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Intertidal biota is subjected to significant fluctuations in salinity. Urechis unicinctus, a 
typical species thriving in intertidal sediments, have relatively simple anatomy structure 
and therefore could be considered as an ideal species for salinity acclimation. Moreover, 
due to the high nutrients, U. unicinctus has become an emerging aquaculture species 
in China. In this study, we investigated the effects of salinity on the growth performance, 
coelomic fluid biochemical indices, antioxidant enzyme system, Na+/K+-ATPase, and 
non-specific immune enzyme activities, as well as intestinal microbiota composition of 
this species in an 8-week experiment. The results indicated U. unicinctus is a euryhaline 
species that can tolerate salinities from 15‰ to 40‰ and demonstrated the highest 
growth performance at 30‰. Physiological characteristic analyses of coelomic fluid and 
intestines indicated that the salinity range of 15‰ to 30‰ is more suitable, while 10‰ 
and 40‰ salinity ranges seem unsuitable for juvenile U. unicinctus. Furthermore, intestinal 
microbiota analysis indicated salinity had a significant effect on the composition structure. 
KEGG pathway analysis indicated that antioxidant related metabolic pathways and 
amino acid metabolic pathways may play important roles in gut microbiota under salinity 
stress. Comprehensive analysis of intestinal bacteria and enzyme activities indicated 
Unidentified Rhodobacteraceae, Vibrio, and Shimia may play important roles in high 
salinity acclimation, while Legionellaceae may act as important microbiota in low salinity 
acclimation. Moreover, Ruminococcus, Oscillospira, Lachnospiraceae, Clostridiales, 
and S24-7 showed negative correlations with the antioxidant and nonspecific immune 
enzymes, indicating that these bacteria can be considered as important candidates of 
probiotics for U. unicinctus aquaculture industry. The findings of this study will extend 
our understanding of the effects of salinity on the growth and health of U. unicinctus and 
contribute to a better understanding of the salinity acclimation strategies of organisms in 
intertidal zones.
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INTRODUCTION

Salinity is a critical environmental factor for aquatic organisms. 
Due to rainstorm or freshwater input, a marine organism living 
in an intertidal zone may experience changes in salinity over the 
course of a tidal cycle (Montagna et  al., 2018). The instability 
of salinity challenges the homeostasis of organisms. Salinity 
can affect the distribution (Kneib, 1984; Conde et  al., 2013), 
physiology (Zhang et al., 2014; Falconer et al., 2019; Yang et al., 
2022), and reproduction (Deschaseaux et al., 2010) of intertidal 
species, which also employ physiological strategies to maintain 
function in rapid salinity fluctuation. Therefore, intertidal 
species, especially sedentary species and benthic animals in 
intertidal environments have drawn increasing attention for 
salinity acclimation investigation (Falconer et  al., 2019; Yang 
et al., 2022).

Salinity is a fundamental factor affecting the normal growth 
of aquatic organisms. Salinity alterations can significantly affect 
physiological activity of aquatic organisms, such as osmolality 
regulation, antioxidant enzyme system, as well as non-
specific immune enzyme activities including Na+/K+-ATPase, 
superoxide dismutase (SOD), acid phosphatase (ACP), and 
alkaline phosphatase (ALP) (Kültz, 2015; Liu et al., 2017; Tian 
et al., 2020; Yang et al., 2022). Rapid salinity changes result in 
the generation of excessive reactive oxygen species (ROS) in 
marine species (Lushchak, 2011). SOD reduces ROS into H2O2, 
which can be further reduced into H2O by other antioxidant 
enzymes (Shen, 2007). An over-production of ROS also leads to 
a permeabilization of lysosomal membranes as demonstrated by 
the release of lysosomal proteolytic enzymes such ACP and ALP 
to the cytosol (Chien et al., 2003; Wang et al., 2012). In addition, 
blood biochemical parameters are often used to evaluate health 
status (Edsall, 1999; Li et al., 2011). Several studies indicate that 
salinity has a significant effect on blood physiological indices 
of aquatic organisms (Jarvis and Ballantyne, 2003; Xu et  al., 
2008; Zarejabad et al., 2010; Tian et al., 2020; Yang et al., 2022). 
Conversely, the intestines of aquatic organisms play significant 
roles in osmotic regulation by dynamically regulating water/
salt absorption and ion exchange under salinity stress (Giffard-
Mena et al., 2006).

As a component contributing to host life activities, the 
intestinal microbial composition may be variously affected 
by the presence of environmental water. The intestinal 
microbiota plays a critical role in regulating many biological 
functions of the hosts, including nutritional provisioning, 
immune reaction, and metabolic homeostasis (Gomez and 
Balcazar, 2008; Sullam, 2012). At present, salinity stress has 
been mainly investigated on the aquatic organism itself, 
whereas the influence of salinity stress on host–microbe 
interaction remains in its infancy. Only several studies, in 
fish and shrimp, have focused on the effects of salinity on the 
intestinal microbiota composition and function (Eichmiller 
et  al., 2016; Dehler et  al., 2017; Hou et  al., 2020; Lai et  al., 
2020; Tian et  al., 2020). To extend the understanding of 
the intestinal microbiota of how host species respond to 
environmental variations, more investigation will be necessary 

to fully understand the important role of intestinal microbiota in 
host salinity acclimation.

The Echiura worm Urechis unicinctus mainly inhabits U-shaped 
burrows in the intertidal zone of China, Russian, Korea, and Japan 
(Li et al., 1995). U. unicinctus has high nutritional value and is rich 
in essential human amino acids, glycosaminoglycan saccharides, 
and polypeptides (Li et al., 2000; Zhang & Li, 2011; Bi et al., 2013; 
Cui et al., 2021). Moreover, U. unicinctus polypeptides have been 
reported to enhance immune functions and inhibit tumor in 
mice (Zhao et al., 2008; Sung et al., 2008; Niu and Chen, 2016). 
At present, the natural resources of U. unicinctus have declined 
sharply because of overfishing in China (Li et  al., 2017). U. 
unicinctus has become an emerging aquaculture species in China. 
Conversely, U. unicinctus is a filter feeding animal which can filter 
algae and organic matter in water. U. unicinctus live in U-shaped 
burrows in the mud- and sandflats of coastal areas and do not 
compete for a niche with other species. Moreover, U. unicinctus 
demonstrate high sulfide metabolism (Ma et al., 2011; Ma et al., 
2012; Zhang et  al., 2021; Liu et  al., 2022) which could improve 
sulfur-containing coastal substrates. Based on these advantages, 
U. unicinctus have potential application in pond polyculture with 
other species such as Litopenaeus vannamei, Stichopus japonicus, 
as well as marine fish (Zhao and Wang, 2018; Chen et al., 2019). 
Taken together, the artificial breeding is urgently needed in order to 
meet the increasing consumer demand of human and polyculture 
application. At present, U. unicinctus breeding technology is 
still nascent (Xu et  al., 2016). Therefore, investigation of the 
environmental condition for the breeding of juveniles is very 
important for the U. unicinctus aquaculture industry.

Salinity is an important environmental factor in U. unicinctus 
cultivation, especially in pond polyculture with other species such 
as euryhaline organism L. vannamei. To date, investigations on the 
effects of salinity on U. unicinctus have mainly focused on the adult, 
including the suitable salinity from 24‰-35‰ (Li et al., 1998) as 
well as digestive enzyme activity and antioxidant enzyme activity 
variation for 96 h under different salinities (15‰, 20‰, 25‰, and 
30‰) (Xu et al., 2017; Zhu et al., 2019), while studies on the juveniles 
is only limited to growth and survival rate (Zheng et al., 2006; Li 
et al., 2019; Sun et al., 2020). A previous study of marine leeches 
revealed the juvenile was more sensitive to salinity stress than the 
adult (Kua et  al., 2014). Chinese mitten crab also demonstrated 
different responses between adults and juveniles (Yang et al., 2022; 
Zhao et al., 2016). Conversely, the investigation of the influence of 
salinity on juveniles is important for the U. unicinctus aquaculture 
industry. Therefore, to extend the understanding of the influence 
of salinity on U. unicinctus cultivation, we investigated the effects 
of salinity on the growth, coelomic fluid biochemical indices, 
antioxidant enzyme system, nonspecific immunity, Na+/K+-ATPase 
activities, and intestinal microbiota composition of U. unicinctus 
juveniles in an 8-week experiment. The findings of this study 
will provide suitable salinity conditions for the rationalization of 
breeding techniques and thereby contribute to the development 
of the U.  unicinctus aquaculture. Meanwhile, the comprehensive 
analysis of physicochemical indices and intestinal microbiota of 
this study could also provide new insight in salinity acclimation for 
aquatic organism.
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MATERIALS AND METHODS

Specimens and Experimental Design
U. unicinctus juveniles (mean weight, 533.3 ± 121.3 mg) were 
supplied by Qingdao Dayi HC Biotechnology Co (Qingdao, 
China). The juveniles were cultivated temporarily in three 200-L 
tanks with 500 juveniles per tank for one week before different 
salinity treatments (17 ± 0.2°C, 30 ± 0.2‰). After acclimatization, 
the juveniles were randomly grouped into 15 aquariums (0.25 m 
long and 0.4 wide) with 20 mesh screened sand at a height of 
0.05  m and 0.25  m water depth. Previous studies indicated U. 
unicinctus juveniles could grow well in 20.0‰ and 30.0‰ salinity, 
while 40.0‰ and 10‰ were the salinity limit (Zheng et al., 2006; 
Li et al., 2019; Sun et al., 2020). To further investigate the salinity 
effect on U. unicinctus juveniles, 40.0‰, 30.0‰, 20.0‰, 15‰, 
and 10‰ salinity was selected for this study. The aquariums were 
divided into five different salinity groups: 40.0‰, 30.0‰, 20.0‰, 
15‰, and 10‰, with three replicates for each group. Salinity 
levels were obtained by artificial seawater, which was prepared 
by seawater crystal (Sea Salt Science and Technology Co., Ltd., 
Qingdao, China), and measured with an optical refractometer 
(American Optical Corporation, USA) for salinity. The breeding 
density was 1,000 per cubic meter of water. Water was renewed 
50% every three days and metabolic waste was siphoned daily. The 
environmental conditions during the different salinity cultivation 
were as follows: pH 7.8-8.5, water temperature 16.5-20°C, and 
dissolved oxygen 5.5-7.4 mg/L. The juveniles were reared for 
8 weeks and fed 2% of their body weight, twice daily, with a 
manually mixed diet (Spirulina and Saccharomyces cerevisiae at a 
ratio of 9:1).

Sample Collection and Preparation
At the end of the 8 week experimental period, the survival rate, 
final weight, and body wall weight of the U. unicinctus juveniles, 
in the different salinity groups, were recorded. Ten juveniles 
were randomly collected from each aquarium. After dissecting 
for the collection of coelomic fluids, the intestine samples 
were aseptically removed from the juvenile. Then, the intestine 
and coelomic fluid samples were obtained. After being frozen 
in liquid nitrogen, all the samples were stored at −80°C for 
subsequent analysis.

Determining Coelomic Fluid Biochemical 
Indices and Enzymatic Activities
Biochemical indices, including total protein, glucose (Glu), 
triglycerides (TG), total cholesterol (T-Cho), as well as 
ionic concentrations including Na+ and Cl− in the coelomic 
fluid of U. unicinctus juveniles were detected following the 
manufacturer’s commercial assay kit protocol (Nanjing 
Jiancheng, Nanjing, China). The cat. no. of the kits for total 
protein, glucose, T-Cho, TG, and Na+ and Cl− were A045-
3, A154-1-1, A111-1-1, A110-1-1, C002-1-1 and C003-2, 
respectively.

The activities of superoxide dismutase (SOD), total 
antioxidant capacity (T-AOC), the content of malondialdehyde 

(MDA), acid phosphatase (ACP), alkaline phosphatase (ALP), 
and Na+/K+-ATPase in the coelomic fluids and intestines were 
measured using commercial assay kits (Nanjing Jiancheng, 
Nanjing, China). The cat. no. of the kits for SOD, T-AOC, MDA, 
ACP, ALP, and Na+/K+-ATPase were A001-3, A015-2-1, G0109W 
G0903W, G0904W, and G0859W, respectively.

The above coelomic fluid biochemical index and enzymatic 
activity were measured using 1510 Enzyme-labelled meter 
(Thermo Fisher Scientific, Waltham, MA, USA).

Intestinal Microbiota Analysis
Total genomic DNA of intestine samples were extracted using 
the Fast DNA SPIN extraction kits (MP Biomedicals, Santa 
Ana, CA, USA), following the manufacturer’s instructions. 
DNA quality and concentration were checked by agarose gel 
electrophoresis and a NanoDrop ND-1000 spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA, USA).

PCR amplification of the bacterial 16S rRNA genes V3–
V4 region was performed using the forward primer 338F 
(5’-ACTCCTACGGGAGGCAGCA-3’) and the reverse primer 
806R (5’-GGACTACHVGGGTWTCTAAT-3’). The PCR 
components contained 5 μl of Q5 reaction buffer (5×), 5 μl 
of Q5High-Fidelity GC buffer (5×), 2 μl (2.5 mM) of dNTPs, 
and 1 μl (10 uM) of each Forward and Reverse primer, 0.25 
μl of Q5 High-Fidelity DNA Polymerase (5U/μl), 2 μl of 
DNA Template, and 8.75 μl of ddH2O. PCR amplicons were 
purified by Agencourt AMPure Beads (Beckman Coulter, 
Indianapolis, IN) and quantified using the PicoGreen dsDNA 
Assay Kit (Invitrogen, Carlsbad, CA, USA). After the individual 
quantification step, amplicons were pooled into equal amounts 
and pair-end 2×300 bp sequencing was performed using the 
Illlumina NovaSeq 6000 platform at the Shanghai Personal 
Biotechnology Co., Ltd (Shanghai, China).

The Quantitative Insights into Microbial Ecology 
(QIIME2,2019.4) pipeline was employed to process the 
sequencing data (Caporaso et  al., 2010). Briefly, raw 
sequencing reads with exact matches to the barcodes were 
assigned to respective samples and identified as valid 
sequences. The low-quality sequences were filtered through 
following criteria (Chen and Jiang, 2014): sequences that 
had a length of <150 bp, sequences that had average Phred 
scores of <20, sequences that contained ambiguous bases, and 
sequences that contained mononucleotide repeats of >8 bp. 
Paired-end reads were assembled using FLASH (Magoc and 
Salzberg, 2011). After chimera detection, the remaining high-
quality sequences were clustered into operational taxonomic 
units (OTUs) at 97% sequence identity by UCLUST (Edgar, 
2010). A representative sequence was selected from each OTU 
using default parameters. OTU taxonomic classification was 
conducted by BLAST searching the representative sequences 
set against the Greengenes Database (DeSantis et  al., 2006) 
using the best hit (Altschul et  al., 1997). An OTU table was 
further generated to record the abundance of each OTU in each 
sample and the taxonomy of these OTUs. OTUs containing 
less than 0.001% of total sequences across all samples were 
discarded. To minimize the difference of sequencing depth 
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across samples, an averaged, rounded rarefied OTU table 
was generated by averaging 100 evenly resampled OTU 
subsets under the 90% of the minimum sequencing depth for  
further analysis. Sequence data analyses were mainly performed 
using QIIME2 and R packages (v3.3.1). OTU-level alpha 
diversity indices, such as Chao1, observed species, Shannon,  
and Simpson index were calculated using the OTU table in QIIME2.  
A Venn diagram was obtained to visualize the shared and 
unique OTUs among different salinity groups using R package 
(Zaura et al., 2009). Rarefaction curves of intestinal bacterial in 
different salinity groups were generated to estimate diversity and 
richness. Beta diversity analysis was performed to investigate the 
structural variation of microbial communities across different 
salinity groups using UniFrac distance metrics (Lozupone 
and Knight, 2005; Lozupone et al., 2007) and was visualized 
via principal coordinate analysis (PCoA) (Ramette, 2007).  
Taxa abundances at the phylum, class, order, family, 
and genus levels were statistically compared among 
different salinity groups by Metastats (White et  al., 
2009) and visualized as violin plots. Krona analysis, a 
visualization tool that allows intuitive exploration of relative 
abundances in different taxa was applied (Ondov et  al., 
2011). Microbial functions were predicted by PICRUSt2  
based on high-quality sequences of intestinal bacterial in 
different salinity groups (Douglas et al., 2020). Then, the MetaCyc  
(https://metacyc.org/) database was used for KEGG pathway 
prediction.

Statistical Analysis
Significant differences in the growth performance, coelomic  
fluid physiological indices, enzyme activities, antioxidant 
capacity, and intestinal microbiota alpha diversity index among U. 
unicinctus juveniles under different salinity were determined using  
one-way analysis of variance followed by Tukey’s multiple-range 
tests, using the SPSS package (version 16.0) at a significance  
level of P < 0.05. The correlations between the enzyme activities 
and intestinal microbes of U. unicinctus juveniles were  
determined by the Spearman coefficient.

RESULTS AND DISCUSSION

Effects of Salinity on Growth Performance
To illustrate the effect of salinity on U. unicinctus growth, U. 
unicinctus juveniles were reared for 8 weeks at five different 
salinities (10‰, 15‰, 20‰, 30‰, and 40‰). The results showed 
salinity had a significant effect on U. unicinctus growth (Table 1). 
U. unicinctus juveniles in the 30‰ group showed the best growth 
performance with the highest final weight (FW) (2531.5 ± 
151.8 mg), specific growth rate (SGR) (2.70 ± 0.13%/day), and 
body wall weight (BWW) (783.3 ± 104.8 mg), followed by 20‰ 
(FW1919.1 ± 161.0 mg, SGR2.28 ± 0.15%/day, BWW585.0 ± 
71.8 mg), 40‰ (FW1743.7 ± 233.3 mg, SGR2.10 ± 0.24%/day, 
BWW482.9 ± 4.4 mg), 15‰ (FW1554.3 ± 142.9 mg, SGR1.91 ± 
0.17%/day, BWW495.8 ± 50.5 mg) groups, and finally the 10‰ 
group (FW407.2 ± 34.4 mg, BWW112.2 ± 16.2 mg) not even 
growing in the 8 week feeding trial. A previous study reported 
that the adult U. unicinctus has suitable salinity ranging from 
24.8‰ to 35.8‰ (Li et  al., 1998) and thus, our results further 
implied 30‰ is possibly the universal salinity for juvenile and 
adult U. unicinctus. In addition, no significant difference was 
observed in body wall index and condition factors. Moreover, 
the survival rate was significantly lower in the 10‰ group with 
69.33 ± 9.87% compared to the other salinity groups. The results 
indicate that 30‰ is the best salinity condition for U. unicinctus 
growth, while U. unicinctus could grow well at 15-40‰ salinity, 
indicating that the species is a euryhaline organism. The trend 
was similar with the previous feeding trial report of U. unicinctus 
juveniles with different salinities (Zheng et al., 2006; Li et al., 2019; 
Sun et al., 2020). In addition, the survival rate (93.33%), weight 
gain rate, and specific growth rate of U. unicinctus juveniles in 
this study were higher than the previous reports with survival 
rates from 65.37% to 82.67% at 30‰ salinity (Chen et al., 2020; 
Chen et al., 2021) which may result from the different diet of the 
feeding trial. The diet in this study was composed of Spirulina 
and Saccharomyces cerevisiae which was more suitable for U. 
unicinctus juvenile growth than the diet of sea mud and powders 
of Sargassum, Mytilusedulis, and Spirulina in the previous report 
(Chen et al., 2020; Chen et al., 2021).

TABLE 1 |  Growth performance of U. unicinctus juveniles reared at different salinities for 8 weeks.

Growth parameters 10‰ 15‰ 20‰ 30‰ 40‰

Initial weight (mg) 533.3 ± 121.3 533.3 ± 121.3 533.3 ± 121.3 533.3 ± 121.3 533.3 ± 121.3
Final weight (mg) 407.2 ± 34.4d 1554.3 ± 142.9c 1919.1 ± 161.0b 2531.5 ± 151.8a 1743.7 ± 233.3b,c

Specific growth rate (%/day) / 1.91 ± 0.17c 2.28 ± 0.15b 2.70 ± 0.1a 2.10 ± 0.24b,c

Weight gain rate (%) / 191.45 ± 26.80c 259.85 ± 30.19b 374.69 ± 34.86a 226.97 ± 43.76b,c

Body wall weight (mg) 112.2 ± 16.2c 495.8 ± 50.5b 585.0 ± 71.8b 783.3 ± 104.8a 482.9 ± 4.4b

Body wall index (%) 27.64 ± 4.16 32.19 ± 5.60 30.73 ± 5.43 29.93 ± 1.30 28.01 ± 3.53
Condition factor (%) 367 ± 52 317 ± 51 333 ± 62 325 ± 22 361 ± 45
Survival rate (%) 69.33 ± 9.87b 93.33 ± 3.06a 92.00 ± 5.29a 93.33 ± 2.30a 87.33 ± 7.57a

Data are given as means ± SD. Different superscripts indicate significant differences at different salinity (ANOVA, Tukey’s test; P < 0.05).
Specific growth rate (%/d) = 100 × [(ln(final weight (mg)) - ln(initial weight (mg)))/days].
Weight gain rate (%) = 100 × [(final body weight (mg) − initial body weight (mg))/initial body weight (mg)].
Condition factor (%) = 100 × final weight (mg)/body wall weight (mg).
Body wall index (%) = 100 × (body wall weight (mg)/final weight (mg)).
Survival rate (%) = 100 × (final number of worm)/(initial number of worm).
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Effects of Salinity on Coelomic Fluid 
Biochemical Indices

The anatomy of the U. unicinctus is relatively simple, 
which can be roughly divided into body wall, coelomic 
fluid, and intestine (Li et  al., 1998). The coelomic fluid is 
composed of coelomic fluid cells and blood, which act as the  
circulatory system and play an important role in environment 
adaption (Arp et al., 1995; Ma et al., 2005). To further investigate 
the effect of salinity on U. unicinctus growth, the coelomic 
fluid biochemical indices, including total protein, glucose, 
triglycerides, total cholesterol, Na+, and Cl- was determined 
after 8 weeks of cultivation at five different salinities (10‰, 
15‰, 20‰, 30‰, and 40‰). The results showed that  
salinity had a significant effect on coelomic fluid biochemical 
indices (Figure 1). The salinity of the 20‰ and 30‰ groups 
exhibited higher total protein content (14.97 mg/mL and 14.71 
mg/mL, respectively), followed by the 15‰ group (12.60 mg/
mL), and finally the 40‰ and 10‰ groups (4.87mg/mL and 2.56  
mg/mL, respectively) were relative lower (Figure  1A). 
The total protein level is considered a valuable indicator 
for the general health and stress status of aquatic animals  
(Magnadottir, 2006). This result is consistent with other studies 
where serum total protein content remarkably declined with 

increasing or decreasing salinity (Kelly and Woo, 1999; 
Martínez-Álvarez et al., 2002). Glucose is a major energy source 
for the body to help cope with osmotic stress and the body can 
enhance glucose to provide the energy under hypo-osmotic 
or hyper-osmotic conditions (Long et  al., 2017). Moreover, 
lipid metabolism, including triglyceride and cholesterol, is 
also an important energy source for aquatic animals (Long 
et al., 2017). The glucose and triglyceride content in the 15‰, 
20‰ and 30‰ groups were significantly high compared 
to those in the 10‰ and 40‰ groups (Figures  1B, C). Total 
cholesterol content continuously increased from 10‰ (0.03 
mmol/L) to 30‰ (1.22 mmol/L) and a significant decrease in the  
40‰ group (0.28 mmol/L) is shown in Figure  1D. The results 
indicate that U. unicinctus juveniles, under hypo-hyper osmotic 
conditions, increased energy demand for osmoregulation  
then decreased energy allocated to other biological processes, 
resulting in lower growth performance especially in the 10‰ 
group. Osmotic regulation is mainly achieved by Na+ and Cl− 
regulation (Chen and Chia, 1997; Henry et  al., 2002). The 
concentration of Na+ and Cl- was increased with salinity 
enhancement from 10‰ to 40‰ in U. unicinctus coelomic 
fluid. This trend indicates the passive entry of Na+ and Cl- 
into the worm which is consistent with other aquatic animals  
(Tian et al., 2020; Yang et al., 2022).

A B
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FIGURE 1 |  The contents of total protein (A), glucose (Glu, B), triglycerides (TG, C), total cholesterol (T-Cho, D), Na+ (E) and Cl- (F) in the coelomic fluid samples 
of U. unicinctus juvenile reared in different salinities for 8 weeks. The data are mean values of three replicates + SD (n = 3). Different letters indicate significant 
differences at different salinity (ANOVA, Tukey’s test; P < 0.05).
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Effects of Salinity on Antioxidant 
Enzyme System

To further investigate the effect of salinity on U. unicinctus, 
several oxidative stress related indices including SOD, T-AOC, 
and MDA of U. unicinctus intestine and coelomic fluid reared  
in different salinity levels were determined in this study 
(Figure  2). The salinity of the 10‰ and 40‰ groups  
(144.65 U/mg and 102.67 U/mg, respectively) exhibited higher 
SOD activity compared to other groups in the intestine of U. 
unicinctus (Figure 2A), whereas the 10‰ and 40‰ groups (141.63 
U/mL and 1063.66 U/mL, respectively) exhibited relative lower 
SOD activity than the other groups in coelomic fluid (Figure 2B). 
The T-AOC results demonstrated the similar trend with  
SOD activity in the U. unicinctus intestine and coelomic fluid 
exposed to different salinity treatments (Figures  2C, D).  
There was no significant difference in the MDA content in  
U. unicinctus intestine exposed to different salinity treatments 
(Figure 2E). In U. unicinctus coelomic fluid, the 10‰ group exhibited  
relatively lower MDA content (2.08 U/mL) compared to that  
in other groups (Figure 2F).

It has been reported that the alterations in salinity can 
induce ROS generation and result in oxidative stress in aquatic 
organisms (Lushchak, 2011). SOD is an important antioxidant 

enzyme in scavenging superoxide anion free radicals (Shen, 
2007). Total antioxidant capacity (TAC) is an analyte frequently 
used to assess the antioxidant status of biological samples and 
can evaluate the antioxidant response against the free radicals 
produced in the samples. T-AOC reflects the total antioxidant 
capacity including enzymatic systems, such as SOD, CAT and 
GST, as well as non-enzymatic systems, such as amino acids, 
vitamins, and metalloproteins (Rubio et al., 2016). MDA is one of 
the main products of membrane lipid peroxidation which often 
occurs under stress, reflecting the degree of biological damage 
under stress (Lepage et al., 1991). In this study, SOD activity and 
T-AOC increased significantly in the 10‰ and 40‰ groups of 
U. unicinctus intestine, indicating 10‰ and 40‰ salinity were 
not suitable conditions for U. unicinctus juvenile growth. Under 
those conditions, we speculate salinity stress induces oxygen 
free radical production in intestines, destroying the balance  
of active oxygen metabolism and then, results in the enhancement 
of SOD activity and T-AOC in intestine. The result is consistent 
with the reports in other aquatic animals (Shen, 2007; Yang et al., 
2022). No significant difference in the MDA content indicated 
salinity stress did not induced membrane lipid peroxidation in  
U. unicinctus intestine. The oxidative stress related indices variation 
trend in coelomic fluid was different with that in U. unicinctus  
intestine. U. unicinctus intestine is divided into three parts 
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FIGURE 2 | Oxidative stress related indices in the intestine and coelomic fluid of U. unicinctus juvenile reared in different salinities for 8 weeks. Superoxide dismutase 
(SOD, A, B), total antioxidant capacity (T-AOC, C, D) and malondialdehyde (MDA, E, F). The data are mean values of three replicates + SD (n = 3). Different letters 
indicate significant differences at different salinity (ANOVA, Tukey’s test; P < 0.05).
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according to the region including foregut, midgut and hindgut. 
Midgut is the main peptic organ and hindgut functions as a type 
of water lung similar with gill in other aquatic organisms (Arp 
et al., 1995; Li et al., 1995). SOD activity and T-AOC increased 
significantly in 10‰ and 40‰ groups suggest intestine may 
act as important functional organ in salinity stress. In contrast, 
SOD activity and T-AOC decreased significantly in 10‰ and 
40‰ groups in coelomic fluid suggest coelomic fluid may act 
as effector organ in salinity stress. As the significant deceased 
MDA content in coelomic fluid of 10‰ group compared to that 
in other groups, the reason may lie in the abnormal growth state 
in the conditions.

Effects of Salinity on Nonspecific  
Immune System
Besides the antioxidant system being involved in salinity stress, 
the nonspecific immune system also plays an important role to 
repair the damage caused by salinity stress. ACP and ALP are 
two important phosphatases that are crucial for metabolism and 
the nonspecific immune system (Chien et al., 2003; Wang et al., 
2012). To further investigate the effect of salinity on U. unicinctus, 
ACP and ALP activity was investigated in this study (Figure 3). 
The result showed ACP and ALP activities were significantly 

increased in the 10‰ (12.84 U/L and 408.77 U/L, respectively) 
and 40‰ (17.13 U/L and 353.68 U/L, respectively) groups 
compared to other groups in the intestine (Figures  3A, C). In 
the coelomic fluid, ACP and ALP activity significantly decreased 
in the 10‰ (30.15 U/L and 27.04 U/L, respectively) and 40‰ 
(88.18 U/L and 101.93 U/L, respectively) groups compared to 
other groups (Figures 3B, D). It is worth noting that the ACP and 
ALP variation trend is similar with that in SOD and T-AOC. The 
results indicated the antioxidant system and nonspecific immune 
system simultaneously activate response to salinity stress in the 
U. unicinctus intestine. The result is consistent with the previous 
report in aquatic organisms (Yang et  al., 2022). The ACP and 
ALP results also support that intestine and coelomic fluid act as a 
functional and effector organ in U. unicinctus stress, respectively.

Effects of Salinity on Osmotic Regulation
As antioxidant and nonspecific immune system are the indirect 
influence of salinity, osmotic regulation is the direct response 
for salinity stress. Na+/K+-ATPase plays an important role in 
osmotic regulation (Onken and Putzenlechner, 1995). To further 
investigate the salinity effect on U. unicinctus, the Na+/K+-ATPase 
activity was determined in the intestine and coelomic fluid after 8 
weeks of cultivation at five different salinities (10‰, 15‰, 20‰, 
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FIGURE 3 | The immune indices and Na+/K+-ATPase activity in the intestine and coelomic fluid (A, B: ACP; C, D: ALP; E, F: Na+/K+-ATPase) of U. unicinctus 
juvenile reared in different salinities for 8 weeks. The data are mean values of three replicates + SD (n = 3). Different letters indicate significant differences at different 
salinity (ANOVA, Tukey’s test; P < 0.05).
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30‰, and 40‰). The results showed that the Na+/K+-ATPase 
activity was increased with salinity enhancement in the intestine 
which demonstrated the highest level in the 40‰ group (6.80 
U/mg) and the lowest level in the 10‰ group (1.65 U/mg) 
(Figure 3E). The result is consistent with the findings of other 
aquatic organisms (Feng et al., 2013; Zhao et al., 2016; Yang et al., 
2022). The results also indicated the intestine play important 
role in osmotic regulation in U. unicinctus. In coelomic fluid, 
the Na+/K+-ATPase activity was not increased with the salinity 
enhancement (Figure 3F), suggesting coelomic fluid did not play 
an important role in osmotic regulation. Taken together, based 
on antioxidant and nonspecific immunity, as well as osmotic 
regulation results, we suggest the intestine plays a significant 
role in salinity acclimation in U. unicinctus. The result is also 
consistent with the previous reports, which have shown that the 
intestine plays a critical role in osmotic regulation in aquatic 
organisms (Evans, 2010; Takei et al., 2014).

Effects of Salinity on Intestinal 
Microbiota Composition
Intestine microbes have been proved to play roles in many 
physiological processes such as nutritional provisioning, 
immune reaction, and metabolic homeostasis (Gomez and 
Balcazar, 2008; Sullam, 2012). To investigate the changes in 
microbial communities in various salinity environments, the 
intestine microbes in U. unicinctus were analyzed by 16S rRNA 

gene sequencing. After being filtered and denoised, a total 
of 996,561 sequences were retained out of a total of 1,180,529 
clean sequencing reads. The microbial diversity of the intestine 
microbes were classified by operational taxonomic units (OTUs). 
Of the OTUs recognized in the LS10 (843), LS15 (1636), LS20 
(2157), NS30 (1938), and HS40 (2794) groups, only 47 were shared 
among the five salinities (Figure 4A), indicating salinity may have 
a significant effect on U. unicinctus intestinal microbiota. Alpha 
diversity was applied to assess the complexity of species diversity 
in the U. unicinctus intestine (Schlos set al., 2009). Rarefaction 
curves analysis indicated that the sequencing data of intestinal 
microbiota in different salinity group was sufficient (Figure 4B). 
The alpha diversity analysis including Chao1, observed species, 
Shannon, and Simpson indices indicated that species richness 
and diversity was lower in the 10‰ group compared to other 
groups (P < 0.05) (Table  2). PCoA was performed to analyze 
the difference in the intestinal microbiota compositions under 
different salinities (Figure 4C). Based on the PCA plot, 30‰ and 
40‰ salinity percentages were separated with other treatments 
by PC1 (36.2% of the total variant), whereas PC2 (22.9%) further 
exhibited the separation of 30‰ and 40‰, indicating that salinity 
had a significant effect on the intestinal microbiota composition 
in the U. unicinctus juveniles.

To further investigate the variation of intestinal microbial 
composition in different salinity groups, a comparative analysis of 
the intestinal microbial communities from the phylum to genus 
levels was conducted (Supplementary Figure S1). The relative 
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FIGURE 4 | Changes in diversity of U. unicinctus intestine microbial species upon salinity stress. (A) Venn diagram of OTUs detected in the gut of 10‰ (LS10), 
15‰ (LS15), 20‰ (LS20), 30‰ (NS30) and 40‰ (HS40) salinity. Different colors represent different groups. (B) Rarefaction curves of different salinity groups based 
on the Shannon indices. (C) Principal coordinate analysis (PCoA) of different salinity groups based on the Bray-Curtis distance.
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abundance of Firmicutes and Bacteroidetes was higher in the 15‰ 
(8.96% and 5.13%), 20‰ (22.57% and 10.35%), 30‰ (13.95% and 
7.82%) and 40‰ (4.51% and 5.08%) groups than the 10‰ group 
(0.61% and 0.24%) (Supplementary Figure S1A). Firmicutes 
was also identified as a major constituent in Atlantic salmon 
(Rudi et  al., 2018). At the class level, Gammaproteobacteria, 
Alphaproteobacteria, Clostridia, and Bacteroidia was the main 
class (top 80%) in the intestinal microbiota of U. unicinctus  

in the five different salinity groups (Supplementary Figure S1B). 
The relative abundance of Gammaproteobacteria microflora 
was significantly higher in the 10‰ group (91.39%) than in 
the 15‰ (26.59%), 20‰ (9.44%), 30‰ (52.16%) and 40‰ 
(14.76%) groups (P < 0.05), whereas the relative abundance of 
Alphaproteobacteria (5.09%) and Clostridia (0.40%) was lower 
in this group. Alphaproteobacteria and Gammaproteobacteria 
had been also identified as major class in the guts of numerous 

TABLE 2 | Alpha diversity analysis of the intestinal bacteria of U. unicinctus exposed to different salinities.

Index 10‰ 15‰ 20‰ 30‰ 40‰

Chao1 453.12 ± 51.11b 811.54 ± 40.02a 990.25 ± 292.14a 1045.51 ± 343.39a 1106.18 ± 688.30a

Observed species 385.77 ± 39.79b 752.17 ± 53.23a 936.17 ± 286.43a 841.23 ± 306.01a 1079.53 ± 664.20a

Shannon 2.58 ± 0.061b 5.50 ± 0.071a 7.18 ± 0.74a 5.24 ± 2.03a 6.29 ± 1.29a

Simpson 0.62 ± 0.0038b 0.88 ± 0.0037a 0.97 ± 0.013a 0.82 ± 0.19a 0.88 ± 0.036a

Different superscript letters in same row indicate significant differences (ANOVA, Tukey’s test; P < 0.05).

A

B

FIGURE 5 | Changes of U. unicinctus intestine microbial species at the genus level in different salinity groups. (A) Relative abundance of the intestine microbiota at 
the genus level in 10‰ (LS10), 15‰ (LS15), 20‰ (LS20), 30‰ (NS30), and 40‰ (HS40) salinity groups. The data are mean values of three replicates ± SD (n = 3). 
(B) Heat map indicating the abundance of each bacterium at the genus level. Red represents a higher abundance. Green indicates a lower abundance.
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aquatic species (Lai et  al., 2020; Chen et  al., 2021), indicating 
these classes of bacteria may play important roles for nutritional 
provision and environment adaptation for marine organisms. 
At the order, family, and genus levels, the variation in the  
intestinal microbiota of U. unicinctus was more  significant than 
those in the phylum and class levels  (Supplementary Figure S1).

At the order level, the relative abundance of Legionellales 
was significantly higher in the 10‰ group than other groups, 
which comprise more than 90% in this group (Supplementary 
Figure S1C). Legionellales are bacteria linked to waterborne 
disease for humans (Morton et al., 1986; van Loenhout et al., 
2012). The high relative abundance of Legionellales in the 10‰  
group (91.17%) may have resulted in the lower growth compared 
to the other salinity groups. The Vibrionales was the major order in  
the 30‰ group (50.59%), while it altered the salinity results in the 
decreased, to almost non-existant, low salinity groups. The result is  
consistent with the previous report in shrimp (Cao et  al., 2020; 
Hou et al., 2020; Tian et al., 2020), in which low salinity treatment 
resulted in decreased Vibrionales abundance in the gut. 
In addition, in the 40‰ group, the relative abundance of 
Rhodobacterale (46.76%) was significantly higher than 
other groups (P < 0.05). As some bacteria in Rhodobacterale 
are more tolerant to high salinity (Hansen and Veldkamp, 
1973; Imhoff, 2001; Hülsen et  al., 2019), we deduced that  
the increased population in the 40‰ group may due to this reason.  
Conversely, some Rhodobacterale, such as Rhodobacter 
capsulatus are widely used as probiotics in feed additive to 
improve the immunity of aquatic organisms. Considering the 
increased abundance in the 40‰ group, Rhodobacterale may 
play an important role in improving the high salinity acclimation 
for U. unicinctus. The family analysis results were consistent with 
the order level (Supplementary Figures S1C, S1D, S2). Due to the 
unclassified Legionellales (25% of the total) and Rhodobacterale (13% 
of the total) at the genus level (Supplementary Figure S2) which 
comprise most microbial communities in the 10‰ and 40‰ groups 
(Supplementary Figure S3), only the 30‰ group identified more 
than 50% intestinal microbial communities (Supplementary Figure 
S1E). To investigate the variation of intestinal microbial composition 
under salinity stress at the genus level more comprehensively, 
the unclassified genus was also analyzed in this study. Similar 
methods have been used in microbial composition analysis 
(Chen et  al., 2020). The results indicated that the dominant 
genera of U. unicinctus intestinal microbiota from the 10‰ group 
were unidentified Legionellaceae (89.67%) and Labrenzia (3.95%); 
15‰ and 20‰ groups with Labrenzia (35.93% and 25.77%), 
unidentified Legionellaceae (25.67% and 7.00%) and unidentified 
Rhodobacteraceae (7.67% and 10.97%); 30‰ group with Vibrio 
(50.59%), Shimia (8.98%), and unidentified Rhodobacteraceae 
(7.33%), whereas in the 40‰ group, the dominant genera were 
unidentified Rhodobacteraceae (41.33%), Vibrio (11.62%) and 
Labrenzia (7.73%) (Figure 5). Horizontal clustering of abundance 
at the genus level indicated the composition of intestinal  
microbial species in the U. unicinctus from the 15‰, 20‰, 
and 30‰ groups were more similar than those in the 40‰ 
and 10‰ groups, which was consistent with the variations in  
physiological characteristics.

Effects of Salinity on Intestinal Microbiota 
Functional Structure

Besides composition structure, salinity can also change the 
intestinal microbiota function of U. unicinctus juveniles. Based 
on PICRUSt2 analysis, we found that cofactor, prosthetic 
group, electron carrier, vitamin biosynthesis, nucleoside and 
nucleotide biosynthesis, amino acid biosynthesis, as well as 
fatty acid and lipid biosynthesis were the highest 4 abundant 
function pathways (Supplementary Figure S4), indicating 
these pathways may play important roles in nutritional 
provision in the gut (Dehler et al., 2017; Lai et al., 2020).

Intestinal microbiota functioning differently in different 
salinity groups was also observed, especially in the 10‰ 
group which showed significantly different functions 
compared with the other groups (Supplementary Figure 
S5). To further investigate the difference KEGG pathways, 
the up-regulated and down-regulated pathways in different 
salinity group compared to the 30‰ group were analyzed. 
The up-regulated KEGG pathways analysis showed that the 
10‰ group included 89 unique pathways compared to other 
groups, while 20 pathways were included in all salinity groups 
(Figure  6A; Supplementary Table S1). The down-regulated 
KEGG pathways analysis showed that the 10‰ group 
included 24 unique pathways compared to other groups, 
whereas 10 pathways were included in all salinity groups 
(Figure  6B; Supplementary Table S2). The KEGG analysis 
results indicated the 10‰ group showed significant difference 
compared with the other groups, which was consistent with 
the microbial composition and functional structure analysis 
results, as well as with the growth performance. Furthermore, 
we found antioxidant related metabolic pathways including 
NAD biosynthesis II, mycothiol biosynthesis, factor 420 
biosynthesis, and ergothioneine biosynthesis I (bacteria) 
(Ying, 2008; Gurumurthy et al., 2013; Cumming et al., 2014) 
were enriched in the up-regulated 20 pathways in all salinity 
stress groups (Figure 6C). As alterations in salinity can induce 
ROS generation and result in oxidative stress in the host 
(Lushchak, 2011), we suggest the up-regulated antioxidant 
metabolic pathways may play important roles in salinity 
acclimation of the host and bacteria themselves. In addition, 
amino acid metabolic pathways including the superpathway 
of ornithine degradation and L-tryptophan degradation 
to 2-amino-3-carboxymuconate semialdehyde, as well as 
aromatic biogenic amine degradation (bacteria), were also 
enriched (Figure 6C). Considering that free amino acids play 
important roles in osmoregulation of aquatic organisms (Lee 
et  al., 2017; Yang et  al., 2022), we suggest the up-regulated 
amino acid metabolic pathways in intestinal microbiota of 
U. unicinctus play an important role in assisting the host and 
bacteria under altered salinity environments. The result is 
consistent with the previous report in Atlantic salmon, which 
found amino acid metabolism was significantly differently 
abundant between freshwater and sea water fish bacterial 
communities (Dehler et al., 2017). Together, we conclude that 
the shift of bacterial composition will change the intestinal 
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microbiota function under salinity stress and finally benefit 
the salinity acclimation of U. unicinctus.

Correlation Analysis Between 
the Intestinal Bacteria and the 
Physiological Characteristics
To further investigate the relationship between enzyme 
activities and the intestinal microbiota, the Spearman 
correlation was analyzed. The results indicated several intestinal 
enzyme activities were significantly correlated with the relative 
abundances of some intestinal bacteria genera among all 
test samples (Figure  7). The abundance of Ruminococcus, 
Oscillospira, and unidentified Lachnospiraceae were negatively 
correlated with the activity of SOD (P < 0.05), ALP (P < 0.05) and 
T-AOC (P < 0.01). Significant negative correlations were also 

found in the relative abundance of the unidentified Clostridiales 
and unidentified S24-7 with ACP activity and T-AOC (P < 0.05). 
In addition, the relative abundance of Shimia and Vibrio genus 
were positively correlated with the activity of Na+/K+-ATPase 
(P < 0.05), whereas unclassified Legionellaceae was negatively 
correlated with Na+/K+-ATPase activity (P < 0.05). Vibrio and 
Shimia are widely distribute in marine sediment and aquatic 
organism intestine (Cao et al., 2020; Hou et al., 2020; Tian et al., 
2020; Zhu et al., 2021). Especially, Vibrio is a famous and widely 
distributed pathogen in aquatic organisms (Cao et al., 2020; Hou 
et al., 2020; Tian et al., 2020). Legionellaceae are bacteria linked 
to waterborne diseases in humans (Morton et  al., 1986; van 
Loenhout et al., 2012). In this study, the Vibrio and Shimia were 
mainly detected in high salinity 30‰ and 40‰ groups, while 
Legionellaceae were most abundant (approximately 90%) in the 
low salinity 10‰ group. Given that the specific distribution and 
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FIGURE 6 | Changes of U. unicinctus intestine microbial function in different salinity groups. (A) Venn diagram showing the overlap between the up-regulated KEGG 
pathways in different salinity groups compare to 30‰ group (P < 0.05). (B) Venn diagram showing the overlap between the down-regulated KEGG pathways in 
different salinity groups compare to 30‰ group (P < 0.05). (C) Antioxidant related metabolic pathways and amino acid metabolic pathways in different salinity 
groups compare to 30‰ group.
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correlation with Na+/K+-ATPase activity, we suggest Vibrio and 
Shimia may play important roles in high salinity acclimation, 
while Legionellaceae may act as important gut microbiota in 
low salinity acclimation for U. unicinctus juveniles. Previous 
reports suggest the pathogens in the host intestine can create 
ecological niches that facilitate their expansion and advantages 
to outcompete commensals (Thiennimitr et  al., 2011; Mallon 
et  al., 2015). For example, the pathogen Salmonella enterica 
demonstrated a growth advantage in an inflamed gut due to 
its ability to respire ethanolamine, which is released from 
host tissue (Mallon et al., 2015). High salinity culture resulted 
in the increased abundance of Vibrio in the gut and had also 
been reported in shrimp (Hou et  al., 2020) and three-spined 
stickleback (Milligan-Myhre et  al., 2016). In this study, we 
demonstrated some pathogens may play a significant role in 
salinity acclimation for the host.

Moreover, some genus such as Ruminococcus, Oscillospira, 
Lachnospiraceae, Clostridiales, and S24-7 caught our attentions 
due to their negative correlations with the antioxidant and 
nonspecific immune indices. The abundance of Ruminococcus 
is increased in irritable bowel syndrome (IBS) patients (Han 
et  al., 2021). Oscillospira is an enigmatic bacterial genus that 
has never been cultured. Oscillospira is positively associated 
with leanness and health and negatively associated with 
inflammatory diseases in humans (Konikoff and Gophna, 
2016). Oscillospira probably produces the short-chain fatty acid 
butyrate and is suggested as an important candidate for the next 
generation of probiotics. Besides Oscillospira, Lachnospiraceae, 
and Clostridiales could also produce the anti-inflammatory 
short chain fatty acid butyrate (Atarashi et  al., 2011; Cabrera 
et  al., 2022). Butyrate has attracted much attention due to 
its beneficial effects on the host, such as trophic and anti-
inflammatory effects on epithelial cells (Inan et al., 2000) and 

has been proved to mediate host-microbial crosstalk in gut 
immune homeostasis (Hori et al., 2013; Furusawa et al., 2015). 
In addition, S24-7 has been also suggested to be involved in 
host microbe interactions (Palm et  al., 2014; Bunker et  al., 
2015). In this study, the negative correlations of Ruminococcus, 
Oscillospira, Lachnospiraceae, Clostridiales, and S24-7 with 
antioxidant and nonspecific immune indices including SOD, 
ALP, ACP, and T-AOC which suggest these bacteria may play 
important roles in U. unicinctus salinity acclimation and could 
be considered as important candidates of probiotics for the U. 
unicinctus breeding industry.

CONCLUSION

In this study, we confirmed that U. unicinctus belongs to 
euryhaline organisms which can tolerate salinity of 15‰ to 
40‰ and indicates the highest growth performance at 30‰. 
Physiological characteristic analyses of coelomic fluid and 
intestine indicated that the range of salinities from 15‰ to 30‰ 
were more suitable, while 10‰ and 40‰ salinities were not 
suitable for U. unicinctus juveniles. Furthermore, the intestinal 
microbiota analysis indicated salinity had a significant effect 
on the composition structure and functional structure in the 
U. unicinctus juveniles. The shift of microbiota may influence 
various metabolism-dependent pathways, such as antioxidant 
related metabolic pathways and amino acid metabolism 
pathways, to assist the host and bacteria in salinity acclimation. 
Comprehensive analysis of intestinal bacteria and the enzyme 
activities indicated unidentified Rhodobacteraceae, Vibrio, and 
Shimia may play important roles in high salinity acclimation, 
while Legionellaceae may act as important gut microbiota in 
low salinity acclimation. Given that the negative correlations 

FIGURE 7 | Heat map showing Spearman correlation between the abundance of the top 20 genus intestinal bacteria and the physiological characteristics in the U. 
unicinctus juveniles. + indicates that P < 0.05 and ++ indicates that P < 0.01.
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with the antioxidant and nonspecific immune enzymes, 
Ruminococcus, Oscillospira, Lachnospiraceae, Clostridiales, and 
S24-7 may also play important roles in U. unicinctus salinity 
acclimation and could be considered important probiotic 
candidates for the U. unicinctus breeding industry.
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