
Vol:.(1234567890)

Environmental Science and Pollution Research (2023) 30:99440–99453
https://doi.org/10.1007/s11356-023-29411-x

1 3

RESEARCH ARTICLE

Effects of chloride, sulfate, and bicarbonate stress on mortality 
rate, gill tissue morphology, and gene expression in mandarin fish 
(Siniperca chuatsi)

Yan Zhao1,2,3 · Shuaishuai Li1,2,3 · Shoujie Tang1,2,3 · Yanling Wang1,2,3 · Xiaoli Yao1,2,3 · Jinyang Xie1,2,3 · 
Jinliang Zhao1,2,3

Received: 16 March 2023 / Accepted: 16 August 2023 / Published online: 23 August 2023 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract
The mandarin fish Siniperca chuatsi is a freshwater fish that is endemic to East Asia. To study the different damages and 
molecular mechanisms caused by different salt (NaCl,  Na2SO4, and  NaHCO3) on Siniperca chuatsi, the fish were subjected to 
NaCl,  Na2SO4, and  NaHCO3 stresses with different concentration for 96 h for mortality assessment, moreover, the fish were 
exposed to these salt stresses with equal sodium ion concentration  (Na+ = 210 mmol/L), then gill morphological changes 
were observed and gene expression was analyzed by high-throughput transcriptome sequencing and real-time quantitative 
PCR (qRT-PCR). The results showed that mandarin fish tolerated NaCl and  Na2SO4 better than  NaHCO3.  NaHCO3 stress 
caused more damage to gill than NaCl and  Na2SO4 stress. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analyses indicated that differentially expressed genes were enriched in damage and apoptosis upon  NaHCO3 
stress, whereas they were enriched in energy and immune-related pathways upon NaCl and  Na2SO4 stress. Hub genes were 
different under all three stresses. MAPK pathway genes showed a trend in up-regulated expression under all salt stresses, 
but the expression patterns varied with time during salt exposure and freshwater recovery stage. Taken together, this study 
demonstrated the variation in the effects of NaCl,  Na2SO4, and  NaHCO3 stress on mandarin fish. The MAPK signaling 
pathway is important for regulating the response to salt stress.
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Introduction

Different types of saline-alkali soil and water are important 
potential agricultural and aquaculture resources. Accord-
ing to the Alegin water quality classification system, more 
than 10 types of saline alkali water have been discovered in 
China, which can be roughly divided into chloride, sulfate, 
and carbonate based on ion composition. The ionic compo-
nents responsible for their differences are mainly  Cl−,  SO4

2−, 
and  HCO3

−. For example, 224 mmol/l (NaCl concentration) 
in Qinghai lake; 2450 mmol/l (NaCl concentration) in Bei-
dachi lake; 11 mmol/l  (Na2SO4 concentration) in Bosten 
lake, 966 mmol/l  (MgSO4 concentration) in Ebinur lake; 
4.6-10.1 mmol/L  (HCO3

- concentration) in Henan surface 
water; greater than 50 mmol/L  (HCO3

−/CO3
2− concentra-

tions, pH 9.6) in Dali Nor lake (Chen et al. 2020b; Wang 
et al. 2021).  Cl−,  SO4

2−, and  HCO3
− can affect the survival 

of freshwater fishes (Schulz and Cañedo-Argüelles 2019). 
Water containing elevated  Cl− can affect osmotic pressure 
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regulation, endocrine homeostasis, and oxygen consumption 
in freshwater organisms (Breves et al. 2010).  SO4

2− which 
is mainly derived from the dissolution of rocks, can cause 
osmotic stress or specific ion toxicity in aquatic organisms, 
as the gills do not have an active mechanism to absorb 
or regulate sulfate (Elphick et al. 2011; Karjalainen et al. 
2023).  HCO3

− induces metabolic and respiratory toxicity in 
fish, and the increase of  HCO3

− in the water column leads 
to an increase in pH so that the ammonia nitrogen  (NH3) 
metabolized by the organism is not efficiently converted to 
 NH4

+ for elimination (Wilkie and Wood 1996). In addition, 
 HCO3

− can cause surface ulceration, gill rot, and blindness 
in freshwater fish. NaCl and  Na2SO4 are neutral salinities, 
whereas  NaHCO3 and  Na2CO3 are alkaline. Studies compar-
ing the differential effects of different salts on organisms are 
more frequent in plants, such as wheat (Triticum aestivum) 
(Wang et al. 2022) and sorghum (Sorghum bicolor) (Niu 
et al. 2022). Then, plants can be selected for further breeding 
and cultivation based on the type of saline-alkali soil. In fish, 
acute stress experiments of juvenile Crucian carp (Caras-
sius auratus) from Lake Dari showed that the toxic effect of 
 NaHCO3 was greater than that of NaCl (Zhou et al. 2013). 
Sequencing analysis of hybrid tilapia revealed that the rele-
vant pathways were biased in response to pathogen infection 
after alkalinity stress compared to salinity (Su et al. 2020). 
However, the physiological difference in the fish response to 
these salt stresses lacks in-depth investigation.

Different environmental stresses (dissolved oxygen, tem-
perature, etc.) can have different effects on fish. The gills are 
in close and direct contact with the external environment, 
are sensitive to changes in water quality, and play important 
roles in response to external environmental changes, such 
as respiration, osmotic pressure regulation, and excretion 
(Evans et al. 2005). The gills exhibit defense mechanisms in 
response to external harmful substances, such as epithelial 
cell enlargement, hyperplasia, and fusion of gill lamellae. It 
has been shown that gill of extensively saline fish adapt to 
environmental stress in high salt and alkaline environments 
by regulating osmotically-related genes including chloride 
channel 2, sodium/potassium/chlorine transporter protein, 
carbonic anhydrase, and  Na+/HCO3

− cotransporter protein 
(Su et al. 2020). In recent years, transcriptomic analysis has 
been used to investigate salinity and alkalinity tolerance 
mechanisms in some fishes, such as Amur ide (Leuciscus 
waleckii) (Wang et al. 2021), Nile tilapia (Oreochromis 
niloticus) (Zhao et al. 2020), and Silver pomfret (Pampus 
argenteus) (Li et al. 2020). Although these results provide 
some candidate pathways or genes related to stress response 
and environmental adaptation, including signal transduction, 
ion regulation, osmoregulation, immune system, energy 
metabolism, and chemical detoxification, the molecular 
mechanism of fish response and adaptation to salt stress 
needs to be further studied.

Siniperca belongs to the order Perciformes. Siniperca is a 
freshwater fish endemic to Southeast Asia and is mainly dis-
tributed in China. Mandarin fish (Siniperca chuatsi), a fish 
of the genus Siniperca, is widely distributed in the Yangtze, 
Pearl, and Heilongjiang River basins of China, and is one 
of the 16 main freshwater aquaculture species in China. In 
2020, the aquaculture production of mandarin fish reached 
376,986 tons in China (Yue et al. 2023). Mandarin fish feeds 
on fish and other aquatic animals. It is adapted to tempera-
tures 25 ~ 30°C, with dissolved oxygen 3 ~ 5 mg/L, and pH 
6.5 ~ 7.5. No studies have been reported on the salt tolerance 
of mandarin fish.

To compare the different damages and molecular mecha-
nisms caused by different salt on mandarin fish, we investi-
gated the tolerance of mandarin fish to NaCl,  Na2SO4, and 
 NaHCO3 with 96 h acute exposure experiment respectively 
based on main types of saline-alkali water. We also detected 
the changes of gill morphology, transcriptome, and MAPK 
signaling pathway upon salt stress with an equal sodium 
ion concentration. The study contributes to develop reason-
able domestication and screening scheme of mandarin fish 
according to different types of saline-alkali water.

Materials and methods

Ethical statement

This study was approved by the Animal Experimentation 
Ethics Committee of Shanghai Ocean University (Shanghai, 
China) (SHOU-DW-2016-004).

Fish and experimental conditions

The mandarin fish were reared in the Fish Germplasm Sta-
tion, Shanghai Ocean University. Mandarin fish were fed 
with live prey fish (grass carp, Ctenopharyngodon idellus 
larvae) once a day. Before the stress treatment, all the fish 
were fasted for 24 h.

Yearling Fish (<1 year old, 1.76 ± 0.31 g) were trans-
ferred from freshwater to 6 concentrations of each salt 
stress, and the mortality of fish was calculated within 96 h. 
For NaCl stress, 102.56 mmol/L (6 g/L, pH = 7.4), 136.75 
mmol/L (8 g/L, pH = 7.4), 170.94 mmol/L (10 g/L, pH = 
7.5) , 205.13 mmol/L (12 g/L, pH = 7.6), 239.32 mmol/L 
(14 g/L, pH = 7.4) and 273.50 mmol/L (16 g/L, pH = 7.6) 
were prepared using tap water (pH = 7.5 ± 0.1) which were 
aerated for more than 48 h with NaCl (analytical reagent) 
by the conversion between the molar and mass. For  Na2SO4 
stress, 42.25 mmol/L (6 g/L, pH = 7.5), 56.33 mmol/L (8 
g/L, pH = 7.5), 70.42 mmol/L (10 g/L, pH = 7.4), 84.50 
mmol/L (12 g/L, pH = 7.5), 98.59 mmol/L (14 g/L, pH = 
7.6) and 112.67 mmol/L (16 g/L, pH = 7.5) were prepared 
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using tap water (pH = 7.5 ± 0.1) which were aerated for 
more than 48 h with  Na2SO4 (analytical reagent). For 
 NaHCO3 stress, 1.19 mmol/L (0.1 g/L, pH = 7.7) , 3.57 
mmol/L (0.3 g/L, pH = 8.1), 5.95 mmol/L (0.5 g/L, pH = 
8.1), 11.90 mmol/L (1 g/L, pH = 8.2), 17.86 mmol/L (1.5 
g/L, pH = 8.2), and 23.81 mmol/L (2 g/L, pH = 8.3) were 
prepared using tap water (pH = 7.5 ± 0.1) which were aer-
ated for more than 48 h with  NaHCO3 (analytical reagent). 
pH was determined by a pH meter (Leici, Shanghai). The 
experiments were conducted in tanks (45 L) with 30 fish for 
each concentration of each salt stress and was repeated for 
three times (n=30×6×3=540, approximately half male and 
half female). The fish were not fed during the experiment. 
Approximately 90% of the solution in each tank was changed 
daily. Water temperature was maintained at 24.6 ± 0.5°C, 
dissolved oxygen was kept at about 6.7~7.3 mg/L.  NH4

+-N 
at <0.6 mg/L, and  NO2-N at <0.04 mg/L. The number of 
dead fish was recorded frequently from the beginning of 
the stress experiment, and the death of fish is judged by 
no sign of gill activity and no response to external stimuli. 
The 96h semi-lethal concentrations (LC50) was determined 
using Probit regression with the SPSS 26.0 (SPSS, Chicago, 
Illinois, USA).

With equal cation concentrations  (Na+ = 210 mmol/L), 
NaCl concentration of 210 mmol/L (pH = 7.6) (SW group), 
 Na2SO4 concentration of 105 mmol/L (pH = 7.6) (SUW 
group), and  NaHCO3 concentration of 210 mmol/L (pH = 
8.5) (AW group) were set as stress treatments. The huge var-
iation brings difficulties to the setting of the stress dose with 
equal cation concentration. If 96 h LC50 value of  NaHCO3 
stress is used, the NaCl stress is almost unaffected. To better 
understand the toxicity on fish, a higher stress dose, i.e., the 
96 h LC50 value of NaCl is used as the stress dose, and the 
corresponding sampling time is in the early stages of stress. 
The experiment was conducted in a tank (45 L). Yearling 
fish (< 1 year old, 5.8 ± 1.3 g) were transferred directly 
from freshwater (FW group) into the SW, SUW, and AW 
groups. After the 24 h acute stress, the fish were transferred 
to fresh water for recovery. Each tank contained 30 fish and 
there were four replicates for each group (n=30×4×4=480, 
approximately half male and half female). The fish were not 
fed during the experiment. Gills were sampled from the SW 
and SUW groups at 0, 0.5, 4, 12, and 24 h after stress and 
24 h after freshwater recovery. Gills were sampled from the 
AW group at 0 and 0.5 h after stress and 2 h after freshwater 
recovery (In the previous experiment all fish died within 1 
h after 210 mmol/L  NaHCO3 stress. Therefore, the time of 
 NaHCO3 stress treatment was set at 0.5 h). Water tempera-
ture was maintained at 24.6 ± 0.5°C, dissolved oxygen was 
kept at about 6.7~7.3 mg/L.  NH4

+-N at < 0.6 mg/L, and 
 NO2-N at < 0.04 mg/L. Gills from the FW, SW, and SUW 
groups at 24 h and the AW group at 0.5 h were taken for tis-
sue observation and sequencing. A portion was washed with 

saline and put into Bouin's solution for tissue observation, 
while the other part was rapidly frozen in liquid nitrogen 
and stored at −80°C for sequencing (4 groups × 4 repli-
cates = 16 samples). The rest of the samples were used for 
qRT-PCR. In order to detect the complete expression pattern 
and response mechanism of MAPK signaling pathway, we 
designed a freshwater recovery experiment. Gene expression 
of MAPK signaling pathway were determined during salt 
exposure and freshwater recovery stage.

Histology

Upon different salt stresses, gill tissues were sampled at the 
time point mentioned above and were washed with 0.9% 
saline and placed in Bouin's for 24 h. Tissues were dehy-
drated with 70% alcohol, and when the tissues became 
lighter in color, they were dehydrated using gradients of 
80%, 90%, and 100% alcohol, with each gradient immersed 
for 40 min. The dehydrated tissues were immersed in a 1:1 
mixture of xylene: alcohol for 15 min, and then immersed in 
pure xylene solution for 15 min until the tissues were trans-
parently finished. Finally, the tissue was immersed using 
paraffin solution to complete the embedding.

Serial sectioning was performed using a Leica RM 2016 
rotary microtome (Shanghai Langyi Medical Equipment 
Co., Shanghai, China) at a thickness of 5μm. The excised 
tissue sections were stained with hematoxylin-eosin (HE). 
After staining, the slides were sealed with neutral gum and 
observed under an inverted microscope (Olympus Industries 
Co., Shenzhen, China) in the laboratory for imaging. Gill tis-
sue sections were randomly observed three times, and each 
observation was then combined into the final result.

Transcriptome library construction and sequencing

RNA extraction, RNA-Seq library preparation, and sequenc-
ing were performed by Biomarker Technologies (Beijing, 
China). RNA concentration and purity were measured using 
a NanoDrop 2000 (Thermo Fisher Scientific, Wilmington, 
Delaware, USA). RNA integrity was assessed using the RNA 
Nano6000 assay kit from Agilent Bioanalyzer 2100 systems 
(Agilent Technologies, Palo Alto, California, USA). Eukary-
otic mRNA was enriched with magnetic beads with Oligo 
(dT). The mRNA was randomly interrupted by adding Frag-
mentation Buffer and the first cDNA strand was synthesized 
with six-base random primers (random hexamers) using 
mRNA as a template, followed by the addition of buffer, 
dNTPs, RNase H, and DNA polymerase I to synthesize the 
second cDNA strand. This was purified using AMPure XP 
beads (Beckman Coulter, Beverly, California, USA). The 
purified double-stranded cDNA was then end-repaired, 
A-tailed, and connected to sequencing junctions, followed 
by fragment size selection using AMPure XP beads. Finally, 
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the cDNA library was enriched by PCR. After library con-
struction, the effective library concentration (effective 
library concentration > 2 nM) was accurately quantified 
using qPCR which is a method of quantifying DNA based 
on PCR. After the libraries were qualified, different libraries 
were pooled according to the target downstream data volume 
and sequenced using the Illumina platform.

Reads containing splices and low-quality reads (including 
reads with a proportion of N greater than 10% and those with 
bases with a quality value Q ≤ 10 accounting for more than 
50% of the whole read) were removed. High-quality clean 
reads were obtained after the above series of quality control.

Unigene expression was calculated using fragments per 
kilobase of transcript per million fragments mapped as 
a measure of transcript or gene expression level, and the 
obtained gene expression was used directly to compare gene 
expression differences between samples. In the process of 
differentially expressed gene detection, Fold Change ≥ 2 
and false discovery rate (FDR) < 0.01 were used as screen-
ing criteria. Differentially expressed genes were subjected to 
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis and the protein-protein interaction (PPI) net-
work was determined with a corrected P < 0.05.

Real‑time quantitative PCR (qRT‑PCR) analysis

Using the same RNA samples, six differentially expressed 
genes were randomly selected to validate the RNA-Seq 
results. To elucidate the expression pattern of the MAPK 
signaling pathway in equal sodium ion concentration stress 
experiments, genes AREG (amphiregulin), MKNK2b 
(MAPK interacting serine/threonine kinase 2b), PDGFC 
(platelet derived growth factor c), and TAMALIN (traffick-
ing regulator and scaffold protein tamalin) were selected. 
β-actin was used as an internal reference gene. See Sup-
plementary Material 1 for primer information. The SYBR 
Green Premix Pro Taq HS qPCR Kit (Accurate Biotechnol-
ogy Co., Ltd., Hunan, China) was used, and the PCR was 
performed according to the instructions. PCRs were con-
ducted in a CFX96 Real-Time PCR system. PCR conditions 
were 50°C for 2 min, 95°C for 10 min, followed by 40 cycles 
of 95°C for 15 s and 60°C for 1 min. The  2-ΔΔCT method was 
used to calculate the relative gene expression.

Statistical analysis

SPSS 26.0 software was used for data analysis. The meas-
ured data are expressed as mean ± SD. Pairwise compari-
sons were performed using the least significant difference 
method. Comparison between groups was analyzed by 
one-way ANOVA. Data conforming to a normal distribu-
tion were compared by t-test. P < 0.05 was considered a 
significant difference.

Results

Mortality rate

The mortality of mandarin fish after salt stress were shown 
in Table 1. The regression equation of each salt was obtained 
by fitting the curve. The 96 h LC50 of mandarin fish under 
NaCl,  Na2SO4, and  NaHCO3 stresses were 210.85 mmol/L 
(95% confidence interval 196.35 ~ 227.43), 81.60 mmol/L 
(95% confidence interval 74.79 ~ 88.94), and 5.89 mmol/L 
(95% confidence interval 4.50~7.25), respectively.

Effects of NaCl,  Na2SO4 and  NaHCO3 stress on gills 
morphology of mandarin fish

In the FW group, gill lamellae were evenly distributed on 
both sides of the gill filament, and pavement cells (PVCs) 
were covered with gill lamellae in a thin scale-like pattern, 
alternating with pillar cells (PCs) and blood cells (BCs) 
to form vascular channels. A thick epithelium was present 
between the gill lamellae and the gill lamellae, and this 
region contained mucous and chloride cells (Fig. 1a). After 
24 h of NaCl stress, the gill filament vessels widened sig-
nificantly and the stroma between the gill lamellae protruded 
slightly, while the number of chlorocytes in this region 
increased relative to the FW group. The gill lamellae showed 
shortening and thickening, and the PVCs covering the gill 
lamellae were severely broken and shed, and the hemocytes 
were larger in size (Fig. 1b). After 24 h of  Na2SO4 stress, 
the stroma between the gill lamellae protruded and the gill 
lamellae showed different degrees of distortion or even 
breakage (Fig. 1c). After 0.5 h of  NaHCO3 stress, the matrix 
was almost filled between the gill lamellae, and the number 
of chloride cells within the matrix increased. The gill lamel-
lae appeared severely damaged, and the PVCs were shed in 
large numbers (Fig. 1d).

RNA‑Seq data quality assessment and validation

A total of 103.75 Gb of clean data was obtained from the 
transcriptome analysis of 16 samples, and the clean data of 
each sample reached 5.71 Gb, with the percentage of Q30 
bases at 92.96% and above. The clean reads of each sample 
were compared with the designated reference genome for 
sequence alignment, and the alignment efficiency ranged 
from 89.69% to 94.31% (Supplementary Material 3). Spear-
man's correlation coefficient r  (r2) was used as an index for 
the assessment of biological duplicate correlation.

The  r2 was closer to 1, indicating that the two duplicate 
samples are more correlated. The biological replicate cor-
relation between each group in this experiment met the index 
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 (r2 ≥ 0.8) (Supplementary Material 2). The sequence data 
generated in this study have been stored in the NCBI SRA 
database (Accession number SUB11886438).

Six genes were randomly selected for detection by qRT-
PCR. The results showed that the relative expression of 

genes CCL20b, GRS5, KCNE2, DAPK2a, IGλ, and HBB 
were down-regulated in the SW and SUW stress groups 
compared with the control group (FW), except for the up-
regulated expression of CCL20b, and the down-regulated 
expression of GRS5, KCNE2, DAPK2a, IGλ, and HBB in 

Table 1  Mortality and 96 h 
LC50 of mandarin fish upon 
NaCl,  Na2SO4, and  NaHCO3 
stress

Group Salinity or 
alkalinity 
(mmol/L)

96 h mortality (%) Regression equation 96 h LC50 
(mmol/L)

95% confidence interval

NaCl 102.56 3.33 y = -3.19+0.02*x 210.85 196.35 ~ 227.43
136.75 16.66
170.94 30.00
205.12 46.66
239.31 66.66
273.50 80.00

Na2SO4 42.25 13.33 y = -2.46+0.03*x 81.60 74.79 ~ 88.94
56.33 16.66
70.42 43.33
84.50 53.33
98.59 66.66

112.67 83.33
NaHCO3 1.19 13.33 y = -1.05+0.17*x 5.89 4.50~7.25

3.57 33.33
5.95 60.00

11.90 86.66
17.86 96.66
23.81 100.00

Fig. 1  Changes of gill under 
different stresses (a: FW: 
freshwater; b: NaCl stress for 
24 h; c:  Na2SO4 stress for 24 
h; d:  NaHCO3 stress for 0.5 h; 
GF: Gill Filaments; GL: Gill 
Lamella; MRC: Mitochondria-
rich cell; PVC: Pavement Cell; 
BC: Blood Cells; PC: Pillar 
Cell; Hematoxylin-Eosin ×400, 
n = 4)
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the AW stress group. All genes were down regulated in the 
AW stress group. In addition, CCL20b did not change sig-
nificantly in the AW group and DAPK2a did not change sig-
nificantly in the SUW group. To ensure reproducible results, 
we used β-actin as an internal reference gene. The qRT-PCR 
analysis results were consistent with the RNA-Seq results of 
each stress group, indicating the reliability and accuracy of 
transcriptome analysis (Fig. 2).

Analysis of differential gene expression in mandarin 
fish upon NaCl,  Na2SO4, and  NaHCO3 stress

In the gill of mandarin fish, a total of 1218 genes were sig-
nificantly differentially expressed in the FW vs SW group, 
of which 320 were up-regulated and 898 were down-regu-
lated (P < 0.05); 466 genes were significantly differentially 
expressed in the FW vs SUW groups, of which 160 were 
up-regulated and 306 were down-regulated (Fold Change ≥ 
2, FDR < 0.05); 313 genes were significantly differentially 
expressed in the FW vs AW groups (Supplementary Mate-
rial 4). A total of 313 genes were significantly differentially 
expressed between the FW and AW groups, of which 155 
were up-regulated and 158 were down-regulated (P < 0.05) 
(Supplementary Material 4). Compared with the FW group, 
the three stress groups shared 25 significantly differentially 
expressed genes, of which 23 were down-regulated (P < 
0.05) (Fig. 3, Table 2).

There were 412 significantly differentially expressed 
genes in the SW vs SUW groups, of which 223 were up-
regulated and 189 were down-regulated (P < 0.05); 2061 

genes were significantly differentially expressed in the SW 
groups compared with AW group, of which 1354 were up-
regulated and 707 were down-regulated (P < 0.05); 886 
genes were significantly differentially expressed in the SUW 
group compared with the AW group, of which 644 were up 
regulated and 242 were down regulated (P < 0.05) (Sup-
plementary Material 4).

Analysis of KEGG enrichment in mandarin fish 
upon NaCl,  Na2SO4, and  NaHCO3 stress

The number of KEGG pathways significantly enriched in 
the FW vs SW groups, FW vs SUW groups, and FW vs 
AW groups were 20, 4, and 8, respectively (P < 0.05). The 
KEGG pathways that were significantly enriched in the 
FW vs SW groups were cell adhesion molecules, cytokine-
cytokine receptor interaction, carbon metabolism, biosyn-
thesis of amino acids, ECM-receptor interaction, glycolysis/
gluconeogenesis, and intestinal immune network for IgA 
production. KEGG pathways significantly enriched in the 
FW vs SUW groups were cell adhesion molecules, amino 
sugar and nucleotide sugar metabolism, biosynthesis of 
unsaturated fatty, and primary immunodeficiency. KEGG 
pathways significantly enriched in the FW vs AW groups 
were phagosome, Herpes simplex virus 1 infection, MAPK 
signaling pathway, cytokine-cytokine receptor interaction, 
intestinal immune network for IgA production, mucin-type 
O-glycan biosynthesis, steroid biosynthesis, and primary 
immunodeficiency (Fig. 4).
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Fig. 2  Expression of six differential genes in different stress groups 
by qRT-PCR (left) and RNA-seq (right). The β-actin values were 
used to normalize the expression levels of different genes. Each col-
umn represents the mean ± standard deviation (n = 3), and the dif-

ference between the values of different letters (a-c) was statistically 
significant (P < 0.05), FW: control group; SW: NaCl stress; SUW: 
 Na2SO4 stress; AW:  NaHCO3 stress
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Fig. 3  Venn map of differen-
tially expressed genes under 
different salt stress. (FW: fresh-
water; SW: NaCl stress; SUW: 
 Na2SO4 stress; AW:  NaHCO3 
stress, n = 4)

FW vs SW

FW vs SUW

FW vs AW

915 235

192

14

25

231

43

Table 2  Twenty-five common differentially expressed genes after different salt stresses

Gene Name Description log2FC

FW vs SW FW vs SUW FW vs AW

Newgene_1254 zinc finger protein 287-like -1.321 -1.299 -1.517
Newgene_1818 Ig kappa chain V region Mem5 isoform X2 -1.185 -1.425 -1.392
Newgene_2176 toxotes jaculatrix ice-structuring glycoprotein-like(C2H2) -4.156 -1.839 -1.064
Newgene_3203 kin of IRRE-like protein 3 -2.031 -1.252 -1.223
Newgene_3316 transmembrane protein 272-like isoform X1 -2.158 -1.482 -1.004
Newgene_3616 uncharacterized LOC122872009 -2.076 -1.421 -1.035
Newgene_4399 hypothetical protein -1.225 -1.087 -2.071
LOC122864838 chitin synthase chs-1-like -2.233 -1.555 -1.782
LOC122867396 hemoglobin subunit beta-2-like (HBB) -2.591 -1.917 -1.564
LOC122868549 hemoglobin embryonic subunit alpha (HBA) -1.496 -1.015 -1.042
LOC122869137 uncharacterized LOC122869137 -1.083 -1.200 -1.232
LOC122869171 immunoglobulin lambda-1 light chain-like (IGλ) -1.073 -1.603 -1.047
LOC122869198 immunoglobulin lambda-1 light chain-like (IGλ) -1.106 -1.446 -1.295
LOC122870158 voltage-gated potassium channel subunit beta-3-like -2.092 -1.396 -1.783
LOC122871496 histone H1-like -2.537 -1.387 1.282
LOC122873121 uncharacterized LOC122873121 -1.028 -1.370 -1.151
LOC122878021 regulator of G-protein signaling 5-like (GRS5) -2.247 -1.645 -1.715
LOC122885439 potassium voltage-gated channel subfamily E member 2-like (KCNE2) -3.391 -1.276 -1.384
LOC122886862 protein disulfide-isomerase TMX3-like (TMX3) -1.710 -1.819 -1.747

CCL20b chemokine (C-C motif) ligand 20b 1.403 1.370 -2.502
DAPK2a death-associated protein kinase 2a -1.137 -1.298 -1.105
FOXQ1a forkhead box Q1a -2.197 -1.119 -1.366
GFRA1b gdnf family receptor alpha 1b -3.597 -1.660 -1.364

SCEL sciellin -1.039 -1.154 -1.014
TMC2a transmembrane channel-like 2a -1.183 -1.386 -1.172



99447Environmental Science and Pollution Research (2023) 30:99440–99453 

1 3



99448 Environmental Science and Pollution Research (2023) 30:99440–99453

1 3

PPI analysis of differential genes

To identify the hub genes among the differentially expressed 
genes in each salinity or alkalinity group, a PPI network was 
constructed (Fig. 5). The larger the node the more edges 
associated with the protein, which also indicates that the 
protein interacts frequently with other proteins. In the SW 
group, the most frequent interaction between differential 
gene phases was Rho family GTPase 2 (RND2), which 
was up-regulated after stress. In the SUW group, the most 
frequent differential gene interaction was asporin (ASPN), 
which was down-regulated after stress. In the AW group, 
the most differential gene interaction was EPH receptor A4 
(EPHA4a), which was up-regulated after stress.

Gene expression of MAPK signaling pathway 
during salt exposure and freshwater recovery stage

The expression of TAMALIN and PDGFC was down-regu-
lated at 0.5 h in the SW group at the beginning of stress. The 
expression of MAPK signaling pathway genes was up-reg-
ulated in all three salts at 0.5 h. With increasing duration of 
stress, AREG and MKNK2b in the SW group peaked at 24 
h of stress and PDGFC at 12 h of stress. AREG in the SUW 
group peaked at 24 h, TAMALIN at 0.5 h, and MKNK2b 
and PDGFC both at 4 h of stress (Fig. 6).

During the freshwater recovery stage, the expression level 
of MAPK signaling pathway genes in the AW group was 
up-regulated after 2 h freshwater recovery, on the contrary, 
these genes recovered to or below initial levels in both SW 
and SUW group, except for the SUW group where AREG 
expression did not drop to the initial stage after 24 h fresh-
water recovery (Fig. 6).

Discussion

Generally, in this study the 96 h LC50 value of  NaHCO3 
stress (5.89 mmol/L) was much lower than that of NaCl 
(210.85 mmol/L) and  Na2SO4 (81.60 mmol/L) stress in man-
darin fish. All fish died after 1 h exposure to 210 mmol/L 
 NaHCO3 stress whereas some fish still survive after 96 h 
exposure to 210 mmol/L NaCl stress. The damage to gills, 
differentially expressed genes, KEGG signaling pathway 
enrichment, and hub genes among the three stresses with 
equal sodium ion concentration were different. These results 
strongly suggested that there were variation effects of the 

salt stresses (NaCl,  Na2SO4, and  NaHCO3) on mandarin fish. 
Detailed analysis will be conducted separately in the follow-
ing text. It is assumed that the variation in salt stress effect 
is related to the difference in ionic composition, whereas, 
the direct cause of the variation remain unclear and further 
research is needed, because differences in ionic composition 
can lead to changes in the parameters of the water, such as 
pH changes.

The LC50 directly reflects the difference in tolerance of 
fish to different salts. The NaCl stress tolerance of mandarin 
fish (weight 5.8 ± 1.3 g , 96 h LC50 = 210.85 mmol/L) was 
weaker than that of Nile tilapia (weight 6.0 ~ 7.0 g, 96 h 
LC50 = 372.82 mmol/L) (Liang et al. 2015), Chalcalbur-
nus chalcoides aralensis (weight 2.6 ~ 4.6 g, 96 h LC50 = 
363.07 mmol/L) (Lin et al. 2015) and przewalski's naked 
carp (Gymnocypris przewalskii) (weight 12.5 ± 0.3 g, 96 h 
LC50 = 311.11 mmol/L) (Wu et al. 2017a), but stronger than 
that of grass carp (juvenile, 96 h LC50 = 182.73 mmol/L) 
and silver carp (Hypophthalmichthys molitrix) (juvenile, 
96 h LC50 = 160.34 mmol/L) (Yang et  al. 2014). The 
 NaHCO3 stress tolerance of mandarin fish (96 h LC50 = 
5.89 mmol/L) was weaker than that of przewalski’s naked 
carp (96 h alkalinity LC50 = 150.18 mmol/L) (Wu et al. 
2017a), Chalcalburnus chalcoides aralensis (96 h alkalinity 
LC50 = 112.23 mmol/L) (Lin et al. 2015), Nile tilapia (96 h 
alkalinity LC50 = 101.30 mmol/L) (Liang et al. 2015), grass 
carp (96 h alkalinity LC50 = 92.94 mmol/L) and silver carp 
(96 h alkalinity LC50 = 86.25 mmol/L) (Weight is the same 
as above) (Yang et al. 2014).

Differences in morphological and phenotypic changes 
upon different salts were found by observing the gill. Gill is 
direct contact with water and it is important organs for res-
piration and ion exchange for fish. Ion regulation is accom-
plished in large part by 'branchial ionocytes', i.e., specialized 
cells in the gill epithelium in all fishes. In this experiment, 
the blood vessels of mandarin fish gill filaments were sig-
nificantly dilated, and the volume of BCs became larger 
under NaCl stress. It was hypothesized that NaCl stress 
caused many ions to enter the plasma of fish, increasing 
the osmotic pressure of blood. To balance the osmotic pres-
sure balance inside and outside the cell membrane, many 
ions enter the cell causing the blood cell volume to increase. 
Under  Na2SO4 stress, which is also a neutral salt, it did not 
show the phenomenon of blood cell volume enlargement. 
It was manifested by the distortion and deformation of gill 
filaments. In contrast, the gill of the  NaHCO3 stress group 
showed more damage than that of NaCl and  Na2SO4 stress 
group, and the bulge at the base of the gill lamellae was 
severe or even completely wrapped around the gill lamel-
lae after stress. This change may delay the entry of harmful 
substances into the interior of the organism but seriously 
affected the role of gill in respiration. Therefore, it is a pos-
sible reason for the high mortality under  NaHCO3 stress 

Fig. 4  Enrichment network analysis of KEGG pathway under differ-
ent salt stress (a: FW vs SW; b: FW vs SUW; c: FW vs AW; Squares 
represent the KEGG pathway, circles represent genes enriched in the 
pathway, red represents up-regulated genes, and green represents 
down-regulated genes, n = 4)

◂
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Fig. 5  Protein-protein interac-
tion network (Each node 
represents a gene, and the more 
nodes are connected, the larger 
the nodes are. The color of the 
nodes represents the up-down 
relationship. a: FW vs SW; b: 
FW vs SUW; c: FW vs AW, n 
= 4)



99450 Environmental Science and Pollution Research (2023) 30:99440–99453

1 3

in mandarin fish. In addition, the pH of water with differ-
ent NaCl and  Na2SO4 concentration stress was almost the 
same, whereas the pH increased with increasing  NaHCO3 
concentration. The increased pH in water can also cause the 
intolerance of mandarin fish to bicarbonate, since that high 
pH can damage fish gills and skin, reduce oxygen absorp-
tion by gills, disrupt the body's acid-base balance and cause 
blood alkalosis (Wright and Wood 1985; Zhao et al. 2023).

Differential gene expression and pathway analysis fur-
ther reveal molecular differences in response to different 
salt stresses. High salinity affects fish plasma osmolality, 
antioxidant capacity, protease hydrolysis, and the energy 
metabolism (Sardella and Brauner 2008; Wu et al. 2017b; 

Liu et al. 2022). Alkalinity is another factor affecting fresh-
water fishes. Excessive alkalinity causes inflammation 
and immune regulation (Shang et al. 2021). The immune 
response is an important measure of environmental stress 
in fish and cell adhesion molecules, cell cytokine-cytokine 
receptor interactions, and ECM-receptor interactions play 
key roles in inflammation and immune responses (Zhong 
et  al. 2018; Wu et al. 2020; Olbei et  al. 2021). Carbon 
metabolism, biosynthesis of amino acids, and glycolysis/
gluconeogenesis pathways are associated with energy sup-
ply (Yang et al. 2018; Tsogtbaatar et al. 2020). In the pre-
sent study, the enrichment of these pathways and the down-
regulation of pathway genes suggested that mandarin fish 

Fig. 6  Expression levels of MAPK signaling pathway genes. Each 
column represents the mean ± standard deviation (n = 3), the differ-
ence between the values of different letters (a-d) was statistically sig-

nificant (P < 0.05) (FW: freshwater; SW: NaCl stress; SUW:  Na2SO4 
stress; AW:  NaHCO3 stress)
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had reduced energy supply and immune response capacity 
upon NaCl stress. Under  Na2SO4 stress in the mandarin fish, 
differential gene expressions were associated with cell adhe-
sion molecules, amino and nucleotide sugar metabolism, and 
the biosynthesis of unsaturated fatty and primary immuno-
deficiency. These pathways are associated with immune 
response, glucose utilization, and regulation of osmotic pres-
sure in fish (Chen et al. 2020a). It was suggested that  Na2SO4 
stress caused a decrease in immune capacity and glucose uti-
lization in mandarin fish. In this experiment,  NaHCO3 stress 
caused the enrichment of pathways such as phagosomes, 
herpes simplex virus type 1 infection, MAPK signaling, and 
cytokine-cytokine receptor interactions. Phagosomes can 
maintain cellular homeostasis by removing dead cells or 
foreign object. And it is a fundamental defense mechanism 
that activates immune and inflammatory responses against 
invading pathogens (Uribe-Querol and Rosales 2017). The 
enrichment of these pathways was associated with tissue 
damage under  NaHCO3 stress in the gills of mandarin fish, 
which was consistent with the histology results.

PPI networks can highlight the modularity of cellular 
processes (Fionda 2019). In this experiment, RND2 were 
up-regulated and RND2 was the core gene that had the most 
connections in the network under NaCl stress in the gills of 
mandarin fish. RND2 target the p38 MAPK signalling path-
way which were highly expressed after alkali stress in tila-
pia (Xu et al. 2020; Zhao et al. 2020). In the  Na2SO4 stress 
group, ASPN was the core gene. ASPN is an ECM pro-
tein and A interacts with the insulin growth factor receptor 
(IGF1r) and is essential for activating IGFr-mediated intra-
cellular signaling pathways (Simkova et al. 2016). EPHA4a 
was the core gene in the  NaHCO3 stress group. EPHA4a 
signaling is located downstream of the mechanical barrier 
and plays an important role in maintaining cell separation 
on the surface by regulating actin to separate cells into com-
partments (Calzolari et al. 2014). The significant association 
and variability of these hub genes in different salt stress sug-
gest that these genes and their associated genes are involved 
in salt stress response and that there are differences in the 
response mechanisms induced by different salt stresses.

The MAPK signaling pathway is an important bridge in the 
switch from extracellular signals to intracellular responses, includ-
ing stress to the environment and inflammatory responses (Braicu 
et al. 2019). In previous studies in Nile tilapia (Zhou et al. 2020; 
Zhao et al. 2020), target genes of miRNAs associated with alkaline 
water stress were enriched in the MAPK signaling pathway. In 
this experiment, differential expressed genes were also enriched 
in the MAPK signaling pathway under  NaHCO3 by transcriptome 
analysis. Furthermore, qRT-PCR experiments showed that MAPK 
pathway genes had up-regulated expression trends upon all three 
salt stresses, but the expression patterns varied with the duration 
of stress. The results suggest that the MAPK signaling pathway 
is an important regulatory mechanism in response to salt stress.

Notably, gene expression of MAPK signaling pathway sig-
nificant increased at freshwater recovery stage upon  NaHCO3 
stress, while they decreased upon NaCl,  Na2SO4 stress, indi-
cating that responding to  NaHCO3 stress is stronger than NaCl 
and  Na2SO4 stress with 210 mmol/L  Na+.

While gene expression differs upon different salt stresses, 
there are also some similarities. There were 25 common dif-
ferentially expressed genes upon NaCl,  Na2SO4, and  NaHCO3 
stress compared to the FW group, of which 23 were consist-
ently down-regulated. Among these down-regulated differ-
ential genes, C2H2 and FOXQ1a are transcription factors, 
GFRA1b and RGS5a are involved in signal transduction; 
HBB, LOC122868549, and LOC122873121 are involved in 
oxygen transport; KCNE2 and KCNAB3 are potassium ion 
voltage-gated channels, DAPK2a and SCEL are associated 
with apoptosis, and LOC122869198, LOC122869137, New-
Gene_1818, LOC122869171, and CCL20b are involved in 
the immune response. The immune response is an important 
stress response, and the activation of this response in fish dur-
ing environmental stress and virus infestation is crucial for 
organismal adaptation (Li et al. 2020; Zhao et al. 2020; Yin 
et al. 2022). In our study, down-regulation of immune-related 
genes was common upon all salt stress. It is suspected that 
high-stress concentrations suppressed immune responses and 
reduced physiological activity.

In this study, the toxicity and molecular response mecha-
nism of different salts (NaCl,  Na2SO4 and  NaHCO3) on man-
darin fish were reported for the first time, but there were also 
some shortcomings:Concentrations of the salts (210 mmol/L 
 Na+) are a bit high in acute exposure experiments, especially 
for  NaHCO3 stress. However, it reflects the fact that it causes 
serious damage upon  NaHCO3. In addition, the tolerance of 
different size of fish to the salt stress also varies. In future stud-
ies, low-concentration stress and different of size fish should 
be chosen to evaluate toxicity of salt stress on mandarin fish 
comprehensively. To determine the median lethal time (LT50) 
is also a good way for evaluating toxicity, considering the short 
survival time for fish exposed to  NaHCO3. Besides, the 96 h 
LC50 was calculated by the stress of artificially configured 
solution using single chemical agent in these experiments. 
There were huge differences between the make-up salt solu-
tion and the natural saline-alkaline water. Thus, such make-up 
salt water will low evaluate the tolerance of mandarin fish to 
these ions in real saline-alkaline water.

Conclusion

In conclusion, there was variation in effects of the three 
studied salts on mandarin fish. The tolerance of mandarin 
fish to  NaHCO3 stress was weaker than that of NaCl and 
 Na2SO4. The damage to gill tissues by  NaHCO3 stress was 
more severe than that of NaCl and  Na2SO4 at equal sodium 
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ion concentrations (210 mmol/L  Na+). The MAPK signaling 
pathway is an important regulatory mechanism in response 
to salt stress.
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