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In recent years, as anthropogenic activities the alkalinity of water bodies has

intensified, which has seriously affected the development of aquaculture. Cross

breeding can inherit the good traits of parents and develop stronger resistance to

stress. Therefore, we investigated the advantages of the hybrid population (TH) of

Litopenaeus vannamei over the normal variety (TC) in terms of survival rate,

morphological changes of gill tissue, ion transport, and energy metabolism. After

culture in the same environment, two species of shrimp were subjected to acute

exposure to alkalinity levels of 50 mg/L, 200 mg/L, and 350 mg/L for 24 hours,

and samples were taken at 0, 4, 8, 12, and 24 h, respectively. The study showed

that under alkalinity stress, the TH group had a higher survival rate, greater

hemolymph urea nitrogen content, and better gill tissue integrity compared to

the TC group. The TH group also exhibited increased activities of key enzymes

such as Na+/K+ ATPase and Ca2+/Mg2+ ATPase, along with elevated levels of urea

nitrogen, arginase. Additionally, the expression of key genes, including NKA (Na+/

K+-ATPase), CA (carbonic anhydrase), and HSPs (heat shock proteins) was

upregulated in the TH group, that suggests that these genes may play a crucial

role in improving tolerance to high-alkalinity environments. Our results

demonstrated that under the same concentration of alkaline stress, the TH

population had stronger nitrogen metabolism ability and stronger stress

resistance than the TC population. This study can provide a theoretical

reference for breeding high-alkalinity tolerance varieties of L. vannamei.
KEYWORDS

alkaline stress, gene expression, ion transport, Litopenaeus vannamei ,
nitrogen metabolism
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1 Introduction

The global area of saline-alkali land, which is approximately 950

million hectares, includes 99.13 million hectares in China, of which

about 55% is saline-alkali water (surface water), covering 45.87

million hectares, and this represents a significant underutilized

resource (Wang et al., 2023). Since saline-alkali water typically

has a high pH and is primarily composed of high concentrations of

carbonate (including bicarbonate and carbonate) and complex ions

such as sodium, potassium, calcium, and chloride ions, these

conditions can have adverse effects on the survival, growth,

development, and reproduction of organisms (Cheng et al., 2022).

In the natural environment, saline water also affects the organisms

living in it in various ways. Increased salinity can directly affect the

pH of water bodies, and eventually extreme alkalinity will lead to

the mass death of aquatic organisms (Wilkie and Wood, 1996). In

addition, excess carbonate in saline water exhibits acute toxicity and

is negatively correlated with the DNA methylation level of Scylla

paramamosain (Wang et al., 2023).The high-alkaline environment

will affect the osmoregulatory ability of L. vannamei by altering the

activity of Na+/K+-ATPase and heat shock proteins (altered gene

expression) (Giffard-Mena et al., 2024). Besides, it was found that

carbonate alkalinity stress interferes with ion transport, antioxidant

defense and energy metabolism by affecting proline metabolism

(especially pycr gene expression), leading to liver injury and

decreased survival of Oreochromis niloticus (Wang et al., 2024).

Current studies showed that the China rate of salinization will still

expanding at an average annual rate of 10 % (Huang et al., 2025).

Therefore, studying the ecological and physiological changes of

aquatic organisms in saline-alkali water environment has important

reference value for the development of saline-alkali water

aquaculture, the protection of the ecological environment, and the

improvement of water resource utilization.

As an important respiratory organ, gills have functions such as

ion balance, osmoregulation, gas exchange, and filtration in aquatic

animals (McNamara, 2012). Therefore, gill tissue is commonly

analyzed to assess the extent of environmental stress-induced

damage in shrimp (da Mota Araujo et al., 2019). It was found

that high alkalinity stress may lead to inhibition of anti-

inflammatory and excretory regulation function in the gills of

Eriocheir sinensis (Zhang et al., 2023b). Additionally, study by

Zhao et al. (2020) found that Oreochromis niloticus, under

carbonate alkalinity stress, activated pathways related to ammonia

metabolism, regulating ammonia levels through ion transport.

Among them, ion transport enzymes including Na+/K+-ATPase

(NKA) and carbonic anhydrase (CA) play an important role (Yao

et al., 2015). NKA is one of the main driving enzymes involved in

active transepithelial ion exchange processes on the cell membrane

(Charmantier et al., 2008). CA primarily facilitates the conversion

of carbon dioxide to bicarbonate and carbonate, and at the tissue

and cellular levels, it facilitates gas exchange, ion transport, and

acid-base balance (Deng et al., 2023). Although there are different

subtypes of CA in crustaceans, consistent results appear in response

to changes in salinity (Pan et al., 2016). Furthermore, studies have

shown that important ion transporters such as V(H)-atpase, Na+K
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+-atpase, and Na+/H+ and Cl−/HCO3− exchangers play a role in

maintaining ion regulation (Gocha et al., 1987). In addition, gills

also have a certain detoxifying effect. Aquatic organisms produce

glutamate and glutamine through glutamate dehydrogenase (GDH)

and glutamine synthetase (GS), which were crucial for the

regulation of nitrogen assimilation (Anderson et al., 2002; Sinha

et al., 2013). By producing glutathione to improve the body’s

antioxidant and detoxification ability (Kim and Kwak, 2022). The

ability of organisms to resist adverse environments is regulated by

various pathways, including a variety of important genes, such as

nitric oxide synthase (NOS), thioredoxin (Trx), heat shock protein,

etc. NOS is a key enzyme that catalyzes the synthesis of nitric oxide

(NO), which is known as an antimicrobial molecule that fights

pathogen infection (Jeong et al., 2016). Thioredoxin (Trx) is a

ubiquitous small redoreductase involved in disulfide bond

reduction of a large number of target proteins (Traverso et al.,

2007). Intracellular-resident heat shock proteins (HSPs) with

molecular weights of approximately 70 and 90 kDa function as

chaperones, helping proteins to fold/unfold and transport across

membranes, and to prevent protein aggregation after

environmental stresses (Shevtsov and Multhoff, 2016). Therefore,

it is necessary to study the effects of high alkalinity on ion transport

and stress resistance in aquatic organisms.

Hybridization, which includes interspecies, intraspecies, and

subspecies crosses, is a commonly used method for producing

superior offspring (Chan et al., 2019). For intraspecific genetic

improvement, aquaculture typically uses two main traditional

breeding methods: cross breeding and selective breeding (Hulata,

2004). Hybrids usually have higher hybrid viability, such as survival

rate, food conversion rate, heat tolerance, disease resistance and

other traits, such as hybrid abalone have a higher response to the

immune response and have higher heat tolerance (Liang et al.,

2014), oysters obtained by hybridization have a higher survival rate

(Ma et al., 2022), and hybridization significantly increased the

survival rate of L. vannamei (Ye et al., 2023). In addition, these

methods used in the cultivation of oysters, scallops, carp, catfish,

salmon, carp, sunfish, etc (Bartley et al., 2000; Guo, 2009). Overall,

hybridization is associated with improved stress resistance.

Therefore, it is the most effective and practical way to obtain

high-alkalinity resistant L. vannamei varieties by hybridization.

L. vannamei is an important species in the world’s aquaculture

industry, with the advantages of delicious meat, high nutritional

value and fast growth rate (Sirirustananun et al., 2011). In addition,

it can tolerate a wide range of temperature and salinity conditions,

allowing it to be used in aquaculture in many parts of the world

(Roy et al., 2010). However, its alkalinity resistance is unstable, and

its survival rate significantly decreases at pH levels above 8.3 (Fu-yi,

2004). Current research on alkaline stress focuses on growth,

metabolism and immunity. In this study, the physiological

mechanism of the normal vareity of L. vannamei and the hybrid

population under high alkalinity stress was compared and analyzed,

in order to confirm that the hybrid population has certain

advantages in alkalinity stress resistance. This study provides a

theoretical basis for breeding alkalinity-resistant aquatic species in

saline-alkali environments.
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2 Materials and methods

2.1 Source of experimental organisms
and management

The L. vannamei hybrid group (TH) used in this experiment

were provided by Shanghai Ocean University (Shanghai, China),

hybridization strategy used was described previously (Ye et al.,

2024b, hybridization was performed between EB♂ × CE♀. Shrimp

of the normal variety from the Lutai Company (Wenchang, China)

were selected as the control group (TC). Both groups of shrimps

were previously raised in exactly the same conditions (salinity of 1

ppt, pH of 8.2 ± 0.1, temperature of 25 ± 0.5°C, and dissolved

oxygen >6.5 mg/L). Then, healthy shrimp of uniform size (body

weight 4.89 ± 0.31g) were randomly selected from the two groups

(180 shrimp in each group, a total of 360 shrimp) for follow-

up experiment.
2.2 Acute carbonate exposure experiment
in shrimps

According to the research conducted by (Zongli et al., 2012),

they explored the effects of varying levels of carbonate alkalinity—

termed simply as “alkalinity” throughout their work—on the L.

vannamei when subjected to toxicity-induced stress. Consequently,

our experimental design encompasses three distinct alkalinity levels:

a control group maintained at 50 mg/L, an intermediate alkalinity

group adjusted to 200 mg/L, and a high alkalinity stress group

calibrated to 350 mg/L. For the control scenario, the baseline water

with its inherent alkalinity of 50 mg/L was utilized without

modification. In contrast, the intermediate (200 mg/L) and high

(350 mg/L) alkalinity groups required Na2CO3 to be dissolved in

deionized water and then added to the base water under stirring.

The pH was monitored with a calibrated pH meter throughout the

process to ensure stability. This was followed by a 24-hour period to

ensure complete stabilization of the solutions. The specific

carbonate alkalinity was quantified employing an acid-base

titration method (Wang et al., 1997), specifically by using 0.02 N

hydrochloric acid (HCl) as the titrant and a pH meter to detect the

endpoint at pH 4.5.

All 360 shrimps were divided into the following six groups: TC-

50, TC-200, TC-350, TH-50, TH-200 and TH-350. Each group was

randomly assigned to three replicate tanks with 20 shrimps and 60 L

water each. Except for the alkalinity settings, the water quality

parameters were the same as those in the previous culture. Then a

24h acute alkalinity stress experiment was carried out. Shrimp were

fasted throughout the experimental period. Sampling times were set

at 0, 4, 8, 12, and 24 h for detailed physiological measurements. In

the TC-350 and TH-350 mg/L stress group, three shrimp from each

group were randomly selected at 0, 4, 8, 12 and 24 h for

measurement of ammonia excretion and oxygen consumption,

and hemolymph was sampled for subsequent analysis. After 24 h,

the death rate of shrimp was recorded and the survival rate of each

group was calculated. Then, ten individuals from each treatment
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group were anesthetized on ice, and intact gills were collected and

stored in 1.5 mL centrifuge tubes frozen in liquid nitrogen at -80°C

for subsequent biochemical and gene expression analyses. Three

individuals from the TC-50, TC-350, TH-50 and TH-350

treatments were fixed in Bouin’s solution and stored at 4°C for

histological analysis.
2.3 Determination of
physiological parameters

Hemolymph samples were centrifuged at 4°C and 7100g for 10

minutes, and 20 mL of each supernatant was analyzed using a 110

Osmometer (Fiske, Norwood, MA, USA). Besides, for the rest of the

supernatant, the commercial kits of Nanjing Jiancheng

Bioengineering Institute (Nanjing, China) were used to determine

hemolymph ammonia (A086-1-1) and hemolymph urea nitrogen

(C013-2-1). In the above determination of physiological

parameters, the measurement procedures followed the

manufacturer’s instructions provided in the kit.
2.4 Determination of
histopathology observation

Gill tissues were harvested from both the TH and TC groups,

which correspond to the control (50 mg/L) and the alkalinity stress

(350 mg/L) groups, respectively, 24 hours subsequent to the onset of

alkalinity stress. These tissue samples were meticulously cleansed

using normal saline. Following this, they were immersed in Bouin’s

solution to undergo fixation for 48 hours. Subsequent processing

included dehydrated with a gradient ethanol series, embedded in

paraffin, and sectioned. Histological sections were then stained

utilizing the hematoxylin and eosin (H&E). Finally, prepared

sections were observed and photographed under a Nikon

ECLIPSE light microscope (Tokyo, Japan).
2.5 Determination of the
biochemical parameters

Gill tissues from each group were placed in sterile tubes with

0.86% saline. After homogenization, samples were centrifuged at

2500 rpm for 20 min at 4°C, and the supernatant was collected for

biochemical assays. Kits for ion concentration [Na+ (C002-1-1), K+

(C001-2-1), Cl- (C003-2-1), Ca2+ (C004-2-1)], ATPase activity

[Na+/K+ ATPase (A070-2-2), Ca2+/Mg2+ ATPase (A016-2-2),

total ATPase (A070-1-1)], indicators related to ammonia

metabolism [arginase (H321-1), urea nitrogen (C013-2-1),

glutamic acid (A074-1-1), glutamate dehydrogenase (A125-1-1),

glutaminase (A124-1-1), glutamine synthetase (A047-1-1)] were

purchased from Nanjing Jiancheng Bioengineering Institute

(Nanjing, China). All procedures were conducted according to the

manufacturer’s instructions.
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2.6 Quantitative real-time PCR analysis

Gene expression levels in gill tissues were quantified using

quantitative real-time PCR (qRT-PCR) with commercial kits. The

process, following our previously outlined protocol (Ye et al.,

2024a), comprised RNA extraction (Aidlab, Beijing, China),

cDNA synthesis (TaKaRa, Shiga, Japan), construction of

fluorescence quantitative system (Vazyme Biotechnology,

Nanjing, China), and detection using a CFX96 qRT-PCR

instrument (Bio-Rad, USA). Specific primers for the target genes

were designed based on their coding sequences (Table 1) and

synthesized by Shanghai Sangon Biotechnology Co., Ltd.

(Shanghai, China), primers were validated by melting curve

analysis to confirm specificity. b-actin served as the internal

reference gene, and relative gene expression was calculated using

the 2−DDCt method (Livak and Schmittgen, 2001).
2.7 Statistical analysis

All data are presented as means ± SD. Data were analyzed using

SPSS 22.0 software (IBM, USA). One-way ANOVA followed by

Duncan’s post hoc test for each variety in different environmental

treatments, with significance set at P < 0.05. An independent

samples t-test was used to detect differences between TC and TH

under the same environmental treatments, with significance set at

*P < 0.05, **P < 0.01 ***P < 0.001. After correlation analysis and

Mantel tests between the biochemical parameter matrix and the
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shrimp species factor matrix, the R package linkET was used to

display associations between shrimp species and biochemical

parameters, as well as correlations among the biochemical

parameters, through network plots and correlation heatmaps.
3 Results

3.1 Survival rate and physiological
parameters analysis under acute
alkalinity stress

In this study, the survival rate of shrimp in the alkalinity stress

groups (200 mg/L and 350 mg/L) significantly decreased by 8 h and

declined further over time (Figure 1A). Notably, at 12 h and 24 h,

the survival rate in the TH group was significantly higher than that

in the TC group under 350 mg/L alkalinity stress (P < 0.05).

Additionally, the results for hemolymph osmolarity under high

alkalinity stress indicated an initial increase followed by a decrease

over time (Figure 1B). At 8 h and 12 h, the osmolarity in the TC

group was significantly higher than that in the TH group (P < 0.05).

Compared to control alkalinity levels, high alkalinity stress

significantly decreased the nitrogen excretion rate, but increased

oxygen consumption rate, hemolymph ammonia content, and

hemolymph urea nitrogen content in shrimp (Figure 2). No

significant differences in these physiological parameters were

observed between the two groups during the early stages of stress (P

> 0.05). As stress duration increased, the nitrogen excretion rate and

oxygen consumption rate were significantly higher in the TH group

compared to the TC group at 8, 12, and 24 h (P < 0.05). Moreover, the

hemolymph urea nitrogen content was significantly higher in the TH

group than in the TC group at 12 and 24 h (P < 0.05). After 24 hours of

high alkalinity treatment, the hemolymph ammonia content in the TC

group was significantly higher than in the TH group (P < 0.05).
3.2 Histological analysis of gill

At 50 mg/L alkalinity, the gill filament structures of both the TC

and TH groups were complete and clear, with uniformly distributed

blood cells and intact marginal channel structures (Figures 3A, C).

Under 350 mg/L alkalinity stress, the TC group gill filaments

exhibited epithelial cell damage, including narrowing, crumpling,

rupture of the stratum corneum, and reduced blood cell presence,

with notable structural damage (Figure 3B). Similarly, under 350

mg/L alkalinity stress, the gill filaments in the TH group exhibited

wrinkling of epithelial cells and partial rupture of the stratum

corneum, but blood cells remained abundant and some areas

retained their structural integrity (Figure 3D).
3.3 Ion concentration and ATPase activity
analysis of gill under acute alkalinity stress

Compared to the control alkalinity, high alkalinity stress

significantly increased the Cl-, K+ and Na+ contents while
TABLE 1 Real-time PCR primer sequences used in this study.

Primer Sequences (5′−3′) GenBank No.

NKA-F CCCCTGAGAGGATCCTGGAA
HM626274.1

NKA-R AGGTACGGGCAAACACGATT

CA-F TTGCTGGGGGAATGTCACTC
HM991703.2

CA-R CACAAGGCATCCTCCGAGTT

AMPK-F GGCTCAGGAACCTTCGGAAA
KP272116.1

AMPK-R GACCACACATCCACCTCTGG

ABCT3-F CAGGATGACCTCTTCGTCGG
KX880378.1

ABCT3-R GTGGATGTAGTAGTCGGCCG

NOS-F TCCCTATCATGGGCCCAAGA
GQ429217.1

NOS-R TTCTGGTACACACACTCGGC

Trx-F ACCAAGTGAAAGACCAGGAAGA
EU499301.1

Trx-R TTCTCAACGAGTTCGAGGAGC

HSP60-F ATAACTCCACGCCTGATC
FJ710169.2

HSP60-R GCCAACAACACCAACGAA

HSP70-F ACTCAGCTCGAACTTACCC
AY645906.1

HSP70-R ACCACCTACTCTGACAACCA

b-actin-F TCCATGCCCAGGAATGAG
AF300705.2

b-actin-R GAGCAGGAGATGACCACCG
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decreased calcium ion contents in shrimp (P < 0.05, Figure 4). In the

50 mg/L alkalinity environment, no significant differences in ion

contents were observed between the TH and TC groups (P > 0.05).

Under high alkalinity stress, the Cl- (P < 0.01), K+ (P < 0.05) and Na

+ contents (P < 0.05) in the gill tissues of the TH group were
Frontiers in Marine Science 05
significantly higher, while the calcium (P > 0.05) were no

significant, compared to the TC group.

For ATPase activities, Na+/K+ ATPase, Ca2+/Mg2+ ATPase, and

total ATPase activities significantly increased with rising alkalinity

in TH group (P < 0.05, Figure 5). The activity of these three enzymes
FIGURE 2

Changes in (A) ammonia excretion rate, (B) oxygen consumption rate, (C) hemolymph ammonia nitrogen, (D) hemolymph urea nitrogen of TH and
TC under 350 mg/L alkalinity treatment for 24 hours. Data are presented as the mean ± SD (n =3). Uppercase letters indicate significant differences
within TH, and lowercase letters indicate significant differences within TC (P < 0.05). The asterisk (*) denotes a significant difference between TH and
TC. TH, the hybridization group; TC, the control group.
FIGURE 1

(A) Survival rate of each group in different alkalinity at 4, 8, 12, 16, 20 and 24 h, different letters above the bars of the same series indicate significant
differences (P < 0.05) among the different populations (mean ± SD, n = 3); (B) Changes in hemolymph osmolality of TH and TC under 350 mg/L
alkalinity treatment for 24 hours, uppercase letters indicate significant differences within TH, and lowercase letters indicate significant differences
within TC (P < 0.05). The asterisk (*) denotes a significant difference between TH and TC (mean ± SD, n = 3). TH, the hybridization group; TC, the
control group.
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FIGURE 3

Histological structure of gill in TC group and TH group. (A) TC under 50 mg/L alkalinity treatment; (B) TC under 350 mg/L alkalinity treatment; (C) TH under
50 mg/L alkalinity treatment; (D) TH under 350 mg/L alkalinity treatment. The key structural included: a = angular cortex; b = epithelial cells; c =
subcutaneous space, d = blood cells; e= diaphragm. All scale bars are 50 mm. TH, the hybridization group; TC, the control group.
FIGURE 4

(A-D) Effects of different concentrations of alkalinity on ions content in the gills of L. vannamei. Data are presented as the mean ± SD (n =5).
Different letters denote statistical differences between alkalinity treatments (P < 0.05). nsP>0.05, *P < 0.05, **P < 0.01 ***P < 0.001. TH, the
hybridization group; TC, the control group.
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https://doi.org/10.3389/fmars.2025.1559292
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Ye et al. 10.3389/fmars.2025.1559292
in TC group increased first and then decreased with the increase of

alkalinity. Under high alkalinity stress, the TH group exhibited

higher Na+/K+ ATPase (P < 0.01), Ca2+/Mg2+ ATPase (P < 0.05),

and total ATPase activities (P < 0.05) in gill tissues compared to the

TC group, with Na+/K+ ATPase significant differences already

observed under intermediate alkalinity (P < 0.05). This is closely

related to the activation of sensitive molecular biomarkers (NKA,

etc.) in aquatic organisms under osmotic stress (Su et al., 2022).
3.4 Analysis of parameters related to
ammonia metabolism

To investigate the effects of alkalinity stress on ammonia

metabolism in shrimp, relevant indicators were measured. Results

showed that, compared to the control alkalinity, high alkalinity

stress significantly increased the BUN, Glu content, and GDH, GLS,

arginase activity in gill tissues (P < 0.05, Figure 6). However, at 50

mg/L alkalinity, no significant differences in these indicators were

observed between the TH and TC groups (P > 0.05). Under high

alkalinity stress, compared to the TC group, the TH group showed

significantly higher urea nitrogen content (P < 0.05), arginase

activity (P < 0.01), while showed significantly lower in Glu

content (P < 0.05), GDH (P < 0.01), GS (P < 0.01) and GLS (P <

0.01) activity in gill tissues.
3.5 Gene expressions

Ion transport-related genes are shown in Figures 7A–D.

Compared to the 50 mg/L alkalinity treatment, high alkalinity

stress significantly upregulated the gene expression levels of NKA,

CA, AMPK, and ABCT3 (P < 0.05). At 200 mg/L alkalinity, there

were no significant differences in CA, AMPK and ABCT3 expression

levels between the TC and TH groups (P > 0.05), but NKA

expression levels showed significant differences (P < 0.05).

Additionally, under high alkalinity, the TH group had

significantly higher expression levels of NKA (P < 0.01), CA (P <
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0.01), AMPK (P < 0.05), and ABCT3 (P < 0.01) compared to the TC

group. Antioxidant-related genes are shown in Figures 7E–H.

Compared to the 50 mg/L alkalinity treatment, high alkalinity

stress significantly upregulated the gene expression levels of NOS,

Trx, HSP60, and HSP70 (P < 0.05). The NOS expression level in the

TH group was significantly lower than in the TC group at 200 mg/L

(P < 0.05) and 350 mg/L alkalinity (P < 0.01). The Trx expression

level in the TH group was significantly lower than in the TC group

only at 350 mg/L (P < 0.05). Furthermore, the HSP 70 expression

levels in the TH group were significantly higher than in the TC

group across all three alkalinity concentrations (P < 0.05). For the

HSP60, the TH group showed significantly higher expression levels

only at 350 mg/L alkalinity compared to the TC group (P < 0.05).
3.6 Correlation analysis

To elucidate potential regulatory mechanisms, a ggcor

correlation plotwas used (Figure 8). Analysis revealed notable

differences in the correlations between alkalinity and the

measured parameters (ion transport, ammonia metabolism, and

key genes) in the TC group versus the TH group. Alkalinity

influenced almost all the parameters in the TH group (P < 0.05),

indicating a comprehensive activation of ion transport and

ammonia metabolism under alkalinity stress. In contrast, the TC

group exhibited no significant correlation between alkalinity and

ion transport enzyme activities (P > 0.05), while the TH group

showed comprehensive activation of ion transport and ammonia

metabolism (P < 0.05). The correlation analysis among the

measured parameters revealed that the osmoregulatory key gene

NKA in both the TH and TC groups was significantly positively

correlated with other genes (P < 0.05). Specifically, in the TH group,

Na+/K+-ATPase activity showed significant correlations with

chloride ions, calcium ions, Glu, GLS, and NOS, but not with

other parameters (P > 0.05). Conversely, in the TC group, Na+/K+-

ATPase activity displayed significant negative correlations with the

majority of the parameters (P < 0.05).
FIGURE 5

(A-C) Effects of different concentrations of alkalinity on ions transport ATPase activity in the gills of L. vannamei. Data are presented as the mean ± SD (n =5).
Different letters denote statistical differences between alkalinity treatments (P < 0.05). nsP>0.05, *P < 0.05, **P < 0.01. TH, the hybridization group; TC, the
control group.
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4 Discussion

With the development and utilization of resources, the use of

saline-alkali water has become increasingly important for the

sustainability of fisheries (Geng et al., 2016). Alkalinity is a critical

ecological factor in aquatic environments, capable of causing

physiological and biochemical functions in aquatic organisms

and, in severe cases, can result in death (Zhang et al., 2024). Our

previous studies (Ye et al., 2024b; Ye et al., 2023) have shown that

the TH group exhibits excellent growth performance and

antioxidant immunity under low salinity, showing good tolerance

to low salt environment, but its related mechanisms of alkali

resistance has not been studied. Therefore, we set up experiments

under alkalinity stress to evaluate the dominant traits and

regulatory mechanisms of hybrid populations. In this study, the

survival rate of shrimp under acute 24-hour alkalinity stress showed

that the TH group showed a considerable benefit whereas the

survival rate of high alkalinity group declined significantly over

time. Li et al. (2022b) reported that hybrid Macrobrachium

nipponense had higher survival under ammonia-nitrogen stress,

indicating enhanced resistance through hybridization. Therefore,

we speculated that the survival results of the TH group in this

experiment also had heterosis—the enhanced function or growth of

hybrid organisms.
4.1 Ion transport

The extent of osmoregulation in aquatic animals can be

quantified by measuring the osmotic pressure and ion levels in
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the hemolymph/plasma, as well as the responses of related

enzymatic systems (Romano et al., 2014). Under conditions of

high alkalinity stress, the plasma concentration and osmotic

pressure increase due to passive water loss (Geng et al., 2016). Na

+/K+-ATPase contains binding sites for Na+, K+, and ATP, playing

a crucial role in osmoregulation and ion balance in crustaceans,

with typical ATPase catalytic and ion transport functions (Huang

et al., 2019). Thus, the activity of Na+/K+-ATPase in gill tissue rises,

activating the ion discharge mechanism, which leads to a gradual

reduction in osmotic pressure until it stabilizes (He et al., 2009;

LeBreton and Beamish, 1998). Based on this, we speculated that the

TH group demonstrated a stronger ability to adapt to alkaline

conditions due to display higher levels of mRNA expression of NKA

gene and Na+/K+-ATPase activity during the regulatory process, as

evidenced by a 46% upregulation in NKA mRNA expression and a

57% increase in Na+/K+-ATPase activity in TH group under high

alkalinity conditions (350 mg/L) compared to the TC group. This

allowed for a faster rate of osmotic pressure regulation than the TC

group. The results show that hybrid tilapia (Oreochromis

mossambicus female × O. urolepis hornorum male) has a

mechanism of osmotic regulation adapted to salt-alkali stress (Su

et al., 2020), which is similar to our results. Therefore, we speculated

that hybridization makes TH have more excellent osmoregulation

ability. Additionally, under high alkalinity stress, we observed that

the concentration of K+ in the TH gill tissue was still higher than

that in the control alkalinity group, which may also be related to the

activity of Na+/K+-ATPase. K+ concentration had significant

effects on shrimp growth, molting, feeding and nutrient retention

(Zhu et al., 2006). Therefore, higher K+ concentration is conducive

to good stress resistance of L. vannamei. Carbonic anhydrase (CA),
FIGURE 6

(A-F) Effects of different concentrations of alkalinity on nitrogen metabolism index in the gills of L. vannamei. Data are presented as the mean ± SD
(n =5). Different letters denote statistical differences between alkalinity treatments (P < 0.05). nsP>0.05, *P < 0.05, **P < 0.01. TH, the hybridization
group; TC, the control group.
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which functions in ion transport and acid-base balance, is highly

sensitive to changes in environmental salinity, facilitates gill ion

uptake by providing H+ and HCO3− for the Na+/H+ and Cl

−/HCO3− exchangers (Ge et al., 2023; Roy et al., 2007). In this

experiment, the hybrid population showed higher expression of

carbonic anhydrase (CA), suggesting a more robust exchange

function of Na+ and Cl- to maintain osmotic pressure balance.

This finding confirms that the levels of Na+ and Cl- in the gills of
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the TH group were significantly higher compared to those in the TC

group. Ca2+-Mg2+-ATPase is considered an appropriate indicator

for measuring the balance of Ca2+ and Mg2+ in aquatic organisms

(Liao et al., 2021). Studies have shown that Ca2+ are not involved in

regulating the osmotic concentration in prawns but are consumed

from Ca2+ stores during the molting process (Huong et al., 2010).

Therefore, we concluded that the decrease in calcium ions of L.

vannamei observed in the high alkalinity conditions is due to a
FIGURE 7

Effects of different concentrations of alkalinity on the gene expression of ion transport-related genes and antioxidant-related genes in the gills of L.
vannamei. (A) NKA (Na+/K+-ATPase); (B) CA (carbonic anhydrase); (C) AMPK (adenosine 5 ‘-monophosphate (AMP) activates protein kinase); (D) ABCT3 (ATP-
binding cassette transporter 3); (E) NOS (nitric oxide synthetase); (F) Trx (thioredoxin); (G) HSP 60 (Heat shock protein 60); (H) HSP 70 (Heat shock protein
70). Data are presented as the mean ± SD (n =3). Different letters denote statistical differences between alkalinity treatments (P < 0.05). nsP>0.05, *P < 0.05,
**P < 0.01. TH, the hybridization group; TC, the control group.
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strategic response where the shrimp reduce their molting activity to

avoid external stimuli. And it leads to the accumulation of calcium.
4.2 Histological analysis

The primary function of gill tissue is gas exchange and the

maintenance of ion balance, and it is particularly susceptible to
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attacks by toxic substances (Shi et al., 2022). Under environmental

stress, the gill tissues of crustaceans often undergo structural

abnormalities accompanied by inflammatory responses (Zhang

et al., 2023a). In this study, it was found that under the stress of

high alkalinity, the gill tissue structure of L. vannamei was damaged,

and the epithelial cells shrank and hemocytopenia appeared.

However, the gill morphology of the TH group was significantly

better than that of the TC group under high alkalinity conditions.
FIGURE 8

Ggcor correlation combination plots and regulatory network in L. vannamei at 24 h post alkalinity exposure. (A) The indicators correlation in the TC;
(B): The indicators correlation in the TH. Rows and columns correspond to the genes, and each cell contains the corresponding correlation and P-
value (*P < 0.05, **P < 0.01 ***P < 0.001). Pearson’s R-values are color-coded according to the color legend. The curve width corresponds to the
mantel’s r statistic for the correlations between the alkalinity exposure and indicators. The curve color corresponds to the mantel’s P statistic for the
correlations between the alkalinity exposure and indicators. TH, the hybridization group; TC, the control group.
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This suggests that while excessive alkalinity can damage gill tissue

structure, the TH group evidently possesses a more effective stress-

resistance system compared to the TC group. However, how high

alkalinity damages gill tissue and how the TH group avoids

excessive tissue damage has not been understood. We hypothesize

that this phenomenon is related to ammonia toxicity. Therefore, we

measured the indicators related to nitrogen metabolism.
4.3 Ammonia metabolism

Oxygen consumption rate and ammonia nitrogen excretion are

considered to be important indicators to evaluate energy

metabolism and anti-stress in aquatic animals under stress

environment (Chen and Chia, 1995). Ammonia, a highly toxic

molecule to organisms produced through the catabolism of proteins

and amino acids, is primarily excreted through the gills or

converted into urea and glutamine to diminish its toxicity to the

body (Liu et al., 2022; Ren et al., 2016). Our study found that in the

early stage of alkalinity stress, the ammonia excretion rate in prawn,

resulting in ammonia accumulation. It may be due to the high pH

value of the alkaline water environment, NH3 was prevented from

binding to H+, thus preventing NH3 conversion to NH4
+ excretion

and promoting the accumulation of ammonia in hemolymph (Tao

et al., 2024). Therefore, we speculated that the excessive

accumulation of ammonia led to the damage of gill tissue

structure of shrimp.

At the same time, we also observed an increase in the oxygen

consumption rate of the shrimp. ATP-binding cassette transporters

(ABCT), as one of the largest and most ubiquitous families of

membrane proteins, are involved in the transport of a wide variety

of endogenous substrates and exogenous compounds across lipid

membranes, playing a role in cellular detoxification, lipid

homeostasis, and the regulation of ion channels (Dean et al.,

2001; Higgins, 1992). AMP-activated protein kinase (AMPK) is a

key regulator of cellular energy and metabolism, primarily by

activating ATP-producing pathways (Xu et al., 2016). Moreover,

studies have shown that AMPK signaling pathway is significantly

activated in osmoregulation of Scylla paramamosain (Jin et al.,

2024). Our results indicated that total ATPase activity and the gene

expression levels of ABCT3 and AMPK significantly increased

under high alkalinity conditions. Therefore, we speculated that

when shrimp experience stress, AMPK signaling pathway is

activated and enhance their internal energy supply systems and

increase oxygen consumption, thereby generating more energy to

facilitate the transport of metabolic waste. Among the groups,

compared to the TC group, the TH group exhibits a stronger

energy supply, which contributes to its superior performance in

the process of ammonia expulsion and helps to mitigate ammonia

toxicity. The same results were found in the reciprocal hybrids of

Suminoe oysters (Crassostrea ariakensis), which significantly

improved aerobic metabolism and provided more sufficient

energy, showing heterosis (Zhang et al., 2023).

Studies have shown that when ammonia levels rise in aquatic

organisms, ammonia is converted to urea, a less toxic form of
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nitrogen waste, to reduce ammonia toxicity (Zhao et al., 2024).

Consequently, we detected and observed a continuous increase in

urea nitrogen in shrimp hemolymph and gill under high alkaline

stress conditions. In addition, studies have shown that in an alkaline

water environment, urea, when supplemented with other osmotic

pressure regulating ions, can enhance the osmotic regulation ability

of Luciobarbus capito in saline water, thereby improving its

tolerance to such environments (Geng et al., 2016). Compared

with the TC group, the BUN content in the TH group is higher,

which also indicated that hybridization brought stronger

osmoregulation ability to TH group. Urea is produced through

the ornithine urea cycle (OUC) via the degradation and hydrolysis

of arginine, while arginase, acting as a key enzyme in this cycle,

plays a critical role in crustaceans (Geng et al., 2020). Thus,

reducing ammonia toxicity by enhancing urea synthesis with

OUC may be a way to improve shrimp tolerance. In our research

findings, in contrast to the TC group, the TH group significantly

increased the activity of arginase under high alkalinity stress, thus

strengthened the urea cycle. In the study conducted by Li et al.

(2022a) on Macrobrachium nipponense, it was demonstrated that

hybridization improved the nitrogen metabolism capacity. Hence,

we speculated that the nitrogen metabolism capacity of low-salt

shrimp cultured in this experiment was improved by crossbreeding.

GDH, GS, and GLS are key enzymes involved in the metabolism

of glutamine within organisms. These enzymes help reduce the

ammonia concentration in vivo through regulation, thereby

decreasing ammonia toxicity within the organism (Weis, 2014).

Studies have shown that GDH works by converting alpha-

ketoglutaric acid and ammonia to glutamate, which is then

catalyzed by GS to glutamine (Duan et al., 2018). Then glutamine

is transported to the ammonia excretion site, where it is broken

down by GLS to produce ammonia, which is then excreted outside

the body by transporters (Wei et al., 2023). Our results showed that,

compared with control alkalinity, high alkalinity stress led to the

up-regulation of glutamine-metabolizing enzyme activity and an

increase in the content of the intermediate product (glutamate) in

the L. vannamei. This result suggests that when ammonia

concentration increases, the glutamine metabolic pathway tends

to move ammonia in the direction of the reaction between

glutamate and glutamine to slow down ammonia toxicity (Qiu

et al., 2018). However, not all hybridizations produced better

phenotypic character, at the same high alkalinity, glutamine

metabolizing enzyme activity in TH group was significantly lower

than that in TC group, which could depend on environmental

conditions, variety difference, and evolutionary divergence (Qin

et al., 2022; Ren et al., 2019; Yao et al., 2015). Therefore, we

speculated that, compared with the TH group, the TC group

alleviated ammonia stress primarily through the activation of the

glutamine pathway, a key mechanism in this context.

NOS produces NO by catalyzing the conversion of l-arginine to

l-citrulline, with concomitant oxidation of NADPH (Bogdan, 2001).

NO has signal transduction function, can affect transcription factor

activity, regulate upstream signal cascade and processing of major

gene products (Bogdan, 2001). Therefore, with the increase of

alkaline concentration, the expression of NOS genes increases,
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thus stabilizing the organism’s transcription and translation of

stress. Ammonia can induce an excess of free radicals, particularly

reactive oxygen species (ROS), leading to oxidative stress in aquatic

species (Hegazi et al., 2010; Liang et al., 2016). Trx, which stands for

thioredoxin, serves as a substrate for peroxide-reducing proteins

and antioxidant proteins and is involved in maintaining cellular

redox homeostasis (Ren et al., 2010), and its expression increased

with the increase of alkaline stress concentrations. Heat shock

proteins (HSPs) can maintain the normal function of cells,

decompose damaged cells, improve the body’s ability to resist the

external environment, and maintain its own health (Giffard-Mena

et al., 2024). We speculated that NOS and Trx could reduce damage

at the gene level and increase the expression of related stress

resistance genes in L. vannamei in response to high acute

alkalinity stress. While high HSPs expression levels could better

help L. vannamei protein to maintain a stable structure, support

and repair damaged cytoskeletal elements, assist in the production

and folding of intracellular proteins, enzymes and hormone

receptors, and improve the stress resistance at the protein level

(Roberts et al., 2010). In this study, we observed that the expression

levels of HSP60 and HSP70 in the TH group were significantly

higher than those in the TC group under high alkalinity stress. The

expression of NOS and Trx is completely opposite, reflect the

diversity of varieties. In our previous study, we found that hybrid

populations cultured in low-salt environments had stronger

expression of HSPs gene to TC groups (Ye et al., 2024). These

findings suggest that the enhanced antioxidant immunity observed

in hybrids under low salinity conditions also applies to

alkalinity stress.

Based on these findings, we recommend focusing future

breeding programs on enhancing alkali tolerance through

selective breeding of strains that exhibit higher Na+/K+-ATPase

activity and better osmoregulation capabilities. Specifically,

breeding programs should prioritize individuals with elevated

Na+/K+-ATPase activity as this trait appears critical for

maintaining ion balance under high alkalinity conditions.
5 Conclusion

This study revealed the impacts of acute alkalinity exposure on

gill histology, osmoregulatory capacity, and nitrogen metabolic

function in both hybrid and control populations. The results

indicated that under high alkalinity stress, the TH group

exhibited superior osmotic regulation ability and enhanced energy

metabolism functions compared to the TC group. Overall, the

hybrid population demonstrated hybridization advantages by

exhibiting enhanced tolerance to alkalinity stress. Our research

provides a robust theoretical basis for the cultivation and breeding

of L. vannamei in saline-alkaline conditions. However, the specific

regulatory mechanisms underlying the stress resistance advantages

require further investigation. Future studies should focus on

elucidating these pathways and assessing long-term sustainability

in such environments. Additionally, exploring genetic stability over

multiple generations is crucial. By addressing these aspects, future
Frontiers in Marine Science 12
research can enhance our understanding and application of

hybrid advantages.
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