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Molecular Identification of Anion Exchange Protein 3 in Pacific White Shrimp (Litopenaeus vannamei): mRNA Profiles for Tissues, Ontogeny, Molting, and Ovarian Development and Its Potential Role in Stress-Induced Gill Damage
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Bicarbonate (HCO3–) transport mechanisms play an essential role in the acid-base homeostasis of aquatic animals, and anion exchange protein 3 (AE3) is a membrane transport protein that exchanges Cl–/HCO3– across the cell membrane to regulate the intracellular pH. In this study, the full-length cDNA of AE3 (Lv-AE3) was obtained from the Pacific white shrimp (Litopenaeus vannamei). The Lv-AE3 cDNA is 4,943 bp in length, contains an open reading frame of 2,850 bp, coding for a protein of 949 amino acids with 12 transmembrane domains. Lv-AE3 shows high sequence homology with other AE3 at the protein level. Lv-AE3 mRNA was ubiquitously detected in all tissues selected, with the highest expression level in the gill, followed by the ovary, eyestalk and brain. By in situ hybridization, Lv-AE3-positive cells were shown predominant localization in the secondary gill filaments. The expression levels of Lv-AE3 were further investigated during the essential life processes of shrimp, including ontogeny, molting, and ovarian development. In this case, the spatiotemporal expression profiles of Lv-AE3 in L. vannamei were highly correlated with the activities of water and ion absorption; for example, increased mRNA levels were present after hatching, during embryonic development, after ecdysis during the molt cycle, and in the stage IV ovary during gonadal development. After low/high pH and low/high salinity challenges, the transcript levels of Lv-AE3 were reduced in the gill, while the cell apoptosis rate increased. In addition, knockdown of Lv-AE3 mRNA expression induced cell apoptosis in the gill, indicating a potential link between Lv-AE3 and gill damage. Altogether, this study thoroughly investigated the relationship between the mRNA expression profiles of Lv-AE3 and multiple developmental and physiological processes in L. vannamei, and it may benefit the protection of crustaceans from fluctuated aquatic environments.
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INTRODUCTION

Global shrimp production is focused on a few species, of which the Pacific white shrimp (Litopenaeus vannamei) is dominant. For aquaculture, the advantages of L. vannamei include its high adaptability to environmental change, strong resistance to environmental stress and high economic value in the market (Pongtippatee et al., 2018). The increasing acidity of sea water causes a range of potentially harmful results for marine organisms, such as suppression of metabolic rates and immune responses (Anthony et al., 2008; Chang et al., 2016). Fluctuations in aquatic sea water environmental pH have increased in recent years (deVries et al., 2016) due to ocean acidification caused by the uptake of carbon dioxide (CO2) from the atmosphere. In addition, culture of economic species at high densities causes the quality of aquatic water to deteriorate easily due to CO2 release and organic residue decomposition.

For animals, acid-base homeostasis is a precise mechanism for the regulation of pH in the extracellular fluid of the body (Hamm et al., 2015). The cellular and extracellular pH need to be maintained at a constant level, which is crucial for normal physiology. The acid-base homeostasis of cultural organisms is considered a key question for global aquaculture, especially for economic crustacean species (Wu et al., 2017). Multiple developmental and physiological processes of crustaceans that are crucial for aquaculture, such as ontogeny, molting (deVries et al., 2016) and gonadal development, may be affected by the water pH. In this case, ion transport is one of the most significant mechanisms for maintaining pH homeostasis in aquatic crustaceans, and it enables crustaceans to cope with pH variations in aquatic water (Chen and Lee, 1997; Cai et al., 2017). L. vannamei can adapt to cultural environmental pH fluctuations by transporting ions and other molecules across cell membrane. Several ion transport-related proteins, such as carbonic anhydrase (CA), Cl–/HCO3– exchanger 3 (also called anion exchange protein, AE3), Na+/HCO3–cotransporter (NBC), Na+/H+ exchanger (NHE), Na+/K+-ATPase (NKA), sarco/endoplasmic reticulum Ca2+-ATPase (SERCA), and V-type H+ ATPase (VHA) (Sun et al., 2011; Henry et al., 2012; McNamara and Faria, 2012; Wang et al., 2013; Liu et al., 2015; Cai et al., 2017; Li et al., 2019), have been demonstrated to be involved in ion transport in crustaceans.

Bicarbonate (HCO3–) transport is one of the most important mechanisms in the acid-base homeostasis of animal cells (Hamm et al., 2015). The anion exchanger family, related to bicarbonate transport, is a member of the amino acid-polyamine-organocation (APC) superfamily (Vastermark et al., 2014). All members in this family exchange anions across cellular barriers to regulate pH homeostasis. For instance, anion exchange protein 3 (AE3), functionally similar to the band 3 Cl–/HCO3– exchange protein, may respond to pH changes and reversibly exchange Cl–/HCO3– anions in an electroneutral manner (Kopito, 1990; Hayashi et al., 2009). In many bicarbonate transport proteins, the C-terminal domain conservatively consists of more than 10 transmembrane (TM) domains, and the N-terminal domain of the band 3 Cyto domain acts as an anchoring site to bind to the other membrane-associated proteins to perform its function (Zhang et al., 2000).

Based on its potential in the regulation of cellular pH homeostasis, the effects of AE3 mRNA knockdown in pH stress-induced tissue damage were investigated in L. vannamei. In detail, the full-length cDNA of AE3 from gills of L. vannamei was first identified. The tissue distribution of Lv-AE3 transcripts was analysed by quantitative real-time PCR, and the cellular locations of Lv-AE3 mRNA were determined by in situ hybridization (ISH). The mRNA expression of Lv-AE3 was further detected during life processes, including embryonic and larval development, molt cycle, and ovarian development. To investigate gill tissue damage under pH and salinity stresses, apoptotic cells were detected by TUNEL assay. The relationship between pH/salinity stress-induced tissue damage and AE3 was analysed by measuring gene expression levels of Lv-AE3 under pH/salinity-stressed aquatic conditions. Moreover, apoptotic cells in the gill were detected with challenges of pH/salinity stresses or RNA interference (RNAi) of Lv-AE3 transcript. In summary, this study provides new understanding of AE3 under multiple developmental and physiological processes and may benefit crustaceans farming in aquatic environments with fluctuating pH and salinity.



MATERIALS AND METHODS


Experimental Animals

Adult Pacific white shrimp were collected from Jinyang Biotechnology Co. Ltd., Maoming, Guangdong, China, and were maintained in artificial seawater [pH 8.2 and 30 parts per thousand (ppt)] at 28°C (Chen et al., 2018). Shrimp were anesthetized on ice before killed by decapitation. The animal experiments were conducted followed the guidelines and approval of the Ethics Committees of the South China Sea Institute of Oceanology, Chinese Academy of Sciences.



Molecular Cloning and Bioinformatics Analysis of Lv-AE3

A partial sequence for L. vannamei AE3 gene was found in a transcriptomic database constructed by our laboratory previously (Li et al., 2020), and the full length cDNA of Lv-AE3 was obtained by 3′- and 5′-rapid amplification of cDNA ends (RACE). Extraction of total RNA and reverse transcription of first-strand cDNA were performed followed the procedure described by Chen et al. (2018). The amino acid sequence alignment was performed with clustalx1.8 and the phylogenetic tree was built by neighbor-joining method with 1000 bootstrap replicates using MEGA 6.0. Prediction of the structural domains of Lv-AE3 was conducted with the SMART program, and the three-dimensional (3-D) model was generated by using the SWISS-MODEL server.



Tissue Distribution of Lv-AE3 mRNA

Multiple tissues, including the eyestalk, brain, thoracic nerve, abdominal nerve, gill, heart, hepatopancreas, haemolymph, muscle, stomach, and intestine from sexually immature shrimp and the ovary and testes from female and male shrimp during gonadal development. Total RNA was isolated with TRIzol regent and Prime-Script RT Kit with gDNA Eraser (Takara) was used for reverse transcription. SYBR Premix Ex TaqTM II Kit (Takara) was used for quantitative real-time PCR detection. Tissue expression pattern of Lv-AE3 was detected by quantitative real-time PCR (qPCR) using the gene-specific primers (Table 1), and β-actin was used as control. The relative expression levels of Lv-AE3 were calculated using the comparative Ct method with the formula 2–Δ Ct.


TABLE 1. Nucleotide sequences of primers used in this study.

[image: Table 1]


In situ Hybridization of Lv-AE3 mRNA Expressed Cells

The cellular localization of Lv-AE3 mRNA was performed in the gill with high transcript levels by ISH as described previously (Ruan et al., 2020). The digoxigenin (DIG)-dUTP-labeled DNA probe targeting Lv-AE3 was generated by using a DIG High Prime DNA Labeling and Detection Starter Kit II (Roche, Switzerland). The slices incubated by DIG-labeled probe were incubated with horseradish peroxidase (HRP)-conjugated anti-DIG antibody (Roche), and the ISH signal was developed by a diaminobenzidine (DAB, MXB Biotechnologies) reaction and the nucleus were stained with hematoxylin. The Lv-AE3 mRNA expressed cells in the gill were observed and recorded with a Leica DM-IRB light microscope (Leica, Germany).



Ontogeny of Lv-AE3 mRNA

To analyse the ontogeny of Lv-AE3 mRNA, embryonic and larval samples were collected at nine developmental stages according to their morphologies as observed using an optical microscope, namely, zygote, blastula, gastrula, limb bud embryo, larva in membrane, nauplius, zoea, mysis, and postlarval stages. The morphology for each stage was determined as described previously when 80% of the population had reached the objective stage (Wei et al., 2014). Embryonic and larval samples were collected from five populations at different stages, and the Lv-AE3 mRNA levels were analysed by qPCR as described above.



Lv-AE3 mRNA Expression During the Molt Cycle

The mRNA expression of Lv-AE3 in the gill was detected during the molt cycle. The molting stages of the shrimp were determined as described previously (Gao et al., 2015). Briefly, the molt cycle was classified as an intermolt stage (C), five premolt stages (D0, D1, D2, D3, and D4), and two postmolt stages (P1 and P2). The gill samples were collected from five individuals, and the Lv-AE3 mRNA levels were analysed by qPCR as described above.



Lv-AE3 mRNA Expression During Ovarian Development

Transcript expression of Lv-AE3 was examined during ovarian development. The ovaries were artificially induced to mature with unilateral eyestalk ablation and nutrition strength (Chen et al., 2014). Ovarian development was defined in four stages (stages I–IV) based on the classification of predominant oocytes as described previously (Ruan et al., 2020). Given that the ovary and hepatopancreas are the key tissues for female shrimp gonadal development and that the gill is the predominant tissue for Lv-AE3 mRNA expression, the samples were collected from the ovaries, hepatopancreas and gills in four ovarian developmental stages with five individuals, and the Lv-AE3 mRNA levels were analysed by qPCR as described above.



pH and Salinity Challenge

The mRNA expression of Lv-AE3 in response to acidity/alkalinity and salinity stresses was detected in L. vannamei. After acclimation in artificial seawater (30 ppt and pH 8.2) at 28°C for 2 weeks, two hundred shrimp were randomly transferred into five independent 20-L tanks (40 individuals per tank). The challenge conditions for shrimp included low pH (pH 6.8), high pH (pH 8.9) (Cai et al., 2017; Li et al., 2019), low salinity (10 ppt) and high salinity (45 ppt) (Chen et al., 2016). Five shrimp from each group were killed at 0, 3, 6, 12, and 24 h after the challenge. The gills were collected, and the transcript levels of Lv-AE3 were detected by qPCR as described above.



TUNEL Assay and DAPI Staining

TUNEL assays and DAPI staining were conducted to detect gill tissue damage under multiple stresses according to a previous description (Wang et al., 2020). The number of apoptotic cells in the gills was determined using the in situ Cell Death Detection Kit (Roche, United States) following the manufacturer’s instructions. Apoptotic cell nucleus and total cell nucleus were quantitated by TUNEL staining (green fluorescence) and DAPI staining (blue fluorescence), respectively. The double-stained sections were examined using an inverted fluorescence microscope (Nikon ECLIPSE C1, Japan). The apoptotic index was equal to apoptotic cells (number of TUNEL-positive cells) divided by the total cells (number of total cell nucleus).



Effects of Lv-AE3 Interference on the Apoptosis of Shrimp Gill

To determine the damage of Lv-AE3 gene silence in shrimp gill, the dsRNAi was conducted in the cultivated environment. T7 RiboMAX Express RNAi System kit (Promega, United States) was used to generate dsRNA-LvAE3 and dsRNA-GFP with primers containing a 5′ T7 RNA polymerase binding site (Table 1). The dsRNA quality was checked after annealing by gel electrophoresis. Each shrimp received an injection at the second abdominal segment of dsRNAs (2 μg/g body weight in 50 μl PBS) or equivalent PBS. At 12 h after injection, the gill was collected and the silencing efficiencies were evaluated. After that, the gill was fixed and the tissue damage under knockdown of Lv-AE3 were detected by TUNEL assay described above.



Statistical Analysis

For Lv-AE3 mRNA expression in tissue distribution, ontogeny, molt cycle, ovarian development, and under pH and salinity challenge, the experiments were performed with five biological replicates. For TUNEL assay and DAPI staining, the experiments were performed with three biological replicates. The data expressed as the mean SE (standard error) were analysed by using Student’s t-test or one-way ANOVA followed by Fisher’s least significant difference (LSD) test with SPSS (IBM Software, United States).



RESULTS


Molecular Cloning and Bioinformatic Analysis of Lv-AE3 cDNA

By using 3′-/5′-RACE approaches, the full-length cDNA sequence of Lv-AE3 was obtained from Pacific white shrimp. As shown in Figure 1, the Lv-AE3 cDNA (GenBank no. MK 139701.1) is 4,943 bp in size, with a 154 bp 5′-untranslated region (UTR), a 1,939 bp 3′-UTR and a 2,850 bp open reading frame (ORF) coding for a 949-a.a. protein precursor (Figure 1).


[image: image]

FIGURE 1. The full-length cDNA sequence of Lv-AE3 and its deduced amino acid sequence. The band 3 domain, 12 transmembrane domains are boxed and indicated.


No signal peptide could be predicted within the Lv-AE3 protein by signal IP. In contrast, the band 3 domain and 12 transmembrane domains were found in the deduced Lv-AE3 protein sequence (Figure 2A). In addition, a 3-D model of the Lv-AE3 transmembrane domains was predicted by the SWISS-MODEL server (Figure 2B). Furthermore, a range of AE3 proteins from various species was collected for amino acid sequences alignment (Figure 2C).


[image: image]

FIGURE 2. (A) Three-dimensional (3-D) protein model for Lv-AE3 dimer by SWISS-MODEL server; (B) Structural domain of Lv-AE3 predicted by SMART program. (C) Amino acid sequences alignment of AE3s in multiple species.


Phylogenetic analysis was performed with several AEs in different species from vertebrates and invertebrates. In this case, our newly identified Lv-AE3 has the shortest evolutionary distance from the evolutionary distance from the swimming crab (Portunus trituberculatus) (Figure 3).
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FIGURE 3. Phylogenetic analysis (A) and structural comparison (B) of anion exchange proteins among various species.


Phylogenetic analysis and structural comparison were performed with several AEs in different species from vertebrates and invertebrates (Figure 3). In this case, our newly identified Lv-AE3 has the shortest evolutionary distance from the evolutionary distance from the swimming crab (Portunus trituberculatus) (Figure 3A), and the structural domains of AE3s from various species are highly comparable (Figure 3B).



Expression Profiles of Lv-AE3 mRNA in Different Tissues

Transcript expression of Lv-AE3 was detected in all the selected tissues of Pacific white shrimp by qPCR. As shown in Figure 4A, the expression of Lv-AE3 could be ubiquitously detected in all tissues selected, with the highest expression level in the gill, followed by the ovary, eyestalk and brain. In addition, ISH for Lv-AE3 mRNA-expressing cells was performed in the gill (Figure 4B). In this case, Lv-AE3-positive cells showed the predominant location in the secondary gill filaments.


[image: image]

FIGURE 4. (A) Tissue distribution of Lv-AE3 mRNA. The selected tissues included the eyestalk (Es), brain (Br), thoracic nerve (TN), abdominal nerve (AN), gill (Gi), heart (Ht), hepatopancreas (Hp), haemolymph (He), muscle (Ms), stomach (St), intestine (In), ovary (Ov), and testes (Ts). The data are presented as the means ± SE (n = 5); (B) In situ hybridization of Lv-AE3 mRNA-expressing cells in the gill. PGF, primary gill filaments; SGF, secondary gill filaments; AE3, Lv-AE3 mRNA (positive signal); Nc, nucleus.




Lv-AE3 mRNA Expression in Ontogeny, Molt Cycle, and Ovarian Development

During the embryonic and larval developmental stages, the expression level of Lv-AE3 was high at the zygote stage, reduced sharply at the gastrula stage, and remained at very low levels at the blastula and limb bud embryo stages, and larvae were in the membrane (Figure 5A). After hatching, the expression of Lv-AE3 transcripts increased and remained at relatively higher levels at the nauplius, zoea, mysis, and postlarval stages (Figure 5A).
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FIGURE 5. (A) Ontogeny of Lv-AE3 mRNA. The selected embryonic and larval developmental stages included the zygote (Zyg), blastula (Bla), gastrula (Gas), limb bud embryo (LBE), larva in membrane (LIM), nauplius (Nau), zoea (Zo), mysis (Mys), and postlarval (PL) stages. (B) Lv-AE3 mRNA expression in the gill during the molt cycle. The molt cycle is classified as an intermolt stage (C), five premolt stages (D0, D1, D2, D3, and D4), and two postmolt stages (P1 and P2). (C) Lv-AE3 mRNA expression in the hepatopancreas, ovary and gill during ovarian development from stages I to IV. For ontogeny, molting and ovarian development, the data presented are expressed as the mean ± SE (n = 5), and the groups denoted by the same letter represent a similar expression level (P > 0.05, two-way ANOVA followed by Fisher’s LSD test).


As shown in Figure 5B, for the molt cycle, the mRNA levels of Lv-AE3 in the gill remained low from the intermolt stage to the premolt stages (C to D4). Then, the Lv-AE3 in the gill increased sharply at the early postmolt stage (P1) and decreased again at the late postmolt stage (P2).

Lv-AE3 mRNA was detected in the ovary, hepatopancreas and gill during ovarian development. In this case, the expression levels of Lv-AE3 in the ovary and hepatopancreas increased continuously from stages I to IV (Figure 5C). The upregulation of the Lv-AE3 transcript in the ovary and hepatopancreas was much more significant than that in the hepatopancreas. In contrast, the Lv-AE3 transcripts remained at a stable level in the gill throughout ovarian development.



Detection of Apoptosis in Gills Under pH and Salinity Stresses

By observation under a fluorescence microscope, the blue signal represented nuclei stained with DAPI, and the green signal appeared with TUNEL-positive cell nuclei. For each sample, three visual fields were randomly selected for counting the apoptosis index. In the gills, the apoptosis index of the control and the 24 h postexposure groups for high pH, low pH, high salinity and low salinity were 2.14, 26.09, 35.43, 17.51, and 15.45%, respectively (Figure 6A). The apoptosis index for all challenges was significantly higher than the control group (P < 0.05), indicating that the gill is one of the most severely damaged tissues of shrimp under pH and salinity stresses.


[image: image]

FIGURE 6. (A) Apoptosis analysis of Litopenaeus vannamei gill. All cell nuclei exhibited blue fluorescence, and the TUNEL-positive cell nuclei exhibited green fluorescence. The apoptotic cells are indicated by the arrows, and the apoptotic indexes were calculated by counting three individuals. (B) Temporal expression of the Lv-AE3 transcripts in the gill after acidity/alkalinity and salinity challenges. The data are presented as the mean ± SE (n = 3 for apoptosis analysis and n = 5 for mRNA expression), and significant differences were examined with Student’s t-test (*P < 0.05 and **P < 0.01).




Response of Lv-AE3 mRNA Levels Under pH and Salinity Stresses

The responses of Lv-AE3 mRNA under pH and salinity stresses with qPCR and β-actin were used as internal controls. The expression levels of Lv-AE3 mRNA in the gill declined and remained at low levels with challenges of high pH, low pH, high salinity, and low salinity (Figure 6B). The most significant decrease in the Lv-AE3 transcripts under high pH (64.0% decreasing) and low pH (93.9% decreasing) challenges appeared at 24 h, while those for the high salinity (84.0% decreasing) and low salinity (82.9% decreasing) challenges were observed at 3 h (Figure 6B).



Effects of Lv-AE3 mRNA Knockdown on the Cell Apoptosis of Shrimp Gill

As shown in Figure 7A, the expression of Lv-AE3 were silenced in the gill of shrimp at 12 h after injection of dsRNA-LvAE3. TUNEL assay and DAPI staining showed that the apoptosis index of the blank, control and the dsRNA-LvAE3 injected groups were 1.42, 4.0, and 18.68%, respectively (Figure 7B). By statistical analysis, the apoptosis index in the gill of Lv-AE3-silenced shrimp were significantly higher than those in the blank and control groups, while showed no significant with the shrimp gills under salinity stresses (P < 0.05).
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FIGURE 7. (A) Silencing efficiencies of Lv-AE3 in the shrimp gill. The data are presented as the mean ± SE (n = 5), and the significances of p < 0.05, 0.01, and 0.001 are indicated with *, **, and ***, respectively. (B) Apoptosis analysis of L. vannamei gill after knockdown of Lv-AE3. The apoptotic cells are indicated by the arrows.




DISCUSSION

Anion exchange protein 3 is a membrane transport protein that is functionally related to the band 3 Cl–/HCO3– exchange protein (Chen et al., 2011). In the present study, the full-length cDNA of Lv-AE3 was first isolated from the gills of Pacific white shrimp. Structurally, the Lv-AE3 protein contains 12 TM domains, which is consistent with previous reports of 10–14 TM domains in most members of the SLC4A3 family (Alper et al., 2002; Alka and Casey, 2014). To assess the relationship between Lv-AE3 and its counterparts, a phylogenetic tree was constructed. Phylogenetic analysis revealed high diversity in the family of anion exchange proteins (Figure 3A) and indicated that Lv-AE3 was clustered with AEs from the swimming carb (P. trituberculatus).

Ocean acidification changes the environmental conditions and garners much attention in the aquaculture industry (Swezey et al., 2020). Ocean acidification negatively affects the growth, mortality and reproduction of crustaceans (Li et al., 2020). In crustacean species, the gill is considered as an important organ for osmoregulation and acidity/alkalinity regulation. In addition, acid/base homeostasis is well known to be primarily mediated by ion transport proteins (Cai et al., 2017; Li et al., 2019). A previous study revealed that the Cl–/HCO3– exchanger is a membrane transport protein that exchanges Cl– and HCO3– across cellular barriers to regulate pH homeostasis and that its activity is sensitive to pH (Casey et al., 2009; Hayashi et al., 2009). In the present study, the highest expression level and the strong signal of Lv-AE3 in the secondary gill fragment indicated that Lv-AE3 may play an important role in maintaining the acid-base balance in L. vannamei.

The mRNA expression of Lv-AE3 was further detected in multiple biological and developmental processes of shrimp, such as embryonic and larval development, molting, and ovarian development. During embryonic and larval development, the Lv-AE3 transcript was expressed at a relatively high level in the zygote (Figure 5A), which was similar to its high expression level in the ovary by tissue distribution (Figure 4A), indicating the potential role of Lv-AE3 in oocyte maturation. In contrast, Lv-AE3 mRNA expression decreased to extremely low levels in the embryonic developmental stages before hatching, probably due to the envelope preventing ion exchange between the embryo and the environmental water (Wei et al., 2014). After hatching, the ion exchange of the larvae resumed, and the expression of Lv-AE3 subsequently increased (Figure 5A) in the nauplius, which is a key stage for assessing the L. vannamei larval and postlarval qualities with salinity stress test (Racotta et al., 2004).

In crustaceans, molting is a process for shedding the old exoskeleton that limits the growth of organisms (Gao et al., 2015; Luo et al., 2015). The shrimp body may mineralized during the inter-molt stages (Abehsera et al., 2021). After every ecdysis, the shrimp has shed the old shell and the new exoskeleton is still soft and flexible, and it needs to expand the new exoskeleton to make room for the growth of new tissues by absorbing water (Chang, 1995). The gill Lv-AE3 mRNA increased to a very high level during early postmolting (P1, Figure 5B), the stage in which shrimp absorb a large amount of water, indicating that Lv-AE3 may mediate active ion exchange at this period to balance internal salinity and acidity. In the freshwater palaemonid shrimp (Palaemonetes argentinus), the haemolymph osmolality reduced after ecdysis while the aquaporin mRNA kept equally (Foguesatto et al., 2017), indicating that crustaceans may absorb water for expanding the new exoskeleton by participation of the ion channels.

Given that relatively high expression levels of Lv-AE3 were observed in the ovary and zygote of shrimp (Figures 4A, 5A), we further investigated the roles of Lv-AE3 in the ovarian development of L. vannamei. In this case, Lv-AE3 mRNA expression increased significantly in the ovaries and slightly in the hepatopancreas but not in the gill during ovarian development (Figure 5C). The ovary accumulates many nutrients during its development in L. vannamei and that the hepatopancreas mainly provides nutrients (Ruan et al., 2020). During the ovarian maturation of penaeid shrimp (Penaeus schmitti), water content of the ovaries and hepatopancreas decreased while the protein content increased (Marangos et al., 1988). The absorption of water and other ions in these two organs will become active and lead to the increased expression of the Lv-AE3 transcript. In contrast, ovarian development has little effect on the water and ion requirements of the entire shrimp body; thus, the expression of Lv-AE3 in the gill remained stable.

In previous study, it has revealed that the acid/base status is mainly maintained through an ion transporting system and the ion transporting capacity may enable crustaceans to cope with pH variation (Chen and Lee, 1997; Cai et al., 2017; Li et al., 2019). In L. vannamei, the transcript levels of NBC and NHE have been demonstrated to be upregulated under acid challenge in the gill and intestine, respectively (Cai et al., 2017; Li et al., 2019). Given that Lv-AE3 mRNA is expressed abundantly in the gill but not the intestine, we chose gills for the pH and salinity challenge experiments. Unexpectedly, the expression of Lv-AE3 was significantly downregulated in the gill under either high or low pH conditions, and similar responses were observed with high and low salinity challenges (Figure 6B). In zebrafish (Danio rerio), the Cl– transporting capacity by AE3 was reduced by extracellular/intracellular low pH, but enhanced by high pH (Shmukler et al., 2014). In the Pacific oysters (Crassostrea gigas), acid challenge could suppress the immune system directly and lead to a disturbed cytoskeletal structure, increased protein turnover and reduced energy metabolism (Cao et al., 2018). In shrimp, the gill is the exclusive respiratory organ and a main organ involved in osmotic adjustment, down-regulation of the ion channel genes may lead to a loss of the water and ion absorption activities. In this case, it is logical to speculated that the tissue damage in gills under pH and salinity stresses may be a result of the reduction in Lv-AE3 transcript expression.

An effective and efficient osmoregulation system is thus necessary to stabilize the body ion and water concentration (Marshall, 2012). A failed osmoregulation would lead to cell/tissue damage via the generation of apoptosis. Anion exchange protein 3 is ubiquitous throughout the vertebrates. The Cl–/HCO3– exchange protein exchanges HCO3– for Cl– from CO2 and water which catalyzed by carbonic anhydrase 2 (CA2). Similar to NKA, CA, VHA, SERCA, AE3, NBC, and NHE, Lv-AE3 is a transporter protein in shrimp. The ability of ions transporting is highly depended on the expression levels of ion transporters on the cell membrane (Evans et al., 2005). This study showed that the expression of Lv-AE3 showed a reduction during the pH and osmotic challenges (Figure 6B). The decreased expression of Lv-AE3 transcript may decline the ability of Lv-AE3 in exchanging HCO3– and Cl–, resulting in the increased apoptosis index in shrimp gills (Figure 6A). Combined with the effect of Lv-AE3 mRNA knockdown on tissue damage (Figure 7B), we speculated that the reduced expression of Lv-AE3 may increase apoptosis in the gill, and Lv-AE3 may plays a critical role in the maintenance of normal physiological status in shrimp.

Tissue apoptosis is normally induced by exposure to environmental stresses in aquatic animals such as fish (AnvariFar et al., 2017). Similar phenomena have also been reported in crustaceans; for example, ammonia exposure, air exposure, and cold shock may induce apoptosis in the hepatopancreas of L. vannamei (Chang et al., 2009; Liang et al., 2016; Wang et al., 2020). In this study, we demonstrated that exposure to water with high or low acidity and high or low salinity significantly increased the number of apoptotic cells in the gills of L. vannamei. It is noticed that the apoptosis index in shrimp gills under high salinity and high pH stresses is not consistent with the expression level of Lv-AE3 (Figure 6). A previous study has been reported that L. vannamei were tolerated in an extensive salinity range from 1 to 50 ppt (Jaffer et al., 2020). In present study, the expression of Lv-AE3 decreased at 3 h post challenge and rescued from 6 h post challenge during the salinity stresses (10 and 45 ppt) (Figure 6B). It is speculated that Lv-AE3 expression in the shrimp gill were suppressed and the adaptive response of shrimp were activated to maintain the normal physiological process when exposure to salinity stresses. In addition, compared with the rescued profiles of Lv-AE3 under salinity stresses, Lv-AE3 transcript expression of pH challenges were still kept at lower levels and even became lower followed the times goes. Therefore, it is inferred that the high and low pH stresses may damage the shrimp gills in an irreversible way that cannot been rescued by the recovery of Lv-AE3 transcripts levels.

In summary, we first identified and characterized the full-length cDNA of Lv-AE3 from L. vannamei, described its spatial and temporal expression profiles in different tissues and different essential life processes, including embryonic and larval development, molting, and ovarian development. It is very interesting that the Lv-AE3 expression are highly correlated with the activities of water and ion absorption. Furthermore, cell apoptosis was detected in the gills of shrimp under acidity/salinity challenges and Lv-AE3 mRNA silence, and it is speculated to be contributed by the reduction in Lv-AE3 expression with environmental stresses. This study thoroughly investigated the relationship between the mRNA profiles of AE3 and multiple developmental and physiological processes in shrimp and may be beneficial for protecting crustaceans from fluctuated aquatic environments.
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755 A Y R TV S R H T S A L T Y M S S T H A R G S N K N G RV L R E ORIV
2521 TAGTGCCGTICATTIGIGICAGICITGGIGGGACTGICAGTIGTITICCTGACAGCAGCTCTTAACCTTIGTACCARAGTCTGTIGCTGCTAGGTATCTTICCTIGTACATGGG
790 SEPATSNAS TRV NS IEVIR LIS VARG NN S IEVAR AL T A ASVA TN IS N LRV P KA S TRV N G AT P L Y M G
2626 TATCICIGCCACAGCTIGGTATTICAGTITCCTCGAGCGCACARATTCTTITITICCTCATGCCAGTCARGCACCATCCTAATGTAGCTTATGTGAAGARAGTGCGCACATG
825 TS TTAT T UANG U O F I E TRTOTE L ETS M PV SR HS HOP SNV AN VIR RV R
2731 GAAGATGCATGCTITACACCGGCATCCAGCTICCTITATGITGGTAATCCTATGGATTGTARAGCAGTCTCCTGCTIGCTCTICTGCTTICCCATTICGTIGCTCATGTIGCCT
860 K M H A Y TG I QL L MLV ILWTIVI XO_QSPADZ ZAZALTCFU&PUFUVLMTCL

2836 CATTCCCATTAGATTGTACCTITICTITCCCTATGCATTCAGTGGAGTTGAGCTCAATGCACTTGACGGAACTGAGGCCACAGCCACAGCARACARCGATGATGATGA
895 I P I RL Y L LPYAVF S GV ETLNHA ATLUDGTEA AT AT AZNNDUDTDE
2941 GCCTGACTTICTITCGAGGAAGCTCACGATTTIGCCGACATACATTIGACCATCACCACCAGAACTGARaggccgeccccteccttgecacagaagatcgtctcagttcty
930 P DFFEEA AHUDULUZPTYTIDHUHHAQNH®
3046 cagtagatctgttcaaaggaaagaaaaacaacacaaactggttatgtttaagtaggcttttatcttttagaaaaggaagaatttgttttctttctcattttaaat
3151 ttaaatttctccatgtagatatcctcaaaattttactctgagtcttttaaagtggatttcttattcctgaaaactggaaagtaattggtgaatttatcactggta
3256 cttacaggtaataaacaattgttgaggatttagacaaacagccatgattcagtgtaatttttatggetttttagtcagttgtctaggttttatcatcattaattyg
3361 ttgatggaatgacaatatatattcaaaggaggatctgaacatgctgtgcatgatgaatttattgtcctctcatgaaggagaaatatcacttagggagattgattyg
3466 ttrtgctgctttcagtacaatagtcatctcttttttttacacttgtagagaaaattggactgaagttcaacatgtaattatttctatccaagtaattcaagttta
3571 tttaacagaattttacttttaaagcttattattcttagectggagtattttaagtcacttaaccagacccagtgatggatctgttcacagttgtgaaggaacagta
3676 caagacttttatcattccacaatatggtgctgaataaacacataggtgctttagtaaaacatcttttctgtgaggaagaggctgtaagctgtttagatgctccgt
3781 ccatcagtatttaaggtgaagatattttttttccgaatgaaaagcaatttgctcaagttagttggttttgcagaaaaaattataggatgttccattaaagttgaa
3886 aggcagattgtattagatatttatgtgatatgattatatagtttttattattattaatgataatctagcatatgtagggtttatgcaagtacagtactctgatce
3991 tgttgtaaggccccaaactgcagctgtttagtgaatccatttagacaccaaatagcgaccaagagcacagecctaacttcccattgetcttacttgttcttttgty
4096 tctagcagaggcattggcttgcaaaaattttatctgcagaatctggtatccagggaggctgggactgttgtgggtcattttatttatcttttttcttettttttyg
4201 agacctgacgttcctatctattagtaatatatcactcaagtgttggcttcaagacacctataactatgtaattgtagttgttattgtgttgtggactgtaaatge
4306 attgctattagtttatcacatttccatgtgccaaattgattaatgtgttttcattatcttttttatggattttttatggattttgatttgaagaacaattttgac
4411 caaaaggtaatcaatcgtggattcgataattgcagtgagattcttcaagttgatgtgecctggtttatttttcatcattttgtacattcatgeccgtaccgattage
4516 atgtttcatttacttctgttcttattttataaatatgtatcagctgccatagettccttcgtatctagtttgagttctccattttcatcacactttctgtggtta
4621 ttttatttatagctaacaattaaacaagctccgttccacaggaacaatgggcttttctttaaccagcagaattttgtgatgaaaatgectccaactattgggagta
4726 aatctgtgatttgaaatggagagtatccaatatgtgtgtgtaaatagtacataactttttgatgtataccatgtttgtccagactgtctttacattatagtgttg
4831 cctctatagatgtctgtatatagatatatatattaatgtgagatattttatctcaacaaaaggtataataaacattacaggtgaaaaaaaaaaaaaaaaaaaaaa
493¢€ aaaaaaaa

Band_3_cyto domain HCO3_cotransp domain : \ PKS_KS domain

—— Transmembrane region - Coiled coil region





OPS/images/fphys-12-726600-g002.jpg
A

3-D modeling

B Structural domains

Band_3 cyto domain [

- PKS_KS domain

- Coiled coil region

Litopenaeus vannamei* .
Portunus trituberculatus ;

Hyalella Azteca
Homo sapiens
Lingula anatine
Galleria mellonella

Litopenaeus vannamei *,
Portunus trituberculatus ;
PTG TePLLLEDES LARF sy rTDFIMRIFLC(:U‘HEIm:"HSIELJq

Hyalella Azteca
Homo sapiens
Lingula anatine
Galleria mellonella

Litopenaeus vannamei *

Portunus trituberculatus :

Hyalella Azteca
Homo sapiens
Lingula anatine
Galleria mellonella

Litopenaeus vannamei *;
Portunus trituberculatus :

Hyalella Azteca
Homo sapiens
Lingula anatine
Galleria mellonella

Litopenaeus vannamei *

Portunus trituberculatus ; j
: M PAI.!I"YIIVE’IEF;_II“ELI"E(PEI@I_-(‘(P‘;GE'—IMDI‘ mEI_VNALCGI&‘anwqg’ym'}zs"sr{"sALTvzHTTMGDRP»,_Iva

Hyalella Azteca
Homo sapiens
Lingula anatine
Galleria mellonella

Penaeus vannamei *

Portunus trituberculatus ;

Hyalella Azteca
Homo sapiens
Lingula anatine
Galleria mellonella

: ERTGRLFEGVIRDIKRRYPYYKSDFIDAHJ@CAAAQIEI-IYFM-LLSEAITRSG'LI.ADK

: B HSLLLFHIFLEENICBLILS:(PEQ&N?CC; FHWDIV
o

i)
L RRTE -EGG-II&IB@RYPLYT.SDK{MH’LL A2 FIn‘AAT_spmrmsmx;m;%;mvgmmes

FAIGISETLV

VGESGPLLV FEEREFAF CRE®SLEY LTERVWVGLWL] wwdm_w;

1 GATGPIEVFEESEF SFCOBIGMEY LTMRVW IGMVBIVEAT TLUAT BGSEL IREVTRFTOE IFASLT SLIF TY BRI

VKK TRETEDIFABLISLIF I8

VGATGPLMI FDBSLY SFCQSYET DF LARRVWVG TWMT VAV LVEA B B¥AT VKKETR FTEE IFBT LVCL IF TYEA FEKLEE TFVEHPLOG

VGATGPLMI FDMSLY SEBSTYELDFLS LRVW IGVRMTVFEL LVAAEE BVATY mTRFrEEIFsrLWIIFIYESEiQEEI
BTVENT 1B RV

D
SrargLr B RISKFLGREVRRAT GDFGVP TA TMVL IDFL IECRY TRKLEVEIGLS PTN
FMJG<FLGR§ARRALGDEC"PIAI‘EH‘"'SC‘”@WTEIL@‘ /PAGLS PTF‘P

] IAE'EIRI4FRNQRFLG'5!QRRIIGDEI:IPISIL"H"I."D"

ASLLLE‘EI_‘ /FLEEN ICHL. TL. SK PEKNMBKG TGFHWDLI LEG3 TNEVEGLF GA PFMEPABVRTVS HESALTVMSS THAPGE SPKI VB
INLISGLFGAPFMEPACVRTVSHESALTVMSSTHAPGE SPK

EQR"TG"LL«SL"CISI"H(:A"LRRI PLAVLFGI FLYMGVISLSGI QBSORLLL ILMPAKHH PEQP YVEXK VK TWRMHLFT81
KEQRMTGEEY \BVI VGV 'QAB 4GIZ1 LRLI PLEVLFGVFL YMGV 'AS.SGI QMVERIQLLEMPVKEH PD‘.gF.’RK‘.RTW KMHIFTVI
KEQRLTBLLVAVLVGISVLASKIT RIVPMAVLFGVFLYMGI qﬂl& e QFHDICILLFKP"'—('E FRVPYVRRVBTMKMHLFTLI

QRVSAVIVSVLVGLSVELEARINLYPRSVLEGI FLYMGI SAFAGI OF LERETLELMPVKHH PNVEYVKKVRTWKMEBYT BT
KEQRLSAIVVSVLIGLSVLLGAVLNLY PRAVLFGI FLYMGI SSEAGI QF LERL ILVLMPVKHHPNVP YVKKVR TWKMHAFTET

QRVSALLVAVMVGLS ILLEWVINLI PYSVLF GVFL YMGI SARMGT QBLE RLVLEL VP VKEHENMP YWREVR TWKMHL YTEW

Transmembrane region

[T ST SR N )
«o W,
A0 W0 O b b





OPS/images/fphys-12-726600-g003.jpg
Phylogenetic analysis B Structural comparison

100 < -
o S — SV ot
L < O
. — S — 4841844
@ S — ¢ 8+ 48 4
57 _@ 4':“1:.:“:“_ RPT1
EEE— e e et ol
e S — 4 0 4
0 : R
100 10— [ o T
o — < A M egion
L — el
M — 4 84
. — P caudatus AE3 — <= i) HCOS-cotransp
63 L. anatina AE3 — < -
'—“ﬂ‘: M. Musculus AE2 I — 46 0/ 1
H. sapiens AE3
100 | vannamei AE3
o—






