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A B S T R A C T

The oriental river prawn, Macrobrachium nipponense, is an economically and nutritionally important species of
the Palaemonidae family of decapod crustaceans. Ammonia is a major aquatic environmental pollutant that
negatively affects the health of prawns and their associated commercial productivity. Here, we used high-
throughput sequencing techniques for detecting the effects of ammonia stress (22.1mg/L ammonia-N for 48 h)
on gene expression in the hepatopancreas of M. nipponense. We generated 176,228,782 high-quality reads after
eliminating adapter sequences and filtering out low-quality reads, which were assembled into 63453 unigenes.
Comparative analysis of the expression profiles of the ammonia-treated and control groups identified 887 dif-
ferentially expressed genes (P < 0.05), including 481 upregulated genes and 406 downregulated genes.
Analyses of the GO and KEGG databases revealed significant differences between the two groups in 32 pathways.
Immune-related pathways under ammonia stress included Complement and coagulation cascades, Platelet ac-
tivation, B cell receptor signaling pathway, Antigen processing and presentation, Chemokine signaling pathway,
NOD-like receptor signaling pathway, RIG-I-like receptor signaling pathway, T cell receptor signaling pathway
and Toll-like receptor signaling pathway. Remarkably, ammonia stress altered the expression patterns of key
immune genes (lectin3, syntenin, alpha-2-macroglobulin, cathepsin L, PIM3, serine protease inhibitor, sup-
pressor of cytokine signaling-2 like protein), indicating that ammonia-stress induce immune response. These
data provide new insights into the immune response of M. nipponense and pave a new way for fighting ammonia
stress. The genes and pathways identified here represent valuable genetic resources for development of mole-
cular markers and genetic breeding studies.

1. Introduction

Macrobrachium nipponense is an economically major species cultured
by Chinese inland fisheries [1]. The annual production of farmed or-
iental river prawns approximates 20 billion tons (Bureau of Fisheries,
Ministry of Agriculture, 2014). M. nipponense is relatively sensitive to
ammonia exposure, which raises concerns because ammonia is a major
environmental pollutant encountered during the aquaculture of prawns
[2,3]. Ammonia can be removed by biological filtration or water ex-
change. However, a transient, sudden, and rapid increase in ammonia
concentrations may have toxic effects on prawns [4]. For example,
excess ammonia can increase susceptibility to pathogens, which inhibits
growth, decreases osmoregulation, increases molting frequency, and
causes high mortality [5]. However, the molecular mechanisms

involved in ammonia detoxification remain unknown. Unfortunately,
there are few physiological or molecular biological studies on the re-
sponses of M. nipponense to ammonia stress [6].

Ammonia is a common contaminant encountered during aqua-
culture and is the main limiting factor in the aquaculture of Litopenaeus
vannamei [7], Penaeus monodon [8], Farfantepenaeus paulensis [9], and
Penaeus semisulcatus [10]. Ammonia is typically present in water as
ammonium ion (NH4+) and unionized ammonia (NH3), and the latter is
more toxic than ammonium (NH4+) because the former can diffuse
through cell membranes [11]. Ammonia stress may reduce growth
rates, suppress the immune system, and increase molting frequency,
which can lead to high mortality [12–14]. Further, damage to the gills
and the hepatopancreas of shrimp reduces the ability of hemolymph to
transport oxygen, while increasing oxygen consumption [15,16].
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Importantly, it has been revealed that increased ammonia in the water
could inhibit the immune system and increase the susceptibility of
shrimp to pathogens [17,18]. For example, the mortality of Vibrio-in-
jected shrimp in the presence of ammonia for 48–168 h is significantly
higher compared with Vibrio-injected and uninjected shrimp not treated
with ammonia [15,16]. Mortality increases as a function of increasing
ammonia concentrations and with time of exposure [15,16]. Shellfish
such as abalone [19] and yellow catfish similarly suffer from exposure
to excess ammonia [20].

Whole transcriptome shotgun sequencing (RNA-seq) is a highly
sensitive technique that is frequently used to profile and annotate the
transcriptome to identify the molecular mechanism of a specific phy-
siological process through detection of genes and pathways involved in
the corresponding physiological function [21–23]. Specifically, RNA-
seq is widely applied to studies of the effects of stress on shrimp [24]
and crabs [25].

High concentrations of ammonia inflict heavy damage to the he-
patopancreas of shrimp. Consequently, here we employed RNA-seq to
identify the genes and pathways that respond to ammonia stress in the
hepatopancreas of M. nipponense. Comparative transcriptome analysis
was performed using the Illumina sequencing platform to identify dif-
ferences in gene expression between ammonia-challenged shrimp
(treatment group) and shrimp exposed to normal environmental con-
centrations of ammonia (control group). This study represents the first,
to our knowledge, to investigate the molecular responses to ammonia
stress of the hepatopancreas of M. nipponense at the level of the entire
transcriptome.

2. Materials and methods

2.1. Animals and ammonia-N exposure experiments

M. nipponense were collected from Weishan Lake, Shandong
Province, China and acclimated in a 100 L tank at Shandong
Agricultural University for 1 week. During acclimation, prawns were
fed particulate commercial food twice daily (40% protein, 5.0% fat,
5.0% fiber and 16% ash, supplied by a commercial diet, China), and
half the volume of water was changed daily to maintain water quality.
The water temperature, pH, and dissolved oxygen in the tank were
20.0 ± 0.5 °C, 8.2 ± 0.05, and 6.5 ± 0.5mg/L, respectively. The
concentration of ammonia-N was 22.1mg/L, which is the half-lethal
dose for a 48 h exposure. This dose was optimal for measuring changes
in gene expression when shrimp were exposed to ammonia stress. After
acclimation, 200 prawns were divided into two groups and each group
was separated to 3 tanks. 100 randomly selected shrimp maintained
under normal conditions were assigned to the control group (CG), and
the other 100 shrimp were exposed to ammonia stress for 48 h and
designated the treatment group (TG). The desired concentration of
ammonia was achieved by adding a stock solution of NH4Cl to the water
according to a published procedure [26]. We chose to focus on the
hepatopancreas, because it is the most important immune organ in
prawns. Hepatopancreatic tissue of shrimp subjected to 48 h of am-
monia stress was selected for transcriptome analysis. The hepatopan-
creases of shrimp were dissected separately and immediately frozen in
liquid nitrogen. Shrimp (n= 6) with similar sizes were assigned to each
group.

2.2. Histopathology

The hepatopancreas of the M. nipponense was selected from the
treatment group and control group. It was fixed in 0.1M phosphate-
buffered saline (pH 7.4) with 4% paraformaldehyde and fixed at room
temperature for 24 h. Hepatopancreas tissue were dehydrated in
ethanol with graded concentration and embedded in paraffin wax. The
embedded tissue will be fixed on the microtome and crosssections of
5mm were prepared. The sections were stained with hematoxylin and

eosin and observed under the light microscopy (Olympus, Japan).

2.3. RNA extraction, library construction and sequencing

Total RNA was extracted from the hepatopancreas from CG/TG at
48 h of each sample using Trizol Reagent (Invitrogen, Shanghai, China)
according to the manufact. RNA integrity was checked with 1.5%
agarose gel electrophoresis. All RNA samples were high quality
(OD260/280= 2.10–2.15, OD260/230≧ 2.0).

RNA from three individuals of each group was pooled for con-
structing a sequencing library. In total, four sequencing libraries were
constructed in the present study, two libraries (K1, K2) from TG groups
and other two (T1, T2) from CG groups. All RNA-seq procedures oc-
curred in the Novogene Company (Beijing, China). The library was
constructed and then checked in an Agilent 2100 Bioanalyzer (Agilent,
2100). Resultant cDNA libraries were sequenced on the Illumina HiSeq
platform. The RNA-seq data was deposited into NCBI SRA database, and
its accession is SRP186348.

2.4. Transcriptome assembly and gene function annotation

Sequencing of the original sequencing sequence (Sequenced Reads)
or raw reads, which contain joints, low-quality reads, in order to ensure
the quality of information analysis, the raw reads filter, get clean reads,
the subsequent analysis is based on clean reads. The clean reads are
spliced using Trinity [27]. Trinity is a highly efficient and stable tran-
scriptome splicing software for RNA-seq data. The transcript sequence
obtained by splicing Trinity was used as a reference sequence for sub-
sequent analysis. The longest transcript in each gene was taken as
Unigene for subsequent analysis.

All transcripts were compared with the NCBI non-redundant (nr)
protein database, GO database, COG database, and KEGG database for
functional annotation using BLAST software with an e-value cutoff of
1× e−5. Functional annotation was performed with gene ontology
(GO) terms (www.geneontology.org) that were analyzed using Blast2
GO software (http://www.blast2go.com/b2ghome) [28]. The COG and
KEGG pathway annotations were performed using Blast software
against the COG and KEGG databases.

2.5. Analysis of differentially expressed genes (DEGs) and functional
enrichment

The input data for differential expression of genes is the readcount
data obtained in the analysis of gene expression levels. For samples with
biological replicates, we analyzed using DESeq [29] with a screening
threshold of padj < 0.05. During the difference analysis of differential
software, we will correct the p-value obtained from the original hy-
pothesis test. Functional enrichment analysis (GO and KEGG) was
performed in GOseq and KOBAS (2.0) [30,31], respectively. Candidate
genes involved in the ammonia stress response were identified from
DEGs to significantly enrich the GO terminology and the KEGG
pathway.

2.6. Validation by quantitative real-time PCR (RT-qPCR)

RT-qPCR was used to validate the partial differential expressed
genes (DEGs) identified using RNA-Seq. Primers were designed using
Primer Premier 6 according to the sequencing data (Table S1). RT-qPCR
reactions were carried out using the STRATAGENE MX3000 Real-time
System (USA) and the β-actin gene was used as internal reference gene.
The PCR was performed using SYBR Premix Ex Taq kit (TaKaRa, Dalian,
China), and the PCR reaction systems (20 μl) consists of 10 μl SYBR
Premix Ex Taq (2× ), 0.4 μl of each gene specific primer (10 nmol), 2 μl
cDNA, 0.4 μl ROX reference dye ІІ. RT-qPCR was performed in a total
volume of 20mL, and cycling conditions were 95 °C for 1min and fol-
lowed by 40 cycles of 94 °C for 5s, 59 °C for 15s and 72 °C for 20s. Each
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sample was run in triplicates. At the end of each PCR reaction, the
dissociation curve analysis of the amplification products was done.
Amplicons were verified through melting-curve analysis. Relative ex-
pression was determined with the comparative CT method (2−ΔΔ CT).

3. Results

3.1. Histological changes of M. nipponense hepatopancreas after ammonia
stress

To analyze the effects of ammonia stress on hepatopancreas mor-
phology, the histological structure of M. nipponense from control and
treatment groups was observed. After 48 h ammonia stress (22.1 mg/L),
the paraffin sections showed that the hepatopancreas of the control
group exhibited a well-organized glandular tubular structure. The
lumen of the tubule is in the shape of an asterisk-like appearance.
Epithelial cells are neatly arranged in the lining of the tubules (Fig. 1B).
The gap between the adjacent glands becomes larger of the treatment
group. Glandular epithelial cells of hepatopancreas under ammonia-
nitrogen stress have different degrees of damage and partial shedding.
A small number of fractures occur in the microvilli (Fig. 1A).

3.2. Transcriptome sequencing and assembly

The RNA-Seq results of the transcriptomic response to ammonia
stress in M. nipponense is shown in Tables 1 and 2. We generated
183,877,174 raw reads, including 87,241,136 and 96,636,038 reads
from the hepatopancreas of the CG group and the TG group respec-
tively. After removing low-quality or contaminated reads, 176,228,782
clean reads (95.84% of total reads) were used for the following tran-
scriptome assembly, with Q30 > 92.78%. We obtained 75,742

transcripts and 63,453 unigenes, and the N50 of transcripts and uni-
genes were 1810 and 1396, respectively.

3.3. Functional annotation and classification of transcriptome

To obtain comprehensive information on gene function, we per-
formed gene function annotations of the databases as follows: Nr, Nt,
Pfam, KOG/COG, Swiss-prot, KEGG, GO. Significant annotations of
63,453 unigenes were identified (Table 3). We identified 18,556
(29.24%), 17,611 (27.75%), 15,291 (24.09%), 10,921 (17.21%) and
9043 (14.25%), genes homologous to the sequences in the Nr, GO,
Swiss-Prot, KOG and KEGG databases, respectively. All unigenes were
functionally annotated, with 2311 (3.64%) matched to all databases
and 21,194 (38.12%) matched to at least one database. Fig. 2 shows
that 2858 unigenes are annotated in the top five databases.

The GO analysis revealed that the unigenes clustered according to
molecular functions, biological processes, and cellular components
(Fig. 3). The metabolic process (8694 unigenes), cellular process (9513
unigenes), and single-organism process (7429 unigenes) represented
the majority category of biology process. The cell part (5366 unigenes),
cell (5366 unigenes), organelle (3744 unigenes) and macromolecular
complex (3489 unigenes) represented the majorities of cellular com-
ponent. Catalytic activity (6976 unigenes) and binding (9503 unigenes)
had the highest percentages in the molecular function category.

The unigenes were mapped into the KEGG pathway database to
predict the significantly enriched pathways. There 9043 unigenes

Fig. 1. The structure of hepatopancreas ofM. nipponense after 48 h exposure to ammonia (22.1mg/L). (A) Hepatopancreas from the treatment group ofM. nipponense
after 48 h ammonia stress; (B) Hepatopancreas from the control group.

Table 1
The RNA-Seq data of samples.

Samples Read Number GC Content %≥Q30 Clean Reads

T1 43,203,648 49.34% 92.99% 41,426,642
T2 44,037,488 48.86% 92.78% 41,866,528
K1 46,317,414 49.39% 93.36% 44,613,488
K2 50,318,624 47.84% 93.49% 48,322,124

Table 2
Summary of de novo assembly results.

Min Length Mean Length Median Length Max Length N50 N90 Total Nucleotides

Transcripts 201 891 402 16209 1810 306 67481289
Unigenes 201 745 359 16209 1396 270 47277135

Table 3
Summary of the annotations of the unigenes.

Number of Unigenes Percentage (%)

Annotated in NR 18556 29.24
Annotated in NT 5854 9.22
Annotated in KO 9043 14.25
Annotated in SwissProt 15291 24.09
Annotated in PFAM 17369 27.37
Annotated in GO 17611 27.75
Annotated in KOG 10921 17.21
Annotated in all Databases 2311 3.64
Annotated in at least one Database 24194 38.12
Total Unigenes 63453 100
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assigned to different pathways in five major groups of KEGG pathways,
including Metabolism, Organismal Systems, Cellular Processes, Genetic
Information Processing and Environmental Information Processing. The
32 most abundant KEGG pathways are shown in Fig. 4. The top five
KEGG pathways are signal transduction, translation, transport and
catabolism, immune system and endocrine system. Among these genes,
1203 were related to signal transduction and 575 were related to

immune system.

3.4. Analysis of differential gene expression

We identified 887 significantly differential genes (q-value< 0.005
and |log2.Fold_change|> 1), which included 481 upregulated and 406
downregulated genes. A heatmap depicting the majority of differen-
tially expressed genes (DEGs) was presented in Fig. 5.

According to nr annotations, DEGs were implicated in immunity and
apoptosis. Upregulated genes associated with immunity and apoptosis
related were linked to lectin 3, syntenin, G-protein coupled receptor,
heat shock protein (HSP90A), alpha-2-macroglobulin (A2M), cathepsin
C, serine protease inhibitor, suppressor of cytokine signaling-2 like
protein (SOCS-2), cathepsin L, PIM1, ADP-ribosylation factor, cyto-
chrome c, caspase 2, ATF-b. These genes were significantly expressed at
higher levels after 48 h of ammonia stress (Fig. 6).

Many DEGs were contribute to detoxification processes and meta-
bolic pathways, such glutathione S-transferase, L-lactate dehy-
drogenase, aldehyde dehydrogenase type III, hexokinase, fructose 1,6-
biphosphate-aldolase. These genes will be the focus of further research
(Table 4). These genes specifically respond to ammonia stress, in-
dicating that they stimulate or induce the immune system of prawns to
cope with environmental stress. The remainder of the proteins were
associated with osmoregulation and the growth response to stress.

3.5. Gene ontology and KEGG analyses of DEGs

DEGs were further analyzed using GO and KEGG annotations to
identify their potential functions and metabolic pathways. All DEGs
were successfully mapped to GO terms, revealing 24,782 enriched GO
terms in biological process, cellular component, and molecular func-
tion. For biological process, metabolic process (375), single-organism

Fig. 2. Venn diagram showing overlap of NR, NG, KOG, GO, and PFAM;
numbers in each circle indicate the amount of annotated unigenes.

Fig. 3. GO annotation of transcripts. Three major GO categories were enriched: biological process, cellular component, and molecular function.
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process (344) and cellular process (333) had the most abundant GO
function, and cell (179), cell part (179) and membrane (177) were most
abundant in cellular component. In molecular function, catalytic ac-
tivity (331) and binding (310) comprised more GO items than the
others.

The DEGs were mapped to 219 pathways. According to the
threshold of P value < 0.05, the top 10 KEGG significant pathways
were list in Table S2. They are Complement and coagulation cascades,
Drug metabolism-cytochrome P450, Chemical carcinogenesis, Platelet
activation, Ascorbate and aldarate metabolism, Propanoate metabo-
lism, Metabolism of xenobiotics by cytochrome P450, Protein digestion
and absorption, Glycolysis/Gluconeogenesis, PPAR signaling pathway.
Among those pathways, some closely related to immunity and apop-
tosis, metabolism and Cell, such as Complement and coagulation cas-
cades, Platelet activation and PPAR signaling pathway.

3.6. Validation of RNA-seq with RT-qPCR

We randomly selected 15 genes for RT-qPCR validation from those
with different expression patterns based on our analysis of functional
enrichment and pathway results to validate the accuracy and reliability
of DEGs identified using RNA-Seq. The expression patterns of these 15
genes were consistent with the RNA-seq results (Fig. 7), which suggest

that the results of the RNA-seq experiments were accurate and reliable.

4. Discussion

M. nipponense is an economically and nutritionally important
aquaculture species in China, Japan, and South-East Asian countries
[32]. Increased ammonia in the water has heavy detrimental effects on
prawns. However, limited information was available for the molecular
mechanism of the detrimental effects of ammonia stress to M. nippo-
nense. Hence, the present findings are highly significant for under-
standing the molecular mechanism underlying the response of M. nip-
ponense to ammonia stress. This present study is the first RNA-seq
analysis, to our knowledge, that identifies the key genes and complex
pathways associated with the response to ammonia stress by M. nip-
ponense. This information contributes new insights into the mechanisms
through which shrimp, and likely other organisms, adapt to ammonia
stress at the molecular level.

The study generated 176,228,782 clean reads (95.84%), and iden-
tified 887 DEGs. GO annotation and KEGG pathways analysis revealed
that the DEGs were involved in metabolic process, single-organism
process and cellular process of biological process, as well as the cell, cell
part and membrane of cellular component, the catalytic activity and
binding of molecular function. Numerous key genes and numbers of

Fig. 4. KEGG annotation of transcripts. Five major pathways were enriched: A, Cellular Processes; B, Environmental Information Processing; C, Genetic Information
Processing; D, Metabolism; E, Organismal Systems.
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important pathways that may be related to the immunity and metabolic
process were obtained in the current transcriptome data.

In the current study, DEGs upregulated by ammonia stress that are
associated with immune-related pathways including Complement and

coagulation cascades, Platelet activation, B cell receptor signaling
pathway, Antigen processing and presentation, Chemokine signaling
pathway, NOD-like receptor signaling pathway, RIG-I-like receptor
signaling pathway, T cell receptor signaling pathway and Toll-like re-
ceptor signaling pathway under the ammonia stress were upregulated
in this study. The Complement and coagulation cascades pathway is a
central component of innate immunity [33,34] that plays multiple roles
in immune responses, such as chemotaxis, cell activation, lysis of an-
tigens and opsonization. The complement system, which was dis-
covered in 1896 by Jules Bordet [35], is present in vertebrates and
invertebrates, and complement-like activity is present in diverse in-
vertebrates [36,37]. Ammonia exposure can lead to oxidative stress in
aquatic animals [38], leading to the induction of an immune response,
extensive DNA damage, and even apoptosis [2,39]. Complement pro-
teins play an important role in mediating tissue injury and in-
flammatory process after oxidative stress https://www.sciencedirect.
com/science/article/pii/S1050464811003585 [40,41]. Moreover, in-
creasing evidence indicates that reactive oxygen species (ROS) activate
the complement system https://www.sciencedirect.com/science/
article/pii/S1050464811003585 [42].

Fig. 5. Hierarchical clustering for the differentially expressed genes between
Treatment group and Control group. Different columns in the figure represent
different samples, and different rows represent different genes (T:TG. K: CG).
The color represents the logarithm of the expression level of the gene in the
sample FPKM. (For interpretation of the references to color in this figure le-
gend, the reader is referred to the Web version of this article.)

Fig. 6. Expression profiles of 14 genes involved in immune, displayed on the
basis of their FPKM values from RNA-seq data from the control–treatment
comparison. The FDR values of all comparisons are< 0.05.

Table 4
DEGs related to immunity and detoxification processes.

Gene ID Gene Name Up or Down

c16662_g1 lectin 3 up
c22523_g1 syntenin up
c23735_g1 G-protein coupled receptor up
c23092_g1 heat shock protein up
c26319_g1 A2M up
c7786_g1 cathepsin C up
c18100_g1 cathepsin L up
c18521_g1 serine protease inhibitor up
c22215_g1 SOCS-2 up
c824_g1 Pim-3 up
c20264_g1 ADP-ribosylation factor up
c25462_g3 caspase 2 up
c25343_g1 transcription factor ATF-b up
c11459_g1 cytochrome c up
c23655_g1 glutathione S-transferase up
c24532_g2 L-lactate dehydrogenase up
c25957_g1 aldehyde dehydrogenase type III up
c26322_g2 hexokinase up
c6178_g1 fructose 1,6-biphosphate-aldolase up
c26164_g1 glucose transporter 1 down
c21895_g2 aquaporin down
c26825_g1 integrin down
c16631_g1 glutathione S-transferases down
c3745_g1 hemocyanin down
c25045_g1 ecdysteroid-regulated protein down
c26866_g1 JHE-like carboxylesterase 1 down
c20785_g1 macrophage migration inhibitory factor down

Fig. 7. Candidate unigene expression levels revealed by qRT-PCR and RNA-seq.
They are showing the same expression trend.
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The hepatopancreas of crustaceans serves as the key metabolic centre
for the production of ROS, plays a major role in immune defenses https://
www.sciencedirect.com/science/article/pii/S1050464811003585 [43],
and mediates the synthesis of digestive enzymes and the detoxification
of xenobiotics https://www.sciencedirect.com/science/article/pii/
S1050464811003585 [44]. Therefore, we investigated the hepatopancreas
of M. nipponense. Alpha-2-macroglobulin (A2M), an abundant and multi-
functional protein is a broad-spectrum protease inhibitor that belongs to the
ThioEster containing Protein (TEP) super-family [45]. A2M is an important
effector of the complement and coagulation cascades pathway, which is
involved in immune responses in invertebrates https://www.sciencedirect.
com/science/article/pii/S1050464816307914 [46]. A2M has been reported
its presence in shrimp such as Marsupenaeus japonicus https://
www.sciencedirect.com/science/article/pii/S1050464816307914 [47],
P. monodon https://www.sciencedirect.com/science/article/pii/
S1050464816307914 [48], L. vannamei https://www.sciencedirect.com/
science/article/pii/S1050464816307914 [49], Macrobrachium rosenbergii
https://www.sciencedirect.com/science/article/pii/S1050464816307914
[50], Fenneropenaeus chinensis https://www.sciencedirect.com/science/
article/pii/S1050464816307914 [51], Farfantepenaeus paulensis https://
www.sciencedirect.com/science/article/pii/S1050464816307914 [52],
and Fenneropenaeus indicus https://www.sciencedirect.com/science/article/
pii/S1050464816307914 [53], as well as from the crab Scylla serrata
https://www.sciencedirect.com/science/article/pii/S0145305X10000273?
via=ihub [54]. The expression of A2M gene is highly upregulated upon
bacterial, fungal and viral infection [51,52]. The research on complement
system is rare in crustaceans. In our study, there was a significant increase in
the expression of A2M in the hepatopancreas of M. nipponense after ex-
posure to ammonia stress, indicating that A2M is sensitive to ammonia
stress, which may represent a response that has evolved to neutralize
harmful free radicals generated by stressors. The mechanism whereby am-
monia stress stimulates A2M transcription is unknown. Our results suggest
that environmental stress such as caused by ammonia, may induce the ex-
pression of A2M, after which the complement system components cooperate
to help organisms to resist stress and survive. The RIG-I-like receptor and
Toll-like receptor, as innate immune-recognition receptors that recognize
molecular patterns associated with microbial pathogens, and each receptor
plays a critical role in antimicrobial immune responses. The activities of the
RIG-I-like receptor are regulated by post-translational modifications, such as
ubiquitination and phosphorylation [55]. The Toll-like receptor play a un-
ique and essential function the immune systems of animals and belong to
the family of type I transmembrane receptors [56]. These receptors are
expressed by L. vannamei https://www.sciencedirect.com/science/article/
pii/S0165247813001958 [57], F. chinensis https://www.sciencedirect.com/
science/article/pii/S0165247813001958 [58], M. japonicus https://www.
sciencedirect.com/science/article/pii/S0165247813001958 [59]. There-
fore, we speculate that the immunity of shrimp is impaired under ammonia
stress, thereby increasing the risk of infection by bacterial and viruses.

Besides the above key genes enriched in the significant KEGG
pathways, many other DEGs between CG and TG were potentially in-
volved in immune and have been previously reported in other crusta-
ceans, such as hemocyanin, serine proteinase inhibitors, crustin, lyso-
zyme, G protein-coupled receptor, prophenoloxidase-2, and peritrophin
etc [38,60,61]. In addition to genes associated with immune processes
mentioned above, several genes also exhibited significant differential
expression upon ammonia exposure, such as cathepsin L, Pim-3, lectin
3, syntenin. Lectin 3 is a kind of C-type lectins (CTL). In recent years,
CTLs have been reported to participate in innate immunity against
pathogens of shrimp. For example, LvCTL3 from the L. vannamei, sig-
nificantly reduces mortality associated with infection by Vibrio para-
haemolyticus white spot syndrome virus (WSSV) [62]. MnCTLDcp2 and
MnCTLDcp3 function as pattern recognition receptors involved in the
innate immunity of the M. nipponense [63]. Four CTLs from the giant
freshwater prawn M. rosenbergii play vital roles in innate immunity
against WSSV challenge [64]. Syntenin is a multifunctional cytosolic
adaptor protein that contributes to cell migration, proliferation,

attachment, and apoptosis, as well as immune response to viruses by
invertebrates [65,66]. Research has shown that syntenin was upregu-
lated in infected shrimp, and its levels rapidly decline during infection
[66]. Pim-3 exhibits serine/threonine kinase activity. The previous
study reported that the overexpression of PIM kinases leads to tumor
progression, and Pim-3 is aberrantly expressed in numerous malignant
tumors [67]. Cathepsin L is involvement in the innate immunity. Fur-
thermore, cathepsin gene has been reported in some invertebrates, such
as Haliotis discus hannai, Procambarus clarkii, L. vannamei and P.
monodon [68–70].

The results in the present study reveal the gene and pathway re-
sponses ammonia stress, and the expression levels of the genes of the
prawn would be changed under the ammonia stress (up or down).
Generally, defense mechanisms are activated when organisms are ex-
posed to environmental toxicants, among which cell death/apoptosis is
usually triggered for defensing against stress or pathogen.
Consequently, we deduce that the ammonia stress can induces prawns
to mount a immune response that mitigates the adverse effects of en-
vironmental stress and helping prawn recover the damages from en-
vironmental stress. These speculations merit further investigation in
future studies. From these results, we can conclude that further research
on the DEGs and pathways related to immunity and apoptosis has great
potential for improving the density, yield and economic benefits of
intensive production of M. nipponense. Our findings provide some
clarification of the immune mechanisms that engage during ammonia
exposure. We believe that these findings will benefit future research to
fully understand the mechanism of the response of M. nipponense to
ammonia stress.

5. Conclusions

This study is the first to provide transcriptome-level analysis of key
genes and metabolic pathways in M. nipponense ammonia-stress re-
sponse. A total of 887 unigenes changed significantly after 48 h of
ammonia exposure. Immunization, cellular activity, metabolism, sig-
naling, and genetic material-related transcripts are clearly detected. We
observed differentially expressed genes and pathways related to im-
mune function, metabolism, and the like. Our data indicate that am-
monia exposure induces oxidative stress, thus triggering related
pathway, such as complement and coagulation cascades pathways.
Complement system products cooperatively helping organisms resist
stress, thereby enabling individual to survive ammonia stress. These
genes and pathways are involved in defense responses under ammonia
stress, and these DEGs can be used as molecular immunological in-
dicators under crustacean ammonia stress. Transcriptome analysis also
produced a large number of new transcripts that laid the foundation for
further genomic research in the future. Well-categorized and annotated
M. nipponense transcriptome could serve as important and valuable
resources for gene identification and functional analysis.
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