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Saline-alkali water is distributed all over the world and affects the development of
fisheries. The ridge tail white prawn Exopalaemon carinicauda is an economically
important shrimp in China, which has excellent environmental tolerance. However,
due to its complex genetic structure, there have been few studies on its alkalinity-
adaptation mechanisms. In order to explore the molecular mechanisms of E. carinicauda
in adapting to the alkaline water, mRNA and miRNA transcriptomes from the gills of
E. carinicauda were determined. The results showed that after alkalinity stress, the
structures of the gill and hepatopancreas were disorganized; however, E. carinicauda
could still maintain vital signs. Transcriptome results showed that ATP binding protein
and carbonic anhydrase played an important role in alkalinity-adaptation. At the same
time, a large number of immune-related genes were up-regulated, which protect
E. carinicauda from bacterial infection. MiRNAs also played an important role in alkalinity-
adaptation. A total of 24 miRNAs were identified as differentially expressed after
alkalinity stress, and up-regulated miRNAs might active the GnRH signaling pathway and
accelerate the synthesis and secretion of aldosterone, which might maintain the balance
of osmotic pressure in E. carinicauda to adapt to alkaline environment. These results
provide a better understanding of the alkalinity-adaptation mechanism of economic
aquatic animals and provide theoretical basis for breeding in the future.

Keywords: alkalinity stress, Exopalaemon carinicauda, microRNA, adaptation mechanism, aquaculture

INTRODUCTION

Saline-alkali water is distributed all over the world with high alkalinity, high salinity, high pH, and
complex ion composition. There were 45.87 million hm2 of saline-alkali water in China, which is
distributed across 19 provinces and autonomous regions. Generally, most aquatic animals cannot
grow and reproduce in saline-alkali water, which makes saline-alkali waters a global low-yielding
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water resource, which greatly hinders the utilization of saline-
alkali water resources. In order to make the best use of
saline-alkali water resources, an increasing amount of saline-
alkali water has been used for fisheries. To date, underground
brackish water, brackish water, and surface brackish water
have been used for aquaculture of prawns, freshwater fish, sea
cucumbers, and flatfish in China’s Yellow River Delta, Liao
River Delta, Hebei, Tianjin, Jilin, Inner Mongolia, and other
inland saline-alkali water areas. To effectively use saline-alkali
water resources, it is urgent to breed more saline-alkali-resistant
aquaculture species and study the saline-alkali stress mechanism
of aquatic organisms.

Exopalaemon carinicauda, an important economic shrimp in
China, has great adaptive capacity to extreme environments,
especially for pH and carbonate alkalinity (Xu et al., 2010;
Liu et al., 2018; Ge et al., 2019), and has been recognized
as an excellent model for both physiological and evolutionary
studies of saline-alkali adaptation in crustaceans. At present,
E. carinicauda has been successfully cultivated in coastal
saline-alkali waters in Cangzhou, Hebei Province (approximate
carbonate alkalinity 3.5–13.0 mmol/L, salinity 5-15, pH 8.3–
9.2) and Dongying, Shandong province (approximate carbonate
alkalinity 1.4–8.0 mmol/L, salinity 5–8, pH 8.5–10.0). However,
the mechanism of alkalinity tolerance in E. carinicauda remained
unknown. To date, comparative transcriptome studies on
E. carinicauda adapted to thermal stress and viral infection have
been performed, and significant differential gene expression that
encoded modulators of stress adaptation and tolerance, including
heat shock proteins (e.g., heath shock protein 70, heat shock
protein 90, heat shock protein 40, and heat shock protein 10),
pattern recognition proteins (e.g., lectins, lipopolysaccharide β-
1,3-glucan binding protein, and β-1,3-glucan binding protein),
antioxidant enzymes (e.g., glutathione-S-transferase, glutamine
synthetase, glutathione peroxidase, and copper/zinc superoxide
dismutase) (Ge et al., 2017). These results revealed that there
are substantial gene expression changes that allow E. carinicauda
to adapt to extreme environments. However, the mechanism of
alkalinity tolerance has remained unclear in recent years.

MicroRNAs (miRNAs) were well-studied small single-
stranded RNAs that regulated gene expression by base-pairing
with target mRNAs, which leaded to translational repression and
exonucleolytic mRNA decay (Kim et al., 2009; Berezikov, 2011;
Urbarova et al., 2018; Liu et al., 2019). MiRNAs were initially
transcribed as RNA polymerase II transcripts and then processed
by RNases Drosha and Dicer into precursor miRNAs and
mature miRNAs, respectively (Gregory et al., 2005; Bartel, 2009).
Crustacean miRNAs appeared to contain plant-like features in
post-transcriptional gene silencing, and expression profiling
indicated that miRNAs were involved in environmental stress
and gonadal development (Moran et al., 2014; Meng et al., 2018;
Liu et al., 2019). However, few studies were currently available
concerning miRNAs during acute carbonate alkalinity stress in
E. carinicauda.

High-throughput RNA sequencing was widely used to explore
stress resistance mechanisms in aquatic animals (Collins et al.,
2015; Hu et al., 2015; Liu et al., 2018; Chen et al., 2019; Shi et al.,
2019, 2020; Zhang et al., 2019; Shang et al., 2021). Identification

and characterization of the miRNAs and differentially expressed
genes (DEGs) in E. carinicauda was an important step for
a thorough understanding of the adaptation mechanism to
acute carbonate alkalinity stress. In this study, we investigated
the mRNA and miRNA transcriptomes from the gills of
E. carinicauda using Illumina deep sequencing technology and
found 96 and 272 DEGs after 24 h and 48 h alkalinity
stress respectively. At the same time, a total of 24 miRNAs
were identified as differentially expressed after alkalinity stress.
This study provided a better understanding of the function of
mRNA and miRNAs after acute carbonate alkalinity stress in
E. carinicauda.

MATERIALS AND METHODS

Sampling and Histology
Two hundreds E. carinicauda, weighting 0.51 ± 0.18 g, were
obtained from Haichen Aquaculture Co., Ltd., in Rizhao, China.
Before the experiment, the prawns were acclimated at a salinity
of 30 and temperature of 23 ± 0.5◦C aerated seawater for
one week, and 50% of the water was renewed once daily. The
prawns were checked every day to confirm that no prawns died
before the experiment.

During the experimental process, the carbonate alkalinity of
water was maintained at 8.26 mmol/L according to previous
study (Qin et al., 2021), adjusted by NaHCO3, and determined
by acid titration (Millero et al., 1993). The experiment involved
three tanks with 30 prawns per tank (Figure 1). Samples were
taken at 0, 24, and 48 h under stress after the carbonate alkalinity
of water was adjusted to 8.26 mmol/L. At each time point, four
prawns were taken from each tank, and the gill tissues were
dissected and mixed into one sample. Then, all samples were
rapidly frozen in liquid nitrogen and stored at −80◦C until RNA
extraction. Thus, nine samples were prepared for the RNA-seq
experiments. At the same time, one prawn was taken from each
tank at 0, 24, and 48 h, and the gill and hepatopancreas tissues
were dissected and placed in 4% paraformaldehyde in PBS for
gill and hepatopancreas histology for 24 h. The samples were
dehydrated with ethanol (70, 90, 95, and 100%), embedded in
paraffin wax serially, obtained a solid paraffin block after cooling,
and sectioned at 5 µm. Then, the slide sections were stained with
hematoxylin and eosin and observed using a Nikon ECLIPSE
microscope (Nikon, Tokyo, Japan).

RNA Isolation, Sequencing, and Library
Preparation
Total RNA was extracted from the gills using TRIzol reagent
according to the manufacturer’s instructions (Invitrogen,
United States). A 1% agarose gel was used to detect RNA
degradation and contamination. RNA purity was determined
using a NanoPhotometer R© spectrophotometer (Implen, CA,
United States). RNA concentration was measured using a Qubit R©

2.0 fluorometer (Life Technologies, CA, United States) using the
Qubit R© RNA detection kit. RNA Nano 6000 detection kit from
Agilent Bioanalyzer 2100 System (Agilent Technologies, CA,
United States) was used to assess RNA integrity.
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FIGURE 1 | Schematic representation of the acute saline-alkali stress experiment and sample collection, the saline-alkali stress concentration as 10 mmol/L.
Samples were collected before the experiment (control group), at 24 h (24 h of saline-alkali stress), and at 48 h (48 h of saline-alkali stress).

The sequencing library was generated using the NEB
Next R© UltraTM RNA Library Preparation Kit from Illumina R©

(NEB, Boston, MA, United States), as recommended by
the manufacturer. The mRNA and sRNA-seq libraries were
sequenced on an Illumina Novae 6000 and were constructed
according to the manuals provided by Illumina by Neogene
Company (Beijing, China). Library quality was assessed on
an Agilent Bioanalyzer 2100 (Agilent Technologies, CA,
United States) using DNA High Sensitivity Chips. All original
transcriptome data were deposited in the National Center
for Biotechnology Information (NCBI), with the accession
number PRJNA782370.

Bioinformatic Analysis
The initial raw reads for Illumina sequencing were filtered to
remove adaptor sequences and low-quality reads, and Q20, Q30,
and GC content were calculated. All downstream analyses were
based on high-quality, clean reads. The clean reads of each RNA-
seq library were aligned to the reference transcriptome in a
previous study using STAR (version 2.5.0b) to obtain a perfect
match and only one mismatch read for further annotation and
analysis. The false discovery rate (FDR)-corrected P value was
corrected using the EBseq package version 1.24.0, and corrected P
value < 0.05, and | log2(fold change)| ≥ 1 was set as the threshold
for significant differential expression.

Gene ontology (GO) function and KEGG pathway enrichment
analyses were performed on all DEGs in each comparison using
the R packages of GOseq and KOBAS software version 3.3.0.
Only the GO terms and KEGG pathways were identified as highly
expressed in DEGs with the corrected P value < 0.05.

All clean reads were searched against the Rfam and GenBank
databases to exclude rRNAs, tRNAs, snRNAs, and snoRNAs.
The distribution of small RNA read lengths was determined
and reads within the range of 18–35 nt were selected for the
following analysis. Then, the conserved miRNAs were identified
using the miRBase database (version 21.01). Additionally, the
Mirdeep2 software tool was used to analyze potential novel
miRNAs (Friedlnder et al., 2012).

The sequences over the length of 18 bp were submitted to
Mirdeep2 to get the mapping sequences for further analysis.
To obtain the differentially expressed miRNAs between samples,
the expression levels of miRNAs were normalized as previously
described (Liu et al., 2019). Audic-Claverie was used to analyze
differentially expressed miRNAs (DEMs) among libraries (Tiňo,
2009). The criteria for significant expression were defined as
P < 0.05, and transcripts per million > 2.

ORF Finder2 was used to identify the 5′ UTR, 3′ UTR,
and protein-coding regions. Potential target genes of the

1http://www.mirbase.org/
2https://www.ncbi.nlm.nih.gov/orffinder/
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DEMs were analyzed using Miranda software (S ≥ 150,
1G ≤ −30 kcal/mol) using 3′UTR data extracted from the
transcriptomes of E. carinicauda (John et al., 2004). In addition,
GO enrichment analysis (corrected P value < 0.05) and KEGG
pathway analysis (P < 0.05) were conducted to categorize the
function and to analyze the pathway of putative target genes
of DEMs.

Quantitative Real-Time-PCR Analysis
To further validate our DEG library, qRT-PCR analysis was
performed on RNA samples originally used for transcriptome
sequencing. Six genes with large expression differences were
selected, including acetaldehyde dehydrogenase (ALDH), ATP
citrate lyase (ACL), actin (ACT), sarcoplasmic reticulum Ca2+-
ATP enzyme (SER2a), blood coagulating protein (BC), DEAD-
box (DEA), and Premier v5 (Premier Biosoft International,
Palo Alto, CA, United States) to design specific primer pairs.
The first strand of cDNA was synthesized from 1 mg of RNA
using the Prime-ScriptTM RT Reagent Kit with gDNA Eraser
(Takara, Japan). qPCR was performed using SYBR Premix Ex Taq
(TaKaRa, Japan) on the ABI PRISM 7500 Sequence Detection
system (Applied Biosystems, United States) according to the
manufacturer’s instructions, and, 18s rRNA (GenBank accession
number: GQ369794) was used to detect the expression level of
genes, and all experiments were repeated three times (Ge et al.,
2017). The PCR program was set at 95◦C for 30 s, then 40 cycles
of 95◦C for 5 s and 60◦C for 34 s, followed by 1 cycle of 95◦C for
15 s, 60◦C for 1 min, and 95◦C for 15 s. The fold change in target
gene expression level was calculated using a relative quantitative
method. Data were statistically analyzed using SigmaStat software
(Jandel Scientific, San Rafael, CA, United States). One-way
analyses of variance were assessed between-group comparisons,
followed by Student-Newman-Keuls tests. Values with P < 0.05
were considered statistically significant.

RESULTS

Gill and Hepatopancreas Morphology
The results of hematoxylin-eosin staining of gill and
hepatopancreas sections from E. carinicauda are shown in
Figure 2. Normal gill tissue of the E. carinicauda was phyllodes,
the gill filaments were arranged in order with clear structure,
the cuticle was smooth and flat, and the epithelial cells were
regular, the gap at the end of branchial filament was flat or round,
and there were blood cells in the microvasculature (Figure 2A).
After 24 h of alkalinity stress, the gill filaments were enlarged,
the cuticle was deformed, and the space under the cuticle was
expanded. At the same time, the epithelial cells were damaged
and the number of blood cells were decreased (Figure 2B). After
48 h of alkaline stress, the gill filaments were arranged disorderly,
the cuticle and epithelial cells were necrotic and exfoliated,
the space under the stratum corneum was seriously deformed,
and the structure of the capillary network was ruptured
(Figure 2C). The hepatopancreatic tissues of E. carinicauda
showed that normal hepatopancreatic cells were closely packed
and structurally intact with small vacuoles (Figure 2D). After
24 h of alkaline stress, the hepatopancreas was loosely arranged,
and the vacuoles were enlarged (Figure 2E). After 48 h of alkaline
stress, the vacuoles in the hepatopancreas was enlarged and the
hepatopancreas cells lost its basic structure (Figure 2F).

Raw Sequencing Data and Quality
Statistics
To identify the differences in gene expression of E. carinicauda
after exposure to alkalinity stress, nine cDNA libraries were
constructed using the Illumina HiSeq 4000 sequencing platform.
A total of 543,504,644 clean reads filtered from 54,547,064 paired-
end raw reads were identified, with Q30 (%) above 93.74%
(Supplementary Table 1). After mapping these clean reads to

FIGURE 2 | Representative HE staining and TEM photomicrographs of Exopalaemon carinicauda gill (A–C) and hepatopancreas (C–E) after saline-alkali stress.
Among them, panels (A,D) were control group, panels (B,E) were saline- alkali stress for 24 h, panels (C,F) were saline-alkali stress for 48 h. BC, blood cell; GF, gill
filament; EC, epithelial cell; HC, hepatopancreatic cells; V, vacuole.
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reference sequences of E. carinicauda, an average of 55,460,344
(63.01%), 62,453,121 (63.14%), and 63, 254, and 750 (68.37%)
were found to be unique matches for groups C, S24, and S48,
respectively (Supplementary Table 2). A total of 14,112 unigenes
with a total length of 41,067,851 bp, ranging from 92 to 10,458 bp
(with an average of 2,910 bp) were obtained (Figure 3A).

The potential functions of transcripts were annotated using
BLAST against the nr databases with an E-value cutoff of 1
e−5. Of the 13, 704 transcripts, 12, 383 (90.36%) matched nr
proteins, and the rest had no match (Supplementary Table 3).
The highest matched species was Penaeus vannamei with 70.34%
of the sequences, while only 5.87% were similar to the available
E. carinicauda (Figure 3B). This result could be explained
by the fact that the P. vannamei genome was completely
sequenced (ASM378908v1).

Analysis of Differentially Expressed
Genes
A total of 10,431 annotated transcripts were classified into the
GO categories (Supplementary Table 3). The top four categories
of molecular function were cellular process (32.77%), metabolic
process, biological regulation, and localization (Figure 3C).
A total of 7,788 annotated transcripts were classified into the
KEGG categories (Figure 3D and Supplementary Table 3).
Candidate genes involved in alkalinity stress responses were
identified from DEGs that significantly enriched GO terms
and KEGG pathways.

A total of 368 genes were identified as differentially expressed
in pairwise comparisons (C vs. S24, and C vs. S48, log2[fold

change] > 1, corrected P value < 0.05). Among all DEGs, 96
DEGs were identified after 24 h of alkaline stress; among them, 59
genes were up-regulated and 40 genes were down-regulated; 272
DEGs were identified after 48 h of alkalinity stress, among which
147 genes were up-regulated and 125 genes were down regulated
(Figure 4A). A Venn diagram of DEGs at each time point is
shown in Figure 4B. There were 25 genes were significantly
expressed at both 24 and 48 h alkalinity stress.

Gene Ontology Analysis of Significant
Differentially Expressed Genes
Differentially expressed genes were enriched in 20 GO terms
after 24 and 48 h of alkalinity stress (corrected P < 0.05).
Of these GO terms, hemolymph coagulation, humoral immune
response, coagulation, hemostasis, and regulation of body
fluid levels were significantly enriched after 24 h of alkaline
stress (Figure 4C). Hemolymph coagulation, humoral immune
response, coagulation, hemostasis, immune response, immune
system process, defense response, and regulation of body fluid
levels were significantly enriched after 48 h of alkaline stress
(Figure 4D).

Computational Identification of
MicroRNA From sRNA Libraries
The length distribution of the identified miRNAs showed a
similar pattern, and the predominant length of miRNAs was 22 nt
(Supplementary Figure 1). To obtain the details of the matching
sRNA, all the sRNAs were compared with the sequence in the
specified range of miRBase, and a total of 22 mature miRNAs and

FIGURE 3 | Transcriptome sequence length distribution and annotation. (A) Sequence length distribution. (B) Species Distribution. (C) GO Classification_BP.
(D) Histogram of KEGG.
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FIGURE 4 | Statistical analysis of differentially expressed genes. (A) Differentially expressed genes statistics in group C vs. S24 and C vs. S48 (C, control group; S24,
acute saline-alkali stress for 24 h; S48 acute saline-alkali stress for 48 h). (B) DEGs number and Venn diagram of overlap of the different group. (C,D) The most
enriched Gene Ontology (GO) term analysis and function classifications of differentially expressed genes after 24 h (C) and 48 h (D) acute heat stress.

23 precursor miRNAs were obtained (Supplementary Table 4).
All sRNAs were compared and annotated; among them, the
proportion of known sRNAs in all sRNAs ranged from 16 to 50%
(Supplementary Figure 2). Then, the distribution preferences
of the bases in different locations were analyzed. Among them,
most of the miRNA bases were initiated by U and ended by G
(Supplementary Figure 3). Subsequently, the signature hairpin
structure of the miRNA precursor was used to predict new
miRNAs, and a total of 69 mature RNAs and 70 precursor RNAs
were predicted (Supplementary Table 5). The expression levels
of miRNAs were analyzed using miRDeep2. The top 10 expressed
miRNAs are shown in Figure 5A, and dre-miR-100-5p had the
highest expression level. Principal component analysis (PCA)
showed that alkalinity stress was an effective factor for miRNA
expression (Figure 5B).

Identification of Differentially Expressed
MicroRNAs
A total of 24 miRNAs were identified as differentially expressed
in pairwise comparisons (C vs. S24, and C vs. S48, log2[fold
change] > 1, corrected P value < 0.05). Among all differentially
expressed miRNAs, only 4 miRNAs were identified after 24 h of

alkalinity stress; among them, three miRNAs were up-regulated
and one miRNA was down-regulated; 20 DEGs were identified
after 48 h of alkalinity stress, among which 13 miRNAs were
up-regulated and 7 miRNAs were down regulated (Figure 5C).
The details of the differentially expressed miRNAs are shown
in Table 1. Among them, 11 differentially expressed miRNAs
were identified. The target genes for differentially expressed
miRNAs were analyzed to understand the molecular functions
of miRNAs after alkaline stress. KEGG analysis results are
shown in Figures 5D,E, where the predicted target genes of
24 differentially expressed miRNAs were involved in various
pathways, among which Vitamin B6 metabolism, phenylalanine
metabolism, tyrosine metabolism, methane metabolism, and
monobactam biosynthesis were the top five pathways of predicted
target genes after 24 h of alkalinity stress, and selenocompound
metabolism was the top pathway of predicted target genes after
48 h of alkalinity stress.

Quantitative Real-Time-PCR Analysis
According to the importance of potential gene function,
six DEGs (ALDH, acetaldehyde dehydrogenase; ACL, ATP
citrate lyase; ACT, actin; SER2a, sarcoplasmic reticulum
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FIGURE 5 | Analysis of the miRNAs in Exopalaemon carinicauda. (A) Top10 expressed miRNAs in different experiment group. (B) Principal component analysis plot
of the expression quality of different experiment group. The green circle showed the control group, and the red triangle showed the group after 24 h saline-alkali
stress, while the blue rhombus showed the group after 48 h saline-alkali stress. (C) Differentially expressed miRNAs statistics in group C vs. S24 and C vs. S48 (C,
control group; S24, acute saline-alkali stress for 24 h; S48 acute saline-alkali stress for 48 h). (D) KEGG analysis of the target genes for differentially expressed
miRNAs after 24 h saline-alkali stress. (E) KEGG analysis of the target genes for differentially expressed miRNAs after 48 h saline-alkali stress.

Ca2+-ATPase; BC, blood coagulating protein; DEA,
DEAD-box) were selected for further validation using
qRT-PCR. The results of quantitative real-time PCR
showed that all up-regulated and down-regulated genes

TABLE 1 | The detail of differentially expressed miRNAs.

miRNA name S_48/C Significant|
regulate

S_24/C Significant|
regulate

NW_020872269.1_20886 Yes|up No|up

dre-miR-1 Yes|up No|up

NW_020872269.1_20898 Yes|up No|up

dan-miR-276b Yes|up No|up

dan-miR-276a Yes|up No|down

dre-let-7e Yes|up No|up

dre-miR-9-5p Yes|up No|up

NW_020869651.1_8727 Yes|up No|no change

dan-miR-1 Yes|up No|up

dpu-miR-1 Yes|up No|up

NW_020869557.1_8224 Yes|up No|down

NW_020871162.1_18254 Yes|up No|up

NW_020871162.1_18253 Yes|up No|up

dre-miR-200b-3p Yes|down No|up

NW_020871955.1_20175 Yes|down No|up

dre-let-7b Yes|down No|up

dre-let-7i Yes|down No|up

tcf-miR-193 Yes|down No|up

dre-miR-199-3p Yes|down No|up

NW_020869540.1_8121 Yes|down No|down

NW_020870701.1_15705 No|up Yes|up

dan-miR-iab-4-5p No|up Yes|up

NW_020869014.1_4411 No|up Yes|up

NW_020868837.1_3328 No|up Yes|down

showed the same trend as the high-throughput sequencing
data (Figure 6).

DISCUSSION

The gill and hepatopancreas are important metabolic organs of
E. carinicauda. The main function of gill tissue is to exchange
gas and maintain ionic equilibrium (Henry et al., 2012), which is
vulnerable to toxic substances (Bhavan and Geraldine, 2000). The
results of this study showed that the gill tissue of E. carinicauda
was damaged under alkaline stress, the gill filaments arranged
disorderly, the stratum corneum epithelial cells were necrotic and
shedding, and the capillary network ruptured with increasing
alkalinity stress, which seriously affected the osmotic pressure
regulation function of the gill tissue and eventually resulted in the
death of E. carinicauda. The histological lesions in gills may result
of the stress within short period of time. The similar results were
found that when Chalcalburnus tarichi migrate from alkaline
water to fresh water, which indicate that these damage in gill
tissue may due to the changing alkaline (Oguz, 2015). At the
same time, the hepatopancreas was also damaged under alkaline
stress, which influences the function of detoxification, excretion,
and metabolism of E. carinicauda (Caceci et al., 1988). Previous
study also showed the result of epithelium disorganization in
the hepatopancreas tubules, and hepatopancreas cells suffer from
oxidative damage with high pH stress, which indicated the stress
of carbonate alkalinity might have the same mechanism with pH
stress (Wang et al., 2018).

There was limited study concerning the adaptation
mechanism of crustacean alkalinity in previous studies. In
this study, the genes including ATP binding protein kinase
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FIGURE 6 | Validation of RNA-Seq results using qRT-PCR. (A) 24 h saline-alkali stress, (B) 48 h saline-alkali stress. ALDH, acetaldehyde dehydrogenase; ACL, ATP
citrate lyase; ACT, actin; SER2a, sarcoplasmic reticulum Ca2+-ATPase; BC, blood coagulating protein; DEA, DEAD-box.

and carbonic anhydrase were significantly up-regulated in
E. carinicauda, and these genes played a key role in the response
to alkalinity stress in E. carinicauda. Carbonic anhydrase,
a Zn-containing metal enzyme, played an important role
in the regulation of osmotic pressure and ion transport in
aquatic animals (Shang et al., 2021). The main role of carbonic
anhydrase was to provide H+ for the neutral exchange of
Na+/H+ and participates in Cl−/HCO3

− transportation (Jillette
et al., 2010). Ali et al. (2015) found through transcriptome
sequencing that carbonic anhydrase played an important role
in red crayfish after pH stress. Ge et al. (2019) found that
the carbonic anhydrase gene was significantly up-regulated
after pH stress in E. carinicauda, which proved that carbonic
anhydrase played an important role in the regulation of
osmotic pressure in E. carinicauda. At the same time, carbonic
anhydrase played an important role in salinity and pH stress in
previous studies on L. vannamei and Portunus trituberculatus
(Liu et al., 2015; Pan et al., 2016). In this study, the up-
regulated carbonic anhydrase and ATP binding protein kinase
might accelerate ion excretion of E. carinicauda, which help

E. carinicauda to adapt to the alkalinity environment as
soon as possible.

Alkalinity stress may also affect the immune system of aquatic
animals (Zhao et al., 2020). In this study, some immune-
related genes, like T-cell immunomodulatory protein, HSP90,
antimicrobial peptide type 2, zinc finger protein were up-
regulated after alkalinity exposure. Transcriptome analysis also
revealed that the NOD-receptor signaling pathway and IL-17
signaling pathway were significant enrichment after alkalinity
exposure. One explanation was that the alkalinity exposure of
E. carinicauda triggered the immune response of the prawn, and
up-regulated immune-related genes to protect the prawn from
infection. In addition, alkalinity exposure may affect the diet of
organism and trigger the intestinal inflammation, then resulting
in the change of immune network (Shang et al., 2021).

Gene ontology enrichment analysis of the DEGs of
E. carinicauda after alkalinity stress showed that after 24 h
of alkalinity stress, hemolymph coagulation, humoral immune
response, hemostasis, and humoral regulation were significantly
enriched, after 48 h of alkalinity stress, immune response, and
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stress response were significantly enriched. Many immune-
related genes of E. carinicauda were up-regulated after alkalinity
stress, including chitinase-related protein genes and antibacterial
peptides. Chitinase not only participates in molting and
digestion, but also has immune functions (Gayathri et al., 2018).
Antimicrobial peptides are natural antibiotics with antibacterial
potential and are also used for immune regulation by activating
mast cells (Amparyup et al., 2020). Zhao et al. (2020) analyzed
the changes in the transcriptome of Nile tilapia under alkaline
stress and found that the immune-related genes cytosolic 5-
nucleotidase, L-threonine dehydrogenase, and transmembrane
superfamily members were significantly up-regulated. Acute
carbonate alkalinity stress breaks the balance between the
individual and the environment of E. carinicauda, which leads
to a disorder in its physiological function. Up-regulation of
immune-related genes could be interpreted as an attempt
to improve the immune system to adapt to highly alkaline
environments, which was consistent with the results of this
study (Gao et al., 2021). The results suggested that in order to
maintain the stability of the internal environment and normal
life activities, the over-expression of immune-related genes was a
protective mechanism.

In this study, we obtained 22 known and 69 novel miRNAs
using high-throughput sequencing. In these miRNAs, we
focused on DEMs to determine the adaptation mechanism of
E. carinicauda. We found that dme-mir-9a-5p and dme-mir-
1-3p were up-regulated after 24 and 48 h of alkaline stress,
indicating that they may be closely related to the alkalinity
adaptation of E. carinicauda. To gain insight into the potential
function of DEMs, the predicted target genes of these miRNAs
were subjected to KEGG pathway analyses. KEGG enrichment
analysis of the target genes of the differentially expressed miRNAs
of E. carinicauda after alkalinity stress showed that the main
enriched pathways were the cholinergic synaptic pathway, the
GnRH signaling pathway, and the synthesis and secretion of
aldosterone. Among them, the expression of most miRNAs
was up-regulated in the synthesis and secretion pathways of
aldosterone, indicating that it might be related to the alkali-
tolerance mechanism of E. carinicauda. The main function of
aldosterone is to regulate the excretion and secretion of Na+
and K+ and maintain the balance of osmotic pressure in the
organism, which is of positive significance for E. carinicauda
in dealing with a highly alkaline environment (Rash and
Lillywhite, 2019). In addition, the GnRH signaling pathway
also has a great function in the adaptation of the alkalinity
environment in crustaceans. Previous studies have shown
that the GnRH signaling pathway played an important role
in the reproduction of Macrobrachium rosenbergii (Suwansa-
Ard et al., 2016), Penaeus japonicus (Amano et al., 2009),
Penaeus monodon (Ngernsoungnern et al., 2008), Eriocheir
sinensis (Yuan et al., 2019) and Procambarus clarkii (Guan
et al., 2014). Based on this, we speculate that the miRNA
enriched in the aldosterone synthesis and secretion pathway
in this pathway may play a key role in the alkali resistance
mechanism of E. carinicauda, and the specific functions need to
be verified later.

CONCLUSION

Under alkaline stress, the E. carinicauda gill transcriptome results
showed that 96 DEGs were identified after 24 h of alkaline stress
and 272 DEGs were identified after 48 h of alkalinity stress.
ATP binding protein, carbonic anhydrase and a large number
of immune-related genes were up-regulated, which played
an important role in alkalinity-adaptation of E. carinicauda.
A total of 24 miRNAs were identified as differentially expressed
after alkalinity stress, among which 11 differentially expressed
miRNAs were newly discovered. Up-regulated miRNAs might
active the GnRH signaling pathway and accelerate the synthesis
and secretion of aldosterone, which might maintain the balance
of osmotic pressure in E. carinicauda to adapt to alkaline
environment. These results provide a better understanding of the
alkalinity-adaptation mechanism of E. carinicauda.
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