the basolateral membrane (Takei 2021). In the present
study, the upregulated expression of sic/2a2 in the highest
salinity treatment, i.e., 20 psu at D20 and 15 psu at D34,
may demonstrate their effective activities in C1™ regulation;
however, cftr expression showed downregulation. A decline
in cftr transcript expression during seawater adaption was
also found in the intestine of killifish (Fundulus heterocli-
tus) and European eel (Anguilla anguilla) (Marshall and
Singer 2002; Takei 2021), while the opposite pattern was
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a hsp70, b hsp90, and ¢ hsp60. Results are given as mean+SEM.
Different lower-case and upper-case letters denote statistically sig-

found in different euryhaline fish species (Li et al. 2014).
The downregulated expression is possibly explained by the
fact that the CFTR of striped catfish intestine is localized in
the basolateral membrane for C1™ absorption, as suggested in
previous research (Marshall and Singer 2002; Takei 2021).
The transport of NaCl parallels that of water, moving from
the intestinal lumen into the body fluid through the epithe-
lium when luminal fluid is almost isotonic to the body fluid
(Li et al. 2005). Water absorption by transcellular passage
is greatly facilitated by aquaporins (AQPs) which showed
an upregulated expression in European and Japanese eels
(Anguilla japonica) acclimated to seawater (Aoki et al.
2003; Martinez et al. 2005). However, the expression of
agpl decreased when striped catfish were exposed to salin-
ity in the current study. A similar result was found in medaka
(Oryzias latipes), which may be explained by the movement
of AQP1la from the apical membrane to the subapical area
and the possible transport of water via paracellular routes
after fish enter seawater (Madsen et al. 2014). Addition-
ally, the duration of exposure to salinity also affected the
osmoregulation process in the gut. In general, these genes
were upregulated in fish exposed to increased salinity in
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a manner proportional to the exposure time. Similar find-
ings were reported in Sacramento splittail (Pogonichthys
macrolepid) and killifish, showing an increase of Nat/K*-
ATPase activity during seawater acclimation periods (Scott
et al. 2008; Mundy et al. 2020). These results confirm the
osmoregulatory ability of the intestinal tract in striped cat-
fish during saline exposure through differential regulation of
Na*/K*-ATPase activity. However, the exact mechanism of
changes in CI™ secretion and water absorption in striped cat-
fish under the influence of salinity requires further research.

Heat shock proteins are known as stress proteins and
extrinsic chaperones and are produced in all cellular organ-
isms exposed to stressors (Roberts et al. 2010). HSPs are a
useful biomarker indicating the stress status of teleost fish
(Roberts et al. 2010). The increase in HSPs has been found
in freshwater and euryhaline fishes such as common carp
(Cyprinus carpio) and salmon (Salmo salar) under salinity
stress, although it is not systematic in all organs (De Wachter
et al. 1998; Pan et al. 2000). In the current study, the increase
in all tested hsp transcripts were exhibited in the highly
osmotic environments, such as 15 and 20 psu, although the
levels decreased slightly with the duration of exposure to
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Fig.8 Fold change expression of intestinal pattern recognition recep-
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salinity. The upregulation of HSPs plays an important role
in preventing protein misfolding under stress conditions
(Winklhofer et al. 2008). Interestingly, there was a highly
similar pattern between HSP gene expression and the major
reactive genes of the osmoregulation process, i.e., nkala and
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case letters indicate statistically significant differences between treat-
ments on D20 and D34, respectively (p<0.05). Asterisks indicate
that the values for each treatment are significantly higher compared to
the corresponding values on the other sampling days (p <0.05)

slcl12al, especially on D20. This observation is supported
by results in other species showing a positive correlation
between the expression of Asp70 and nka under hyperos-
motic stress (Deane and Woo 2004; Larsen et al. 2008; Tine
et al. 2010). However, Schmitz et al. (2016a) found that
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HSP70 expression in the kidney of juvenile striped catfish
did not vary significantly with the salinity gradient from
fresh water to 20 psu. Since a significantly lower survival
is observed at 20 psu, it may be hypothesized that juvenile
striped catfish have mechanisms to respond to hyperosmotic
conditions, through Asp, nka, and slc12a expression changes,
but these are not sufficient for adaptation to 20 psu.

Osmotic stress alters the intestinal microbial
diversity

The effect of salinity on striped catfish has been investigated
in previous studies; however, most of them were focused on
physiological and immunological responses (Nguyen et al.,
2014; Schmitz et al. 2016a,b). To date, no attention has been
given to how the intestinal microbiota changes under high
salinity conditions in this species. Additionally, the intestinal
microbiota in striped catfish has not been investigated by
amplicon sequencing-based methods, except a study with
general phylum information by Sutriana et al (2018).

We obtained 4.5 million raw sequence reads from the
Miseq runs, distributed across 74 samples and 4,066,509
quality filtered sequences were clustered into 939 OTUs
(63,486 +23,401, mean + SD with the min and max values
of 2,849 and 90,739 sequences, respectively). This allowed
for rarefaction and even sampling of 6000 sequences per
sample. After rarefaction, 73 of 81 samples were retained
for further steps. The present study revealed that the alpha
diversity indicators of the intestinal microbiota were sig-
nificantly decreased in salinities higher than 10 psu at D20,
which is in accordance with the previous studies on eury-
haline species (Schmidt et al. 2015; Dehler et al. 2017a).
The salinity gradient is an important barrier for bacterial
colonization, and the significant decrease in microbial spe-
cies richness and diversity in saline treatments might reflect
this evolutionary barrier (Dehler et al. 2017a). Furthermore,
the increase of water uptake and salt excretion in order to
regulate ions in the intestinal tract may lead to changes in
the niche and contribute to alterations in the microbiota
structure and composition (Whittamore 2012; Dehler et al.
2017a). In fact, changes in ionic regulation with increasing
salinity were confirmed through the modified expression of
genes related to osmoregulatory processes, such as nkala,
slci2al, agpl, and cftr, which could reflect the physiologi-
cal changes observed in the current study. These genes gen-
erally showed significant differences in 15 and 20 psu treat-
ment groups, in which higher nkala and slci12al and lower
agpl and cftr compared to the lower salinity treatments were
observed. The physiological changes (possibly including pH,
osmolality, passage rate and residence time, which are dif-
ferent in fresh water and seawater) significantly affect micro-
biota establishment (Ray and Ringg 2014). Additionally,
phylogenetic diversity estimated by Faith’s PD significantly
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increased with salinity after two weeks of exposure to highly
saline conditions. Faith’s PD is calculated based on the sum
of branch lengths of a phylogenetic tree connecting all spe-
cies in the community (Faith 1992); therefore, there is a
strong positive correlation between species richness and
phylogenetic diversity. However, our results showed an
opposite trend between phylogenetic diversity and richness
at D34. This finding might be explained by the fact that
although the number of OTUs was reduced, the phyloge-
netic differences of remaining OTUs in salinity treatments
were extremely significant and this reflected the destabilized
microbiota under saline conditions. Furthermore, the results
of the Bray—Curtis index, followed by the ANOSIM test,
showed significant differences in the intestinal microbiota
structure between treatments. Notably, differences in diver-
sity increased with duration of saline exposure, with medium
salinity treatments (i.e., 5 psu and 10 psu) showing the great-
est changes. Lokesh et al. (2019) reported that the diversity
of intestinal microbiota in Atlantic salmon decreased signifi-
cantly after 3 weeks of exposure to saline conditions. Striped
catfish exposed to 10 psu showed the greatest difference in
diversity according to exposure duration in the current study.
Taken together, these results suggest that the salinity gradi-
ent and exposure time can disturb the intestinal community
in striped catfish.

Osmotic stress alters the intestinal microbiota
taxonomic composition

In the present study, we found that Bacteroidetes, Firmi-
cutes, Verrucomicrobia, and Proterobacteria phyla were
predominant in the intestinal microbiota of striped catfish
in freshwater. This is consistent with previous studies on
striped catfish (Sutriana et al. 2018) and channel catfish Icta-
lurus punctatus (Bledsoe et al. 2016). Fish exposed to 20 psu
had a significantly lower diversity, in which Bacteroides_
OTU1 and Vibrio accounted for around 80%. The low diver-
sity combined with the loss of some Bacteroides species and
the increase in the Proteobacteria phylum may reflect a dys-
biosis status of the intestinal tract (Humphreys 2020). The
Bacteroides genus was dominant in the intestinal microbiota
in all treatment groups at the beginning of exposure to salin-
ity, however its abundance decreased in all groups by the end
of the experiment, except for Bacteroides_OTU1. Although
its significantly higher relative abundance at 20 psu pos-
sibly reflected low diversity in the treatment, this OTU was
also abundant at 15 psu, suggesting a high salinity tolerance.
Although Bacteriodes is considered the dominant genus in
the endogenous microbiota of freshwater fish (Gémez and
Balcazar 2008), some strains prefer estuarine and riverine
environments (Langenheder et al. 2003). Bacteroides species
are anaerobic, bile-resistant, non-spore-forming, Gram-neg-
ative rods, and the genus accounts for approximately 25% of
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anaerobes in the healthy human colon (Salyers 1984; Wexler
2007). They perform a variety of functions in the human gut
that may be related to carbohydrate metabolism, secretion
of toxins, and interaction with the host immune system by
controlling pathogens (Wexler 2007). The common presence
of Bacteroides species under different osmotic conditions
indicates their functional importance in the striped catfish
gut. However, further studies are needed to determine their
functional role, especially Bacteroides_OTUI, which has a
high tolerance to the high salinity environment. Similarly,
Verrucomicrobia, mostly represented by the Akkermansia
genus, were significantly affected by the salinity gradient
and exposure time. Previous studies have shown its abun-
dance in the intestine of freshwater common carp, cichlid
fish, and marine rabbit fish (Siganus guttatus) (Baldo et al.
2019; Chang et al. 2020; Le et al. 2020). In humans, salinity
in faeces was associated with reduced Akkermansia abun-
dance, independent of geography, age, and obesity status
(Seck et al. 2019). Although the study of this bacterial genus
in aquatic animals is limited, it is known as a mucin degrader
in human and mice intestine and plays a key role in reduc-
ing systemic inflammation, improving glucose metabolism
and the barrier function of the gut (Everard et al. 2013; Xu
et al. 2020). Therefore, Akkermansia has been considered
as a promising probiotic due to its ability to ameliorate host
immune responses and metabolic functions (Gémez-Gal-
lego et al. 2016; Zhang et al. 2019). In the present study,
the relative abundance of Akkermansia decreased in fish
intestines exposed to salinity, suggesting that the functional
barrier of the intestine might be disrupted by osmotic con-
ditions. It is clear that the increase of Proteobacteria with
increasing osmotic conditions was mainly represented in the
abundance of Vibrio spp. The observation is not surprising
because Vibrio spp. abundance in the gut microbiota has
been shown to increase in Nile tilapia (Oreochromis niloti-
cus), Chinook salmon (Oncorhynchus tshawytscha), and
Atlantic salmon after transfer to saline environments (Zhang
et al. 2016; Lokesh et al. 2019; Zhao et al. 2020). Although
Vibrio could be found in the intestinal tract of freshwater fish
(Mishra et al. 2010; Givens et al. 2014), it was almost absent
in freshwater conditions in our study, representing less than
0.002% of abundance. It may be assumed that Vibrio is not
an inherent bacterium in striped catfish gut and that they ini-
tially entered the intestinal tract with the increased drinking
of water in the saline environment. In one of the Vibrio spe-
cies, Vibrio vulnificus, the optimal salinity for survival was
shown to vary between 5 and 10 psu and this strain develops
well up to 25 psu (Randa et al. 2004), which is consistent
with the abundance of the bacteria in high salinity environ-
ments. The abundance of Campilobacterota, mainly rep-
resented by the genera Helicobacter and Sulfurospirillum,
was significantly affected by the salinity gradient, the former
being inhibited in saline conditions higher than 10 psu and

the latter being stimulated in all salinities after two weeks
of exposure. Helicobacter pylori was observed in faecal
samples of farmed and wild tilapia from different water
types and locations, while this bacterium was absent in all
other tested fish species, even when collected from the same
sources (Abdel-Moein et al. 2015). It is likely that the pres-
ence of this bacterium is more related to fish species-specific
genetic traits than to environmental factors. Our results are
in accordance with the findings of Gancz et al. (2008) who
showed that a strain of H. pylori, known as a human patho-
gen, could not grow at a concentration of 15 g/L. of sodium
chloride. Sulfurospirillum, known as a free-living organism,
produces hydrogen, which is an important electron supplier
in an anoxic environment (Kruse et al. 2018). This genus
also plays a key role in the metabolic cycle of sulphur and
nitrogen (Ross et al. 2016). It is positively correlated with
dissolved oxygen and negatively correlated with biological
and chemical oxygen demands (Tyagi et al. 2021). Fish gut
microbiota contain relatively few free-living environmental
bacteria (Wong and Rawls 2012). Sulfurospirillum spp. was
present in the freshwater treatment during our experiment
with a relative abundance around 0.5%, indicating a relation-
ship between the surrounding environment and the intestinal
microbiota. Its increase in the intestine may be explained by
the increased drinking of water by fish when transferred to
a highly osmotic environment. However, the functions of
Sulfurospirillum in the intestine of aquatic animals are still
largely unknown.

Presumptive metabolic pathways changed
under an osmotic environment

Global changes in putative functions in intestinal micro-
biota were examined using PICRUSt2. In the first phase of
salinity exposure, beside carbohydrate and lipid metabo-
lism, the 20 psu treatment was enriched in pathways
related to the metabolism of a number of amino acids,
such as arginine, proline, trytophane, tyrosine, and glu-
tathione (Supplementary Table S3). Furthermore, the
energy production from nitrogen, sulphur, and oxidative
phosphorylation process were enhanced in fish subject to
20 psu (Supplementary Table S3). A study in intestinal
Atlantic salmon supports these findings that the metabo-
lism of carbohydrates, lipids, and amino acids is enriched
during seawater adaptation (Dehler et al. 2017a). Bacteria
can use amino acids and fatty acids as an energy source
for their growth (Kazakov et al. 2009). They also restore
glutathione, which bacteria use to protect their cells from
external stressors such as low pH, cold, oxidation, and
osmoregulation (Masip et al. 2006). These changes in
metabolic pathways may be evidence that bacteria in the
striped catfish gut tend to obtain their energy from differ-
ent sources, such as carbohydrates, lipids, amino acids,
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and inorganic compounds, to maintain their metabolism
during salinity adaptation. Interestingly, a proteomic study
of striped catfish kidney also showed that amino acid
metabolism pathways, including amino acid synthesis,
branched amino acid degradation, and metabolism of 13
amino acids, had higher abundance in fish exposed to salt
stress (Schmitz et al. 2017a, b, ¢). This could explain the
interaction between host and gut microbiota in response
to salt stress through changes in energy metabolism. Inter-
estingly, the signaling pathways mainly related to stress
responses, such as membrane transport, cell motility, and
signal transduction (two component system) were signifi-
cantly higher in abundance in fish exposed to 20 psu (D20)
and 10 psu (D34) compared to the others (Table 2 and
Supplementary Table S3). The two-component system is
the main way microorganisms perceive and regulate their
expression profile under environmental changes (Teschler
et al. 2017; Xu et al. 2017). External signals are detected
and transmitted by the sensor histidine kinase component
of the system. This protein senses the signals and then
autophosphorylates a conserved histidine residue of the
phosphotransferase domain. Subsequently, the phosphoryl
group is transferred to the response regulator, which may
activate gene transcription in response to the specific sig-
nals from environmental stimuli (Fabret et al. 1999; Liu
et al. 2019). The process may also upregulate gene expres-
sion encoding a bacterial secretion pathway (Gallique et al.
2017). Bacterial motility is an important ability to explore
suitable conditions via regulation of energy demand and
plays a key role in halotolerance (Mitchell and Kogure
2006; Chen et al. 2017). Bacterial motility and chemotaxis
are influenced by changes in the osmotic environment in
species such as Vibrio anguillarum, Aeromonas hydroph-
ila, and Vibrio salmonicida, which showed differential
motility with salinity gradient (Larsen et al. 2004; Karlsen
et al. 2008; Jahid et al. 2015). Based on these results, we
hypothesize that intestinal bacteria might respond to the
saline environment through a two-component pathway and
upregulated expression of genes involved in their motility
to adapt to osmotic stress during long-term exposure. The
most intensive responses were seen in the 20 psu condition
in the first phase of exposure to salinity, but 10 psu in the
longer period.

Host-microbiota interactions under osmotic stress

The interaction between host and microbiota plays an
important role in many aspects of fish health, such as met-
abolic activity and immune status (Pérez et al. 2010). In
the present study, the interaction was investigated via PRR
changes and the presence of dominant bacteria in the intes-
tine. The mucosal immune system discriminates between
pathogenic and commensal bacteria via the PRR pathway,
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which recognizes bacterial antigens and activates signalling
cascades that regulate the immune response (Fasano and
Shea-Donohue 2005). In the present study, a highly saline
environment of 20 psu resulted in a significant decrease in
the expression of #lrl and tlr2, which followed the down-
regulation of inflammatory genes such as il1f, tnfa, il10, and
tgfp at D20. Schmitz et al. (2017a) found similar results in
striped catfish, in which the expression of toll-like receptors
was decreased in the kidneys under conditions of 20 psu.
Interestingly, a previous study found that Vibrio infection
increased the expression of inflammatory genes (Wu et al.
2015). In addition, the presence of Akkermansia in fresh-
water has been shown to suppress inflammatory responses
through increasing the anti-inflammatory cytokine il10 to
prevent the activation of pro-inflammatory cytokines like
il12 (Demirci et al. 2019). However, the saline treatments
in the current study showed a high abundance of the genus
Vibrio and low abundance of the genus Akkermansia, but
their inflammatory responses were unchanged and even
decreased at 20 psu. A plausible explanation could be the
increase in the expression of alkaline phosphatase in the
intestine (Bates et al. 2007). This plays a crucial role in the
detoxification of lipopolysaccharide and prevention of intes-
tinal inflammation, and enhances mucosal tolerance to the
resident microbiota (Bates et al. 2007). However, the effect
of hyperosmotic stress diminished over time, and responses
tended to recover at D34, except for il/f and il10. These
results suggest that striped catfish may regulate excessive
inflammation due to invasive bacteria by responding to
high lipopolysaccharide stress. However, due to the com-
plex intestinal microbiota, the exact mechanism remains
unknown.

In conclusion, this study revealed microbiota and gene
expression alterations in striped catfish intestine under dif-
ferent saline conditions. A detailed profile of the intesti-
nal microbiota in striped catfish was elucidated using the
16S rRNA sequencing method. The results were strongly
concordant with those of other freshwater fish, with a pre-
dominance of the phyla Bacteroidetes, Firmicutes, Proteo-
bacteria, and Verrucomicrobia. Regarding host responses
to salinity, the intestine contributed to the regulation of the
osmoregulatory and adaptive stress processes; however,
this may be insufficient at 20 psu resulting in intestinal
dysbiosis as well as high mortality. The osmoregulation
was more intensive while the stress indicators returned to
normal after a 2-week exposure to salinity. These osmotic
changes in the intestine significantly reduced the diversity
of the microbiota. However, extended salt exposure desta-
bilized the intestinal microbiota, leading to an increase
in phylogenetic diversity with the salt gradient. Despite
the predominance of Bacteroides OTUs in all treatments,
their abundances were mostly significantly decreased after
extended exposure to salinity, except Bacteroides_OTU1.
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The roles of this OTU need to be clarified due to its high
tolerance to salinity. Akkermansia, known to be a probi-
otic, had a lower abundance at the higher salinities and
longer exposures. Sulfurospirillium and Vibrio were the
most abundant in high salinity treatments at the end of
the experiment, indicating a strong correlation between
evironmental conditions and fish intestinal bacterial com-
munities. Regarding predicted metabolic pathways, when
treated with 20 psu the fish obtained higher energy from
various sources that might be needed to cope with osmotic
stress. Additionally, the intestinal microbiota at 20 psu
was most sensitive to environmental changes in the first
phase of exposure to salinity, while this was 10 psu for
the extended salt exposure. The salinity gradient of up to
10 psu did not negatively affect local immune responses.
However, the exact mechanism needs further research,
especially the interaction with the microbiota.
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