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Abstract
Ammonia can easily accumulate in water during the culture period, and the accumulated 
concentrations can reach high levels, which is one of the main stress factors with severely 
negative effects on the growth and health of cultured shrimp. Dietary manipulation, such 
as feeding Ampithoe sp. meal, has been proven to be an effective method for reducing the 
mortality of Litopenaeus vannamei under sublethal ammonia stress and thus improving the 
ammonia tolerance of the shrimp, but the underlying mechanism needs to be further stud-
ied. In this study, L. vannamei with increased ammonia tolerance (PV_T) were obtained 
by feeding Ampithoe sp. meal, shrimp not fed Ampithoe sp. meal were used as a control 
(PV_C), and a comprehensive transcriptome analysis of the response of L. vannamei 
exposed to ammonia-N at the 50% lethal concentration for 96 h was performed. A total 
of 318,815,732 clean reads, including 170,156,604 and 148,659,128 clean reads from the 
shrimp in the PV_T and PV_C groups, were obtained. The expression of genes involved in 
carbohydrate and lipid metabolism pathways was upregulated in the PV_T group compared 
with the PV_C group, which indicated that the shrimp in the PV_T group had a higher 
energy supply level than those in the PV_C group, and this difference was the main cause 
of the observed improvement in ammonia tolerance. Additionally, the upregulated expres-
sion of genes involved in the AMP-activated protein kinase (AMPK) pathway in the PV_T 
group was responsible for the observed upregulation of the expression of genes involved 
in the carbohydrate and lipid metabolism pathways. However, among the GO terms that 
were significantly enriched in the DEGs identified from the comparison of the PV_T and 
PV_C groups, only one GO term was related to the immune system process. In conclusion, 
feeding Ampithoe sp. meal to L. vannamei exposed to sublethal ammonia can enhance the 
carbohydrate and lipid metabolism pathways to increase the energy supply and thus reduce 
the mortality of the shrimp.
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Introduction

The Pacific white shrimp Litopenaeus vannamei is native to the Pacific coastal waters of 
South America. Due to its fast growth, strong adaptability, high protein content, and deli-
cious taste, L. vannamei is currently the most important shrimp species worldwide, and 
its total world culture output is 4.16 million tons (FAO. 2018). In recent years, the density 
of shrimp culture has increased to obtain a higher yield, and the shrimp culture environ-
ment has exhibited gradual deterioration, which often causes shrimp to experience various 
environmental stresses. As a result, the morbidity and mortality of shrimp have increased, 
which has seriously reduced the efficiency and restricted the development of the shrimp 
culture industry (Romano and Zeng 2013).

Ammonia is one of the main stress factors affecting shrimp culture and is mainly derived 
from the degradation of nitrogen-containing organic matter in the culture environment, 
such as residual feed and shrimp excrement (Chatvijitkul et al. 2017). Ammonia exists in 
two forms in the environment: nonionic ammonia  (NH3) and ionic ammonia  (NH4

+).  NH3 
easily diffuses into aquatic animals due to its small molecular diameter, which leads to a 
reduction in the oxygen-carrying capacity of blood and damage to the mucous membrane 
and nervous system (Romano and Zeng 2013). Therefore,  NH3 exerts a stronger toxic 
effect on aquatic animals than  NH4

+. However, although the toxicity of  NH4
+ is relatively 

weak, high concentrations of  NH4
+ hinder the ammonia excretion process of aquatic ani-

mals, which results in the accumulation of ammonia in the organisms (Armstrong et  al. 
1978). The toxic effect of ammonia directly affects the normal growth of aquatic animals. 
High concentrations of ammonia reduce the growth rate of shrimp, increase the molting 
frequency and mortality, and thus cause great economic loss to the shrimp culture industry 
(Chen and Kou 1992; Miranda-Filho et al. 2009). A study conducted by Liang et al. (2016) 
indicated that exposure to ammonia at 20 mg/L could induce oxidative stress, which fur-
ther induces endoplasmic reticulum stress and apoptosis in the hepatopancreas of L. van-
namei. Studies have suggested that ammonia exposure inhibits the immune system of L. 
vannamei, which results in susceptibility to pathogens, such as Vibrio alginolyticus and the 
causative agent of white spot syndrome virus (Liu and Chen 2004; Kathyayani et al. 2019; 
Liu et al. 2020). A study conducted by Lin and Chen (2001) indicated that the 96-h 50% 
lethal concentration values (LC50) of ammonia-N and  NH3-N on L. vannamei juveniles 
were 24.39 mg/L, 35.4 mg/L, and 39.54 mg/L and 1.20, 1.57, and 1.60 mg/L at salinities 
of 15‰, 25‰, and 35‰, respectively. The “safety level” for ammonia-N at salinities of 
15‰, 25‰, and 35‰ was estimated to equal 2.44, 3.55, and 3.95 mg/L, respectively.

Previous studies have shown that dietary manipulation can regulate metabolic processes 
in aquatic animals and enhance their ability to resist stress (Mai et al. 2004; Martins et al. 
2012; Zhang et al. 2012; Dawood et al. 2017). Natural feed organisms are rich in a variety 
of nutrients and active substances, which can be used as nutritional fortifiers in shrimp 
culture to enhance resistance to stress (Sirirustananun et al. 2011; Xiao et al. 2017). Amp-
ithoe sp. is a type of nutritious natural feed organism that is rich in crude protein (51.2%), 
crude lipids (5.8%), and essential amino acids (23.4%) (Peng et al. 2015). Dietary supple-
mentation with Ampithoe sp. meal can reduce the mortality of L. vannamei under suble-
thal ammonia stress, which indicates that the ammonia tolerance of the shrimp is improved 
(Shan et al. 2018); however, the underlying mechanism, which may involve the regulation 
of a series of physiological pathways, remains unclear. Revealing the mechanisms can pro-
vide targets for establishing methods for mitigating the effects of ammonia stress on cul-
tured shrimp.
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The ammonia tolerance of L. vannamei enhanced by Ampithoe sp. meal was described 
in our previous study, which indicated that shrimp with high ammonia tolerance exposed 
to a sublethal ammonia-N stress concentration of 68.00 mg/L (1.61 mg/L nonionic ammo-
nia) exhibit higher levels of carbohydrate and lipid metabolism under ammonia stress 
(Wang et al. 2020a). In recent years, transcriptomic analyses have been performed to better 
understand the physiological functions and molecular biological processes of shrimp under 
ammonia stress (Lu et al. 2016; Li et al. 2018). Therefore, in the present study, to reveal 
the molecular mechanism underlying the improvement in the ammonia tolerance of shrimp 
achieved by dietary manipulation, L. vannamei with high ammonia tolerance (PV_T) was 
obtained by feeding Ampithoe sp. meal, and shrimp that were not fed Ampithoe sp. meal 
served as a control (PV_C). Subsequently, a comprehensive transcriptomic analysis of L. 
vannamei under sublethal ammonia stress was performed using Illumina sequencing and 
bioinformatics. The present study could provide important information for understanding 
the molecular mechanism underlying the improvements in the environmental tolerance of 
shrimp obtained by dietary manipulation, and this information provides targets for estab-
lishing methods involving dietary manipulation that could mitigate the effects of ammonia 
stress on cultured shrimp.

Materials and methods

Experimental diets

Ampithoe sp. was obtained from Changyi County, Weifang City, Shandong Province, 
China. Ampithoe sp. meal was prepared as described by Shan et  al. (2018). Fish meal, 
gelatinized cornstarch, fish oil, and lecithin were used as the main raw materials used to 
make the feed; the nutritionally fortified diet contained 33% Ampithoe sp. meal, and no 
Ampithoe sp. meal was added to the control diet. The formula, preparation, and storage of 
the two diets were described by Wang et al. (2020a).

Experimental design

A previous study indicated that a diet manipulation period of 21  days is sufficient for 
improving the ammonia tolerance of shrimp (Wang et al. 2020a); therefore, 21 days was 
selected as the diet manipulation period in this study. The experiment was performed in 
an indoor water recycling system consisting of 50-L water tanks. L. vannamei was pur-
chased from Rushan City, Shandong Province, China. The shrimp were first acclimated for 
7 days, and shrimp of similar sizes (body length 6.5 ± 0.2 cm, weight 2.8 ± 0.2 g) were then 
randomly divided into the PV_C and PV_T groups for 21-day dietary manipulation. The 
shrimp in the PV_C group were fed the control diet, and those in the PV_T group were fed 
the nutritionally fortified diet. Each group contained thirteen repetitions (one water tank 
per repetition, 20 shrimp per repetition), and the shrimp were fed the corresponding diet at 
07:00, 10:00, 18:00, and 22:00 every day. The water quality indicators of the indoor water 
recycling system were as follows: water temperature of 26 ± 1 ℃, salinity of 30.0 ± 0.5‰, 
dissolved oxygen > 6 mg/L, and pH ranging from 7.6 to 7.8.

At the end of the 21-day dietary manipulation period, a 96-h ammonia stress test was 
performed. Six repetitions (20 shrimp per repetition) were included in each group; three 
of the repetitions were used to collect samples, and the three other repetitions were used 
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to record the mortality. The body length and weight of the shrimp after 21 days of feeding 
are presented in Table S1, and no significant difference in the body length and weight of 
shrimp was found between the PV_C and PV_T groups. The 96-h LC50 of ammonia-N 
was 68.00 mg/L (1.61 mg/L nonionic ammonia), which was selected as the stress concen-
tration, and  NH4Cl was used to increase the concentration of ammonia-N used in this study 
according to a previous study (Wang et al. 2020a). The ammonia stress test was performed 
for 96 h in the present study. At the end of the ammonia stress test, nine shrimp were ran-
domly selected from each group, and hepatopancreas tissue samples were collected and 
then stored at − 80 °C for transcriptome analyses.

In 2019, the shrimp genome was decoded (Zhang et  al., 2019), which provided an 
important reference for related research on shrimp molecular biology. To improve the data 
from those obtained in previous studies, we reanalyzed the data for the comparative tran-
scriptome analysis between the ammonia-challenged and control groups from the “ammo-
nia-sensitive” family of L. vannamei published in the study by Lu et al. (2016) using the 
same approach as that used for the data in our study based on published genomics. A total 
of 239,706,580 raw reads were downloaded from the Short Read Archive of the National 
Center for Biotechnology Information (NCBI) with the accession number SRP062191. The 
data from the shrimp subjected to ammonia challenge were recorded as the S1 group, and 
those from the shrimp without ammonia challenge were recorded as the S0 group.

RNA isolation and Illumina sequencing

The nine hepatopancreas tissue samples that were collected at the end of the ammonia 
stress test from each group were divided into three replicates (each replicate contained 
three samples). Total RNA was extracted from each replicate using the RNAiso Plus Kit 
(TaKaRa, Japan) according to the manufacturer’s instructions. The concentration and 
purity of the RNA were detected using a NanoDrop 2000 spectrophotometer. The RNA 
integrity was detected by agarose gel electrophoresis, and the RIN value was determined 
with an Agilent 2100 instrument to ensure the high quality of the RNA (total RNA ≥ 2 μg, 
OD260/280 = 1.8 ~ 2.2, OD260/230 ≥ 2.0, RIN ≥ 6.5, 28S:18S ≥ 1.0).

The RNA library was established using the TruSeq™ RNA Sample Preparation Kit 
(Illumina, San Diego, CA, USA). Total RNA was extracted and used for mRNA enrich-
ment using magnetic beads with oligo (dT) to analyze the transcriptome information. The 
mRNA was randomly fragmented into approximately 200-bp fragments using fragmenta-
tion buffer and reverse transcribed into first-strand cDNA by the addition of random prim-
ers using the SuperScript Double-Stranded cDNA Synthesis Kit (Invitrogen, CA, USA). 
Second-strand cDNA was synthesized by adding DNA polymerase I, RNase H, dNTPs, 
and buffer. The cDNA fragment was then purified using the QIAquick PCR Extraction Kit 
and end repaired, and poly (A) was subsequently added. These fragments were then ligated 
with sequencing adapters. Fragments of suitable length were obtained and subjected to 15 
cycles of amplification. The PCR products were then purified, assessed, and sequenced on 
the Illumina HiSeq™ 2000 platform to generate the raw reads.

Bioinformatic analysis

The raw sequencing data generated in this study have been submitted to the NCBI with 
the accession number PRJNA694351. The raw reads were transformed into clean reads by 
removing the adapter sequences, ribosomal RNA (rRNA), low-quality reads, and empty 

1142 Aquaculture International (2022) 30:1139–1154



1 3

reads. The treatments were performed through SeqPrep (https:// github. com/ jstjo hn/ SeqPr 
ep) and Sickle (https:// github. com/ najos hi/ sickl) (Ma et  al. 2016). The clean reads were 
mapped to the rRNA database using Bowtie2 (Langmead and Salzberg 2012), and the 
rRNA was removed. The clean reads were then aligned to the L. vannamei genome (NCBI 
accession number: ASM378908v1) (Wang et al. 2020b) using HISAT2 (Kim et al. 2015), 
and expression values were estimated based on alignment using StringTie (Pertea et  al. 
2015). The edgeR package (http:// www.r- proje ct. org/) was used to identify the significantly 
differentially expressed genes (DEGs) between the two groups. The genes with a corrected 
p value < 0.05 and |log2 (fold change)|≥ 1 identified from the comparison were identified 
as DEGs. The DEGs were then subjected to Gene Ontology (GO) functional enrichment 
analysis using Goatools (Klopfenstein et al. 2018), and an enrichment analysis of the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways based on the DEGs was per-
formed with an R language script and Fisher’s exact test.

qPCR analysis of selected genes from the transcriptome

To validate the expression profile data, eight genes were selected randomly to quantify 
their relative expression levels by quantitative real-time PCR (qPCR). The housekeeping 
gene encoding β-actin was used as an internal standard. The primer sequences of the genes 
are presented in Table  1. Total RNA was isolated using RNAiso Plus (TaKaRa, Japan) 
according to the manufacturer’s instructions and treated with the PrimeScript™ RT Rea-
gent Kit (TaKaRa, Japan) for the synthesis of first-strand cDNA. PCR amplification was 
performed under the following conditions: 95 °C for 10 s and 40 cycles of 95 °C for 10 s 
and 60  °C for 30  s. At the end of the reaction, the reaction specificity was detected by 

Table 1  Real-time PCR primer sequences

Gene Sequences of primers (5′-3′) PCR prod-
uct length 
(bp)

β-ACTIN ACC ACC GCT GCT TCC TCC TC
CGG ATG TCC ACG TCG CAC TTC 

188

Chitinase 4 precursor GCT CGT GAG GAG ACA CAA CTTCG 
CGT CGT AGC CGT CGT CAA TGG 

200

Phosphoenolpyruvate carboxykinase AAT ACA TCG CCG CTG CCT TACC 
CCA GGA GCA ACG CCG AAG AAG 

181

Cysteine dioxygenase CCT GAA GTG AAC CTG CCA GC
GGG GAC CTT CGC ATA CCT CT

81

Cysteine sulfinic acid decarboxylase AGG CTC GGA TGG TCC AAG AAGG 
AGC ATT GGT GGT CAT TGG CGTAG 

116

p23 GAT GAT GCG GCA GAT GGG AG
CAG GTC AGG GAG ATC GTC GT

103

Cytochrome c GTA CAC CGA CGC CAA CAA GT
GTT CGC CTG GCT TCC TCT TC

195

Alpha glucosidase GCA TCG GCA TCA ACC TGG AGAC 
TCA TAC CGC CAG CCA GAG GAC 

106

Mitochondrial cytochrome c oxidase subunit IV ACT GAC ACT CCG CCA GAT CA
AGC AAG GGG TGC CAT TGA AG

186
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melting curve analysis. The  2−ΔΔ CT method was used to analyze the relative expression 
levels of different genes.

Statistical analysis

The data obtained from the qPCR analysis and cumulative mortality assays were analyzed 
with SPSS version 25.0 for Windows. Independent samples t tests were performed to eval-
uate the final cumulative mortality and the relative expression levels of DEGs between the 
PV_C and PV_T groups. Differences with a p value < 0.05 were considered significant.

Results

Cumulative mortality

The cumulative mortality observed during the ammonia stress test is presented in Fig. 1. 
The shrimp in the PV_C group began to die after 6 h of ammonia stress, whereas those in 
the PV_T group began to die after 36 h. At the end of the ammonia stress test, although no 
significant difference was found between the groups (p = 0.189), the cumulative mortality 
of the PV_C and PV_T groups was 46.7% and 30.0%, respectively. The cumulative mortal-
ity of the PV_T group was decreased by 35.7% compared with that of the PV_C group.

Illumina sequencing and read mapping

A total of 322,357,856 raw reads were generated from the PV_C and PV_T groups. After 
removing the raw reads with adapter sequences, ambiguous nucleotides, and contamina-
tion, a total of 318,815,732 clean reads were generated, and these included 148,659,128 
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Fig. 1  Cumulative mortality of shrimp in the PV_C and PV_T groups during the ammonia stress test
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reads for the three PV_C libraries and 170,156,604 reads for the three PV_T libraries. More 
than 97% of the bases had a base accuracy of 99%, and more than 93% of the bases had a 
base accuracy of 99.9%. These clean reads were mapped against the annotated genome of 
L. vannamei, and more than 89% of the reads were successfully mapped (Table 2).

Differentially expressed genes

Comparative transcriptome analyses were performed between the PV_T and PV_C groups 
and between the S1 and S0 groups based on a threshold p value < 0.05. As shown in Fig. 2, 
a total of 1,778 DEGs were detected between PV_T and PV_C groups, and these DEGS 
included 749 significantly upregulated genes and 1,029 significantly downregulated genes. 
A total of 1,357 DEGs, including 991 significantly upregulated genes and 366 signifi-
cantly downregulated genes, were detected between the S1 and S0 groups. Two hundred 
fifty DEGs were shared between the PV_C/PV_T and S0/S1 comparisons, and 16 of these 
genes showed the same changing trend. The p value, fold ratio, and annotation information 
of all the DEGs are provided in Supplementary Tables S2 and S3.

GO analysis

All annotated genes were divided into three categories: molecular function, cellular com-
ponent, and biological process. The results showed that the DEGs obtained from the com-
parison of the PV_T and PV_C groups were significantly enriched in 182 GO terms (p 
value < 0.05) (Fig.  3 and Supplementary Table  S4). Among these terms, the top three 
enriched terms in the biological process category were organic substance biosynthetic 
process (GO:1,901,576), metabolic process (GO:0,008,152), and biosynthetic process 
(GO:0,009,058).

KEGG pathway analysis

KEGG pathway analysis identifies molecular interaction networks within cells 
and helps elucidate the potential biological functions of analyzed genes. The 
major pathways associated with the DEGs between the PV_T and PV_C groups 
that were detected by KEGG enrichment analysis are presented in Fig.  4 and 

Table 2  Illumina sequencing and mapping statistics of the hepatopancreas transcriptomes of L. vannamei 

Sample name PV_C-1 PV_C -2 PV_C -3 PV_T-1 PV_T-2 PV_T-3

Raw reads (×  106) 47.95 49.17 53.37 56.30 53.89 61.68
Raw bases (G) 7.2 7.4 8.1 8.5 8.1 9.3
Clean reads 47.38 48.56 52.71 55.65 53.39 61.12
Clean bases (G) 7.1 7.3 7.9 8.4 8.0 9.2
Error rate (%) 0.0253 0.0253 0.0252 0.0255 0.0246 0.0247
Q20 (%) 97.95 97.96 98.02 97.85 98.22 98.18
Q30 (%) 93.85 93.80 93.93 93.56 94.47 94.40
Mapping rate (%) 90.56 91.60 91.51 90.46 90.03 89.22
GC (%) 48.71 43.98 45.35 47.6 48.22 49.51
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Table 3. As shown in Table 3, eight significantly enriched KEGG pathways were 
related to metabolism, and among these, oxidative phosphorylation, arachidonic 
acid metabolism, pentose and glucuronate interconversions, and pyruvate metab-
olism were the most frequently represented pathways in the response to ammonia 
stress.

Verification of transcriptome data by qPCR

In the present study, eight DEGs between the tolerance and control group were selected 
based on the functional and pathway enrichment results for qPCR validation of their 
expression patterns in the transcriptome data. The quantitative results were all well 
correlated with the transcriptome results (Fig. 5), which confirmed that the sequenc-
ing-based results were credible.
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Discussion

Ammonia exerts negative effects on shrimp in the culture environment, and research on 
enhancing the ammonia tolerance of shrimp through dietary manipulation has been per-
formed, but little information on the molecular mechanism underlying the improvements 
in ammonia tolerance achieved by dietary manipulation is available. This study reports the 
key pathways that respond to ammonia stress in shrimp with different degrees of ammo-
nia tolerance caused by dietary manipulation, as determined by RNA-Seq technology, and 
the results suggest that the improvement in the ammonia tolerance of shrimp achieved by 
dietary manipulation may be mainly related to the metabolic process.

The present study indicated a delayed onset of death and markedly lower cumula-
tive mortality in the PV_T group compared with the PV_C group under ammonia 
stress. This result confirmed that dietary manipulation could improve the ammonia 
tolerance of L. vannamei, which was consistent with the results of our previous stud-
ies (Shan et al. 2018, 2019).

Our previous studies have shown significant differences in energy metabolism lev-
els among shrimp with different degrees of ammonia tolerance under ammonia stress. 
Shrimp with high ammonia tolerance exhibited higher activities of enzymes related to 
carbohydrate and lipid metabolism than those observed in the control shrimp, and these 
higher activities provide shrimp with more energy to cope with ammonia stress (Shan 
et  al. 2019; Wang et  al. 2020a). In the present study, a GO term enrichment analysis 
identified 426 DEGs between the PV_T and PV_C groups, and these DEGs were sig-
nificantly enriched in 182 GO terms. In addition, 219 of these DEGs were significantly 
enriched in metabolic processes and were mainly related to carbohydrate metabolism 
and lipid metabolism: the carbohydrate metabolism pathways mainly included starch 
and sucrose metabolism, fructose and mannose metabolism, and the citrate cycle, and 

Fig. 3  Gene Ontology (GO) terms based on all unigenes of the PV_C and PV_T groups
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Fig. 4  Scatterplot showing the enrichment of KEGG pathways among the DEGs. The vertical axis repre-
sents the pathway categories, and the horizontal axis shows the enrichment factor. The point size is pro-
portional to the number of DEGs in each pathway. The point colors correspond to different p values, as 
indicated on the right

Table 3  KEGG pathway enrichment analysis of DEGs between the PV_C and PV_T groups

Number Pathway id Description p value Second category

17 ko00270 Cysteine and methionine metabolism 6.96E-07 Amino acid metabolism
29 ko00190 Oxidative phosphorylation 1.14E-06 Energy metabolism
14 ko00260 Glycine, serine, and threonine metabolism 0.000643 Amino acid metabolism
11 ko00250 Alanine, aspartate, and glutamate metabo-

lism
0.00074 Amino acid metabolism

5 ko00920 Sulfur metabolism 0.002878 Energy metabolism
13 ko00040 Pentose and glucuronate interconversions 0.007501 Carbohydrate metabolism
10 ko00620 Pyruvate metabolism 0.008367 Carbohydrate metabolism
11 ko00590 Arachidonic acid metabolism 0.019394 Lipid metabolism
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the lipid metabolism pathways included glycerolipid metabolism, linoleic acid metabo-
lism, and arachidonic acid metabolism. Carbohydrates and lipids are the main energy 
supply substances in shrimp and provide energy to help shrimp cope with environmen-
tal stress (Sánchez-Paz et al. 2007; Chen et al. 2015). A study conducted by Racotta and 
Roberto (2000) found that exposure to a high concentration of ammonia could increase 
the energy expenditure of shrimp and diminish the ability of the hemolymph to trans-
port oxygen, which may lead to a shortage of energy supply at the late stage of ammonia 
stress. In the present study, the expression of most DEGs in carbohydrate metabolism 
and lipid metabolism was significantly upregulated in the tolerance group compared 
with the control group, which indicated that feeding Ampithoe sp. meal could improve 
the energy supply capacity of L. vannamei under ammonia stress and thus improve the 
ammonia tolerance of the shrimp.

The analysis of DEGs between the S1 and S0 groups revealed that the expression of 
DEGs in the linoleic acid and arachidonic acid metabolism pathways was significantly 
downregulated by ammonia stress. A similar study conducted by Xiao et al. (2019) also 
found that the arachidonic acid metabolism pathway was significantly decreased, which 
indicated that lipid metabolism was disrupted in shrimp after ammonia exposure. Com-
pared with carbohydrates, lipids were the most important energy supply substance in the 
response of shrimp to ammonia stress. Previous studies have confirmed that L. vannamei 
could reduce the catabolism of carbohydrates and increase that of lipids to meet the energy 
demand under ammonia stress (Racotta and Roberto 2000). A study conducted by Chen 
et  al. (2014) also showed that L. vannamei needs to obtain additional energy from satu-
rated fatty acids to ensure its normal physiological function under environmental stress. In 
this study, the disrupted lipid metabolism in shrimp belonging to the S1 group decreased 
the energy supply needed to cope with ammonia stress. However, the expression of DEGs 
involved in the linoleic acid and arachidonic acid metabolism pathways was significantly 
upregulated in the PV_T group compared with the PV_C group, and these findings indi-
cate that feeding Ampithoe sp. meal could alleviate the damage to lipid metabolism caused 
by ammonia stress and plays a protective role in lipid metabolism, which further enhances 
the energy supply of L. vannamei in response to ammonia stress.
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Studies have indicated that changes in environmental conditions would cause an increase in 
energy use to restore and maintain homeostasis in the body (Calow 1991; Calow and Forbes 1998). 
An insufficient energy supply under environmental stress severely affects the energy balance of the 
body. Energy imbalance can lead to disorder in bodily functions, which would damage the vitality 
and health of an organism (Tatar and Carey 1995; Honkoop 2003; Guerra et al. 2012). Therefore, 
energy homeostasis is of great significance for environmental tolerance. AMPK is a key regulator 
of energy balance in organisms that can regulate cellular energy metabolism by activating the ATP 
production pathway and blocking the ATP consumption pathway (Hardie 2003, 2008). The tran-
scriptome analysis performed in this study revealed that the DEGs in the AMPK pathway showed 
significantly upregulated expression in the S1 group compared with the S0 group. The results of 
this study were consistent with those of other studies showing that the expression of AMPK in the 
hepatopancreas of L. vannamei is upregulated under acute stress to provide enough energy to cope 
with the stress (Xu et al. 2016; Han et al. 2013; Jost et al. 2012).

The transcriptome analysis of DEGs between the tolerance and control groups found 
that the transcription levels of three subunits of AMPK, namely, AMPK-α, AMPK-β, and 
AMPK-γ, were all increased in the hepatopancreas of shrimp in the tolerance group com-
pared with the control group. All three subunits are related to energy metabolism (Hardie 
et al. 2003). Among these subunits, AMPK-α is a catalytic subunit (Hawley et al. 1996) that 
can increase energy consumption in the hepatopancreas of L. vannamei to ensure activity 
of digestive enzymes under stress (Xu et al. 2016). AMPK-β is a regulatory subunit that is 
closely related to the metabolism of carbohydrates (Hudson et al. 2003; Polekhina et al. 2003). 
AMPK-γ is also a regulatory subunit that can be combined with AMP and ATP and change 
the energy demand of the organism by switching on or off the ATP synthesis and catabolism 
pathways (Choi et al. 2001). The activated AMPK pathway could induce the catabolism path-
way and decrease the pathway of lipid and carbohydrate synthesis to generate ATP and thus 
regulate the energy balance of the organism under stress (Hardie et al. 2012). The upregulation 
of AMPK expression in the hepatopancreas of shrimp in the PV_T group would increase the 
energy supply in the body, which might result in upregulation of the expression of DEGs in 
carbohydrate and lipid metabolism pathways, and this upregulation could increase the energy 
level of shrimp to cope with ammonia stress.

The GO term enrichment analysis of DEGs between the S1 and S0 groups indicated that 
the immune defense function of shrimp was affected by ammonia stress (Table S5). Lu et al. 
(2016) speculated that ammonia stress could reduce the immune defense ability of shrimp and 
increase susceptibility to pathogens. The study conducted by Xiao et al. (2019) also showed 
that ammonia stress could change the expression of immune-related genes in the hepato-
pancreas of L. vannamei and induce inhibition of the immune system. Other studies of the 
response of shrimp to ammonia stress have also focused on changes in immunity (Chen et al. 
2012; Wongsasak et al. 2015; Duan et al. 2017). However, among the 36 GO terms that were 
significantly enriched in DEGs between PV_T and PV_C, only one GO term was related to 
the immune system process. This result suggested that feeding Ampithoe sp. meal did not 
affect immune processes in L. vannamei under ammonia stress.

Conclusion

Under ammonia stress, the expression of many genes and pathways in the hepatopan-
creas of L. vannamei with different levels of ammonia tolerance caused by dietary 
manipulation (feeding Ampithoe sp. meal) significantly differed, and these genes and 
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pathways were mainly associated with metabolic processes. Genes involved in carbohy-
drate and lipid metabolism pathways showed upregulated expression in the PV_T group 
compared with the PV_C group, which indicated that an increased energy supply under 
ammonia stress resulted in increased energy mobilization to cope with stress. However, 
feeding Ampithoe sp. meal did not affect the immune process of shrimp under ammonia 
stress. This study provides important information for future studies on the mechanism 
of dietary manipulation and methods for improving the ammonia tolerance of cultured 
shrimp.
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