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ARTICLE INFO ABSTRACT

Keywords: The high concentration of ammonia resulting from intensive culture system and environmental pollution could
Immunosuppression cause disease occurrence in shrimp, but little information is available on its molecular mechanisms. In this study,
Ammonia toxicity we performed comparative transcriptome analysis among WSSV-infected shrimp under ammonia stress (LAV),
WSSV

WSSV-infected shrimp under normal water (LV), and normal shrimp under ammonia stress (LA) groups to
identify the key genes and pathways involved in immunosuppression and increasing pathogen infection severity
caused by ammonia toxicity in Litopenaeus vannamei. Totally, 526 significantly differential expressed genes
(DEGs) were identified in LAV group compared to LV and LA groups, among which 270 genes were lost ex-
pressed and 67 genes uniquely expressed in the LAV group. According to the public functional reports for the
annotated DEGs, they potentially involved in the following functions: (1) accelerating pathogen adhesion, in-
vasion and multiplication; (2) reducing the ability for pathogen defense and immune response; (3) inhibiting
positive regulation of apoptotic and antioxidant defense for host homeostasis; (4) inhibiting transcription and
protein transport; (5) and increasing protein methylation and ubiquitination, etc. A total of 13 pathways were
obtained mainly involving in this process, which mainly led to the following changes: (1) increasing the im-
munosuppression, anemia, endocrine dysfunction, neurotoxic effect and neuroinvasion, atherosclerosis and
thrombogenesis, blood-brain barrier penetration, thyroid disorder, necrosis, inflammation, and circadian dis-
turbance; (2) reducing the ability of vascular remodeling, angiogenesis, cell survival, migration, apoptosis, and
lymph transferred to blood stream; (3) leading to cell hypertrophy, cellular shape changes, and mesangial matrix
expansion. The present results firstly supplied molecular mechanisms for the ammonia toxicity inhibiting the
immune system and increasing pathogen infection severity in shrimp, which is a prerequisite for better un-
derstanding the pathogenesis caused by ammonia toxicity.

Transcriptome analysis
Litopenaeus vannamei

1. Introduction

The Pacific white shrimp, Litopenaeus vannamei, provides approxi-
mately 52% of the total penaeid shrimp output in the world [1].
However, its production is badly reduced by diseases recently, such as
the acute hepatopancreas necrosis syndrome (AHPNS) and the white
spot syndrome virus (WSSV), etc. In addition, the deteriorated aqua-
culture environments and intensive culture systems often result in de-
gradation of the culture water, and the toxicity from the degraded
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culture water factors is playing an important role in the high mortality
of shrimp by increasing pathogen infection severity [2,3].

Among the degraded water factors, high concentration of ammonia
is the commonest toxic factor to shrimp. Many studies have revealed
that ammonia toxicity in the water could cause disease occurrence by
increasing pathogen infection severity in aquatic species. For example,
Li et al. [4] have revealed that ammonia has the biggest effects on the
severity grade of pathogen infection, and the infection severity grade
rises obviously when ammonia level rises. Liu et al. [5] have studied the
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effect of ammonia on the immune response of L. vannamei and its sus-
ceptibility to Vibrio alginolyticus. In their study, the growth of V. algi-
nolyticus was not affected by ammonia concentration within the range
of 0-20 mg/L and there was no significant difference in cumulative
mortality for shrimp incubated in this range of ammonia concentration
after 120h of challenge; however, the mortality of Vibrio-infected
shrimp under ammonia stress was significantly higher than the Vibrio-
infected shrimp under normal water and control group after 48-168 h,
and the mortality increased directly with ammonia concentration and
expose time [5]. In addition, we also found the consistent results on the
effect of ammonia toxicity on the immune response of L. vannamei and
its susceptibility to virus in our previous study [6]. In our previous
study, the mortality of WSSV-infected shrimp under ammonia stress
was significantly higher than that of the WSSV-infected shrimp under
normal water and control group after 120-144 h of challenge, and the
ammonia-tolerant shrimp also have high resistance to WSSV compared
to the ammonia-sensitive shrimp [6]. In mollusk, Cheng et al. [7] in-
vestigated the effect of ammonia toxicity on the immune response of
Taiwan abalone Haliotis diversicolor supertexta and its susceptibility to V.
parahaemolyticus, and they concluded that ammonia stress caused a
depression in immune parameters and an increase in mortality of H.
diversicolor supertexta after V. parahaemolyticus infection. The same si-
tuation also has been detected in fish, such as rainbow trout [8].

However, how the ammonia toxicity inhibits the immune defense
system and increases pathogen infection severity in not clear. In recent
years, the complicated, fickle, and deteriorated aquaculture environ-
ments is inevitable, which usually cause high concentration of ammonia
that have grievous harm in shrimp aquaculture. Consequently, it is vital
to understand the molecular mechanism of disease occurrence caused
by ammonia toxicity for seeking possibilities of culturing shrimp that
efficiently resist the pathogens, which might be an alternative method
to reduce mortality and infectious diseases. To study the changes of
gene expression and metabolic pathways respond to pathogen infection
under ammonia stress is a priority for understanding of the molecular
mechanism in the non-model species with rare genomic resources.
Along with the recent development in next-generation sequencing
(NGS) technologies, whole-transcriptome shotgun sequencing, also
known as RNA sequencing (RNA-seq), is often used to capture and
annotate the transcriptome for understanding the molecular mechanism
of a specific physiological process. RNA-seq technology could detect
nearly all of the genes and pathways involved in the corresponding
physiological function with high sensitivity [9-11], which has been
widely applied to the stress and infection studies in shrimp [12-14].

In order to explain how the ammonia toxicity inhibits the immune
defense system and increases pathogen infection severity, in the present
study, we used RNA-Seq technology to identify the genes and pathways
that involved in disease occurrence from ammonia toxicity in L. van-
namei. This study represents the first investigation of the molecular
mechanism of disease occurrence caused by ammonia toxicity in
aquaculture.

2. Materials and methods
2.1. Shrimps and challenge experiment

The L. vannamei used in this study were bred at the Mariculture
Genetic Breeding Center of the Chinese Ministry of Agriculture
(Qingdao, China). Before the challenge experiment, a total of 60
shrimps (with average body weight of 3.68 + 0.05 g) were acclimated
for one week at the aquaculture workshop in Yellow Sea Fisheries
Research Institute (YSFRI), Chinese Academy of Fisheries Research
Institute (CAFS). During the period of acclimation, the shrimps were
feeding a commercial diet four times per day, which containing 12%
moisture, 44% crude protein and 16% crude ash. In addition, 80% of
their water was exchanged every day to maintain the ammonia con-
centration at normal level (less than 0.02mg/L). The holding water
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conditions were as follows: salinity at 30%o, pH at 7.9 *= 0.1, and
temperature at 27 * 0.5 °C. After the acclimation, the individuals were
randomly equally divided into three groups and performed different
treatments as follows: LAV group was cultured under high-concentra-
tion ammonia (~ 10 mg/L) and then infected with WSSV, LV group was
cultured under normal-concentration ammonia (< 0.1 mg/L) and in-
fected with WSSV, and LA group was cultured under high-concentration
ammonia (~10 mg/L) without WSSV infection.

The WSSV infection was performed as the method described by Shi
et al. [15]. Briefly, the frozen muscle tissue from WSSV-infected shrimp
was used for WSSV-containing bait. The genomic DNA of the WSSV-
containing bait was extracted using the Rapid Genomic DNA Extraction
Kit (BioMed Ltd., Beijing, China) according to the protocol provided by
the manufacturer, and its WSSV load was quantified by fluorescent real-
time PCR with the Premix Ex Taq™ Kit (Takara, Japan) using an ABI
7500 (Applied Biosystems China, Beijing, China). The plasmid PUCm-
T/WSSV69 of our laboratory was used as a positive control and stan-
dard to establish the qPCR standard curve according to the previous
report [16]. Then, the WSSV-containing bait was minced and diluted
with the uninfected muscle tissue to the WSSV dose of 10* copy/mg
tissue. After starving for 24 h, each individual of the two groups was fed
the minced and colored WSSV-containing bait (10 mg tissue one
shrimp) (Patent number Z1.201210107377.8). The ammonia solution
was prepared using NH,Cl (Aldrich, Milwaukee, WI, USA). After chal-
lenge, the shrimps were cultured as usual, including feeding shrimp two
times a day, and removing feces and leftovers at the bottom of the
tanks. During the experiment, 100% of the water of the three groups
was exchanged twice per day with ammonia solution (~10mg/L) and
normal water, respectively, to maintain the ammonia concentration
level.

According to the previous study, the pre-patent stage of WSSV in-
fection was 2-step WSSV PCR-positive and might persist for months,
and at this stage the infected shrimp showed no clinical signs of white
spot syndrome [2]. However, transition from pre-patent stage to patent
stage that was 1-step WSSV PCR-positive happened within 24-48 h
under stressful condition [2]. At the patent stage, positive signals of the
virus were detected in the hepatopancreas, lymphoid organs, hemocyte
in heart, antennal glands, hart, stomach, epidermis, and muscle by in
situ hybridization [2], and all of these tissues locate in cephalothorax.
We are more interested in the changes of gene expression and pathways
at the initial stage of transition from pre-patent stage to patent stage
caused by ammonia stress. So when the shrimps were challenged for
24 h, the cephalothorax of three individuals from each group were se-
parately dissected and frozen immediately in liquid nitrogen, and after
that they were stored at —80°C until RNA extraction, which was
completed within one week.

2.2. RNA quantification and qualification

For each group, three individuals were performed RNA extraction
separately from the cephalothorax (without eyes, legs and outer cov-
erings) using Trizol Reagent (Qiagen, Hilden, Germany) following with
the manufacturer's protocol. After the genomic DNA was cleaned from
RNA with RNase free DNase I (Takara, Japan), the RNA degradation
and contamination was monitored on 1% agarose gels. After that, the
purity, concentration, and integrity of the RNA were checked using
NanoPhotometer” spectrophotometer (IMPLEN, CA, USA), Qubit” RNA
Assay Kit in Qubit” 2.0 Fluorometer (Life Technologies, CA, USA), and
RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 system
(Agilent Technologies, CA, USA), respectively, which also has been
described by Huang et al. [17]. According to the checking result, all of
the RNA samples are high-quality (ODagg 280 = 2.0-2.2, ODygo,
230 2 2.0, RIN 2 8.0, and 28S:18S = 1.0).
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2.3. Library preparation and transcriptome sequencing

A total amount of 1.5 ug RNA per sample was used as input material
for the RNA sample preparations. The library was constructed using
NEBNext” Ultra™ RNA Library Pep Kit for Illumina® (NEB, USA) ac-
cording to the manufacture's recommendation. Briefly, poly-T oligo-
attached magnetic beads were used to purify the mRNA from the total
RNA. Fragmentation was carried out using divalent cations under ele-
vated temperature in NEBNext First Stand Synthesis Reaction Buffer
(5X). Then, first-strand cDNA was synthetized with the cleaved RNA
fragments with M-MuLV Reverse Transcripase (RNase H™), and the
second-strand ¢cDNA was synthetized with RNase H and DNA poly-
merase I. Remaining overhangs were converted into blunt ends via
exonuclease/polymerase activities. NEBNext Adapter with hairpin loop
structure were ligated to the synthetized cDNA fragments after adeny-
lation of 3’ ends of DNA fragments for hybridization. In order to select
cDNA fragments of preferentially 250-300 bp, the library fragments
were purified with AMPure XP system (Beckman Coulter, Beverly,
USA). Then 3 uL USER Enzyme (NEB, USA) was used with size-selected,
adaptor-ligated ¢cDNA at 37 °C for 15min followed by 5minat 95°C
before PCR, and then PCR was performed with Phusion High-Fidelity
DNA polymerase, Universal PCR primers and Index (X) primer. At last,
PCR products were purified (AMPure XP system) and library quality
was assessed on the Agilent Bioanalyzer 2100 system. The clustering of
the index-coded samples was performed on a cBot Cluster Generation
System using TruSeq PE Cluster Kit v3-cBot-HS (Illumia) according to
the manufacturer's instructions, and then the library preparations were
sequenced on an Ilumina Hiseq platform and paired-end reads were
generated.

2.4. De novo transcriptome assembly and gene function annotation

The adapter sequences, low quality reads, and reads with ploy-N
were removed from the raw reads, and then the high quality clean reads
were used for the downstream analysis. The obtained clean reads were
then randomly clipped into overlapping K-mers with default K = 25 for
assembly with the Trinity software [18]. The non-redundant sequences
were subjected to BLAST searches and annotations against the Swiss-
Prot (A manually annotated and reviewed protein sequence database),
Nr (NCBI non-redundant protein sequences) and Nt (NCBI non-re-
dundant nucleotide sequences) using BlastX algorithm with an E-value
cut-off of 10719, After that GO (Gene Ontology), KOG/COG (Clusters of
Orthologous Groups of proteins), and KO (KEGG Ortholog database)
were analyzed with Blast2GO, BlastX 2.2.24+, and BlastX/BlastP
2.2.24 + software, respectively. Pfam (Protein family) available on the
web from USA (http://pfam.janelia.org/) was also performed. If the
annotation result from the different databases is conflicted, the priority
order of alignments for the databases was Nr, Nt, KO, Swiss-Prot, Pfam,
GO, and COG.

2.5. Differential expression and cluster analysis

The samples of the present study had biological replicates, so the
DEGseq R package (1.20.1) was used to perform a differential expres-
sion analysis for LAV, LV, and LA groups, which provides statistical
routines for determining differentially expressed genes (DEGs) using a
model basing on the negative binomial distribution. Benjaminiand
Hochberg's approach was used to adjust the resulting P value (q value)
for monitoring false discovery rate [19]. The genes with a q value <
0.05 were assigned as significantly differential expression. In addition,
a cluster analysis was performed to identify DEGs among LAV, LV and
LA groups using an R package of pheatmap, according to their relative
expression level (log2 (ratios)) between the two groups.

530

Fish and Shellfish Immunology 88 (2019) 528-539

2.6. Enrichment analysis of GO and KEGG

A functional enrichment analysis was performed to identify the
DEGs that were significantly enriched in GO terms (with q value <
0.05), which was implemented by GOseq R packages based on
Wallenius non-central hyper-genometric distribution [20] to adjust for
gene length bias in DEGs. The KEGG pathway is vital for understanding
the functions and utilities of the biological system from molecular level
information [21], so enrichment analysis also was performed to identify
the DEGs that were significantly enriched in KEGG pathways (with p
value < 0.05) relative to the whole transcriptome background with the
KOBAS software [22].

2.7. Identification of key genes involved in the process

It has been revealed that increased ammonia in the water could
inhibit the immune system and increase the susceptibility to pathogens
in shrimp, which was very important for the shrimp farming, so iden-
tification of differently expressed genes was carried out from the DEGs
in the BLASTX alignment results with Nr, Nt, KO, Swiss-Prot, Pfam, GO
and KOG databases. The Glycosylphosphatidylinositol (GPI) anchored
proteins were detected using the GPI Prediction Server (http://mendel.
imp.ac.at/sat/gpi/gpi_server.html) and then removed from the results
[23,24]. The DEGs enriched to the significantly changed GO terms and
KEGG pathways between LV_AV and LV_V were selected and identified
as key genes potentially involved in immunosuppression process of
ammonia toxicity. The unigene with maximum E-value was selected as
the representative, when several unique transcripts were assigned to the
same reference gene.

2.8. Gene expression validation

For validation of the Illumina sequencing data, seven differentially
expressed genes were selected to be quantified by real-time PCR with
the same six separate RNA samples used for the Illumina sequencing in
each group. Their primers were designed using the Primer Premier 5
software (Premier Biosoft International) according to Illumina sequen-
cing data. The details of the primers are displayed in Table 1. The 18S
ribosomal RNA gene of L. vannamei was selected as an internal control
to normalize the expression level; its primers (F: TATACGCTAGTGGA
GCTGGAA, R: GGGGAGGTAGTGACGAAAAAT, and Ta: 54°C) were
referenced in the previous study by Zhang et al. [25]. After the mRNA
was reverse transcribed into cDNA, real time PCR was performed in an
ABI 7900 HT Sequence Detection System (ABI, USA) and all of the
samples were performed in triplicate. RT-PCR was carried out in a total
volume of 10 pL, containing 5 uL of 2 X SYBR Green PCR buffer, 0.5 puL
of each primer (10 uM), 5 ng of cDNA and Milli-Q water added to reach

Table 1
Primers used for real-time PCR of the seven genes.
Genes Primer Sequence (5-3') Tm (°C)
name
actin 1 Act-F TCCATCATGAGGTGCGACAT 54
Act-R ATACTCCTCCTTGGTGATCCA
cAMP-dependent protein cpkA-F AGAAGAATGCACGAGAACGA 54
kinase catalytic cpkA-R GCCATGGGATAGATACTGAGC
subunit
Importin-9 Imp-F TGAACACACAGCCACTTTTGT 54
Imp-R AAGAGATGCTGTTTGGAGCA
Spz2 Spz2-F ACAGCCCACCTGACTGTACC 54
Spz2-R ATCGCTACTGACGAGGCAAT
hemolymph clottable CP-F GTGAGAACCATCAGTGTGGAA 54
protein CP-R TCGTACAATTCGGCCTTGAT
apoptosis signal- ASK1-F TCCAGACCATGAGAGCCTACT 54
regulating kinase 1 ASK1-R ACACCCAACTGCTCAGCCA
O-methyltransferase OMT-F ACGCCGACAAGACCAACTA 54
OMT-R AAGCCATCGCCAATCTTGA
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Fig. 1. The distribution of the annotated genes in the 7 public databases.
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Fig. 3. The hierarchical clustering for the differentially expressed genes be-
tween LAV and LV and LA. The red color shows the high expression, and the
blue color represents the down expression. The color from red to blue re-
presents the log10 (FPKM + 1) from large to small.
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a final volume of 10 puL. The PCR cycling parameters as follows: 50 °C
for 2 min, 95 °C for 10 min, followed by 40 cycles of 95 °C for 15s and
60 °C for 1 min. In order to ensure that only one PCR product was
amplified, a dissociation curve analysis was performed for the products
at the end of each PCR reaction. The data were analyzed using com-
parative CT method (2722 CT method) for the expression level of the
genes.

3. Results
3.1. Transcriptome sequencing and assembly

Nlumina sequencing totally generated 434, 245, 734 raw reads,
which were deposited in the Short Read Archive (SRA) of the National
Center for Biotechnology Information (NCBI) with the accession
number of https://www.ncbi.nlm.nih.gov/sra/PRINA507041. The
mean values of the Q20% and Q30% are 96.92% and 92.35%, respec-
tively, and the error rate is 0.02%. After removing the adapter se-
quences, ambiguous nucleotides and low-quality sequences, a total of
424, 956, 014 clean reads were generated through Illumina sequencing.
A total of 63.73 G clean bases were generated from the clean reads, and
the average percentage of GC content for the clean reads was 49.96%.

The clean bases were performed de novo assembly using Trinity
software and assembled into 330,348 transcripts with a total length of
276, 945, 177 nucleotides. The length of the transcripts ranged from
201 bp to 31,943 bp with an average length of 838 bp and N50 of 1609.
These transcripts were subsequently assembled into 194,790 unigenes
that ranged from 201 bp to 31,943 bp with an average length of 1217
bp and N50 of 1983. N50 length is defined as the contig length L for
which 50% of all bases in the sequences is in contigs of length less than
L. The total length of the unigenes is 237, 120, 622 bp, which covered
85.92% of the length of transcripts.

3.2. Functional annotation of unigenes

After removing the low-quality and short-length sequences, an an-
notation analysis was performed on the remaining 194,790 non-re-
dundant unigenes by matching sequences against the 7 public data-
bases. The distribution of the annotated genes in the 7 public databases
are summarized in Fig. 1. The highest percentage of unigenes was an-
notated in the GO database (83,054, 42.63%), followed by the Pfam
database (82,401, 42.30%) and the Nr database (67,052, 34.42%). The
Venn diagram for the annotated genes in the top five public databases
(Fig. 2) showed that many genes are simultaneously annotated in dif-
ferent databases, and part of the genes were annotated only in one
database. Overall, there were 4.48% of the genes annotated in all of the
databases, and 53.13% of the genes were annotated in at least one
database.

3.3. Differential expressed genes

A total of 526 significantly differentially expressed genes (DEGs)
were observed in LAV compared to LV and LA, containing 67 genes
uniquely expressed in the LAV group and 270 genes uniquely expressed
in the LV and LA groups. In addition, 21 and 150 genes were down-
regulated and up-regulated in the LV_AV group, respectively. The
global expression of the DEGs were further estimated by a hierarchical
cluster analysis according to the relative expression level among LAV,
LV and LA. The hierarchical clustering of the DEGs provided an in-
tuitive way to display the clustering patterns of the DEGs among the
three groups, which showed that the expression pattern of the DEGs in
LAV was distinguishable from that in LV and LA (Fig. 3).

Among the 526 DEGs, 421 (78.69%) genes were annotated in the
public databases. We pay more attention for the DEGs with strong
homologies to the functional reported genes, so verify their function in
the public reports by searching and reading their published articles.
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Table 2
List of some candidate genes have homologies with reported genes.
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NR Description FPKM (LAV) FPKM (LV) FPKM (LA) Reported functions

Ectropic viral integration site 2A protein (EVI2A) 127.80 0.18 0.00 Pathogen invasion

vitelline membrane outer layer protein I-like protein 169.04 0.00 0.00 Pathogen invasion

Importin-9 4.00 0.00 2.70 Pathogen invasion

Ankyrin repeat protein 1.13 0.00 0.24 Pathogen adhesion

oligoribonuclease 15.59 0.00 3.90 Required for pathogenesis

Adenylate cyclase associated (CAP) N terminal 1.30 0.25 0.00 Increase the pathogenicity

Herpesvirus latent membrane protein 1 (LMP1) 17.78 0.00 3.36 Inhibit host antiviral defense of necroptotic pathway
cathepsin C 7.27 0.50 0.13 Activate inflammatory

E3 ubiquitin-protein ligase Su(dx) 7.92 0.15 0.17 Protein ubiquitination

Histone methylation protein DOT1 34.06 1.22 4.75 Histone methylation

O-methyltransferase 60.09 0.11 0.29 Protein methylation

Apoptosis signal-regulating kinase 1 1.49 0.00 0.16 Pathological apoptosis

Bacteriochlorophyll A protein 4.53 0.00 0.00 Photosynthesis

Apolipophorins 0.00 3.36 11.13 Suppression of bacterial pathogenesis, and virus toxicity neutralization
Heterogeneous nuclear ribonucleoprotein K 0.01 2.92 7.26 Viral multiplication

Cytosol aminopeptidase family 0.00 5.04 3.64 Proteolysis against viral infections

C-type lectin 0.24 5.02 2.59 Resistant to infectious and non-infectious diseases

MHC class I antigen 0.00 2.95 2.17 Antigen processing and presentation for pathogen defense
Paramyosin 7.12 96.00 93.26 Antigen processing by positive regulation of autophagy
mRNA capping enzyme 0.00 2.38 2.95 Inhibit Protein Kinase A activity to maintain homeostasis
ATP synthase FO subunit 6 (mitochondrion) 0.00 3.03 15.44 Antioxidant defense and oxidative damage repair
Mitochondrial proteolipid 0.00 114.07 220.60 Antioxidant defense and oxidative damage repair

NADH dehydrogenase subunit 2 (mitochondrion) 0.00 1.04 4.92 Antioxidant defense and oxidative damage repair
carboxylesterase 0.00 21.63 23.03 Positive regulation of apoptotic process for homeostasis
Bcl-2 0.00 3.71 21.49 Positive regulation of apoptotic process for homeostasis
cytochrome b (mitochondrion) 0.00 1.17 5.46 Positive regulation of apoptotic process for homeostasis
cytochrome c oxidase subunit I (mitochondrion) 0.00 1.17 6.00 Positive regulation of apoptotic process for homeostasis
Legumain-like protease precursor 0.29 80.50 95.47 Positive regulation of programmed cell death in defense responses
Rapl GTPase-activating protein 1 0.03 2.80 5.47 Small GTPase mediated signal transduction for immune defense
Cdc42 0.00 4.72 3.04 Small GTPase mediated signal transduction for immune defense
Major Facilitator Superfamily 0.00 1.55 3.50 Protein transmembrane transport for immune defense
Translocation protein Sec62 1.07 21.24 57.41 Protein transport for immune defense

hemolymph clottable protein 0.00 33.11 37.46 Lipid transport for immune defense

T-cell immunomodulatory protein 0.22 2.67 2.95 Immune Defense

Immunoglobulin alpha heavy chain 0.00 2.95 10.87 Immune Defense

innexin 3 0.00 4.40 1.55 Immune Defense

JHE-like carboxylesterase 2 0.00 3.64 2.73 Immune Defense

Small nuclear ribonucleoprotein Sm D3 0.00 10.48 41.30 Immune Defense

Cathelicidin 0.80 15.64 4.71 Defense response

RNA recognition motif. 0.00 7.58 2.12 Stress response

Neuroglian precursor 0.00 4.47 1.09 Maintain epithelial integrity and inhibit tumor invasion
N-glycosylation protein 0.00 3.47 1.48 Protect the proteins against proteolytic degradation, and aggregation
DNA damage-regulated autophagy modulator protein 2 0.00 7.76 2.34 DNA damage repair

Gammaherpesvirus capsid protein 0.00 3.62 3.97 Regulation of transcription

Transcription initiation factor IIF, alpha subunit (TFIIF-alpha) 2.55 8.67 6.08 Regulation of transcription

Bacterial regulatory helix-turn-helix proteins, AraC family 0.00 88.30 10.59 Regulation of transcription

Eukaryotic translation initiation factor 3 0.00 24.10 33.74 Regulation of transcription

Zinc-finger of the MIZ type 0.00 5.00 23.18 Regulation of transcription

Taurine transporter 1.38 34.69 72.29 RNA-dependent DNA replication

RF-1 domain 0.00 8.16 2.70 Regulation of translational termination

FPKM, the expected number of Fragments Per Kilobase of transcript sequence per Millions base pairs sequenced. For the transcriptome analysis in the species without
genome reference, it is suggested that FPKM > 0.3 represents gene is expressed. The number with bold style presents the genes uniquely expressed.

Information for the 50 DEGs that have strong homologies with reported
genes were listed in Table 2, showing that 8 up-regulated DEGs
(61.54%) were uniquely expressed and 32 down-regulated DEGs
(86.49%) were lost expressed in the LAV group. According to the public
functional reports, the up-regulated DEGs mainly involved in the
fowling functions: (1) increasing pathogen adhesion and invasion; (2)
necessary for pathogenesis and increasing pathogenicity; (3) inhibiting
host antiviral defense; (4) activating inflammatory and pathological
apoptosis; and (5) increasing protein modification (such as ubiquiti-
nation and methylation), etc. The down-regulated DEGs mainly in-
volved in the fowling functions: (1) favoring viral multiplication; (2)
inhibiting antigen processing and presentation for pathogen defense,
and resistance to infectious and non-infectious diseases; (3) inhibiting
antioxidant defense and oxidative damage repair, and positive regula-
tion of apoptotic process for host homeostasis; (4) inhibiting DNA da-
mage repair; (5) inhibiting transcription and protein transport, etc.
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3.4. Functional enrichment analysis of GO and KEGG pathways

For the DEGs detected in LAV group compared to LV and LA, the
main molecular functions they exercise were identified by enrichment
analysis of GO and KEGG pathway. A total of 4 significantly changed
GO terms (q value < 0.05) were obtained in the DEGs (Fig. 4), among
which one and three terms were classified into the categories of mo-
lecular function and biological process, respectively. The changed GO
terms were G-protein coupled receptor kinase activity (GO:0004703),
termination of signal transduction (GO:0023,021), termination of G-
protein coupled receptor signaling pathway (G0:0038,032), and nega-
tive regulation of G-protein coupled receptor protein signaling pathway
(GO:0045,744).

Excepting for the replicates of unigenes that were enriched to dif-
ferent GO terms and after eliminating the different unigenes that as-
signed to the same reference gene, two genes were observed in the 4
significantly changed GO terms, which were cAMP-dependent protein
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Fig. 4. The top thirty GO terms obtained in the differentially expressed genes, and * represents the significantly difference among LAV, LV and LA groups at q
value < 0.05.

Fig. 5. The co-expression network of cAMP-dependent protein kinase catalytic subunit (PRKACB) and G protein-coupled receptor kinase (GRK) for inflammation
according to the human database.
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Table 3
List of the genes in significantly changed KEGG pathways.
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Description (Name in pathway)

Pathway name (KO ID)

phosphoinositide 3-kinase (PI3K)
Cdc42 (Cdc42)
1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase classes I and II (PLCB/PLC)

G protein-coupled receptor kinase (GRK)
Serine/threonine-protein kinase pim (Pim-1)
immunoglobulin alpha heavy chain (IgM/IgH/IgG1/BCR)

MHC class I antigen (MHC1)

apolipoprotein A-1 (ApoAl)

ATP-binding cassette sub-family A member 3 (ABCA1), secretory phospholipase A2
(Lipase), Ribosomal protein L3 (FABPpm), apolipoprotein A-IV (ApoA4)

death-associated protein kinase (DAPK), fibroblast growth factor receptor (FGFR3),
interstitial collagenase (MMPs)

cAMP-dependent protein kinase catalytic subunit (GPRK2)

Beta-hexosaminidase subunit beta (3.2.1.52)

GWT1//Fungal tRNA ligase phosphodiesterase domain (2.3.1.78)

NAD+ kinase (2.7.1.23), Cytosolic purine 5’-nucleotidase (3.1.3.5), nucleoside
diphosphate-linked moiety X (3.6.1.22)

Cysteine sulfinic acid decarboxylase (4.1.1.29)

Chemokine signaling pathway (ko04062), AGE-RAGE signaling pathway in diabetic
complications (ko04933)

Chemokine signaling pathway (ko04062), AGE-RAGE signaling pathway in diabetic
complications (ko04933)

Chemokine signaling pathway (ko04062), AGE-RAGE signaling pathway in diabetic
complications (ko04933), African trypanosomiasis (ko05143),

Chemokine signaling pathway (ko04062)

AGE-RAGE signaling pathway in diabetic complications (ko04933)

African trypanosomiasis (ko05143), Allograft rejection (ko05330), Autoimmune
thyroid disease (ko05320)

Allograft rejection (ko05330), Autoimmune thyroid disease (ko05320)

African trypanosomiasis (ko05143), Fat digestion and absorption (ko04975)

Fat digestion and absorption (ko04975)

Bladder cancer (ko05219)

Hedgehog signaling pathway — fly (ko04341)

Glycosphingolipid biosynthesis-ganglio series (ko00604), Glycosaminoglycan
degradation (ko00531), Glycosphingolipid biosynthesis - globo series (ko00603)
Glycosaminoglycan degradation (ko00531)

Nicotinate and nicotinamide metabolism (ko00760)

Taurine and hypotaurine metabolism (ko00430)

kinase catalytic subunit (PRKACB) and G protein-coupled receptor ki-
nase (GRK). The two genes both uniquely expressed in the LV and LA
groups. The gene co-expression network of the two genes were analyzed
using the Online tools Coexpedia (http://www.coexpedia.org/) ac-
cording to the public human database, which showed they mainly in-
volved in inflammation and many diseases. The overview of the co-
expressed genes of PRKACB and GRK involved in inflammation were
displayed in Fig. 5a and Fig. 5b, respectively.

In the enrichment analysis of KEGG pathway for the DEGs, a total of
13 significantly changed pathways were detected. After eliminating the
replicates of unigenes that were enriched to different KEGG pathways
and the different unigenes that assigned to the same reference gene, 22
DEGs were identified from the 13 significantly changed KEGG pathways
(Table 3).

The network diagram of these KEGG pathways showed that the
DEGs were at the critical nodes and were significantly down regulated
in the LAV group compared to the LV and LA groups. According to the
illustration of the pathways, they mainly lead to the following effects:
(1) immunosuppression, anemia, endocrine dysfunction, apoptosis,
blood-brain barrier penetration, neuroinvasion, circadian disturbance,
neurotoxic effect, and parasite traversal (Fig. 6a); (2) apoptosis, ne-
crosis, and thyroid disorder (Fig. 6b); (3) allograft destruction (Fig. 6¢);
(4) affecting angiogenesis and cell cycle (Fig. 6d); (5) cell hypertrophy,
mesangial matrix expansion, angiogenesis, thrombogenesis, inflamma-
tion, atherosclerosis, apoptosis, and vascular remodeling (Fig. 6e); (6)
reducing lymph transferred to blood stream (Fig. 6f); (7) cytokine
production, cellular growth and differentiation, cell survival, migration,
apoptosis, chemotaxis, cellular shape changes, metestasis, degranula-
tion, ROS production, and NO induction (Fig. 6g).

3.5. Validation of RNA-seq results by real-time PCR

For the seven differentially expressed genes that were selected for
validation of the Illumina sequences by real-time PCR analysis, their
quantitative results were all consistent with the results of the RNA-seq
technology (Fig. 7). According to their public functional reports, they
were potentially involved in immune defense, apoptosis, pathogen ad-
hesion and invasion, and protein methylation. These results confirm the
reliability of RNA-seq and accuracy of the Trinity assembly, which not
only verified the differential expression of the genes from the Illumina
sequencing data, but also validated the reliability of the genes involved
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in the disease occurrence caused by ammonia toxicity. These genes
would be candidates for further research.

4. Discussion

Increased ammonia in the cultured water could inhibit the immune
system and increase pathogen infection severity in aquatic species
[5-8], but little information was available for the mechanism of disease
occurrence caused by ammonia toxicity. In the present study, com-
parative transcriptome analysis was performed to identify genes and
pathways involved in this process, which is the first report on molecular
mechanism of immunosuppression and increase pathogen infection
severity from ammonia toxicity in aquatic species.

In the present study, 78.69% of the DEGs were annotated in the
public databases, and we summarized their functions according to the
published articles. For the significantly up-regulated DEGs in the LAV,
they were necessary for pathogenesis and could increase the patho-
genicity by increasing the pathogen invasion, adhesion and multi-
plication, inhibiting host antiviral defense of necroptotic pathway, ac-
tivating inflammatory, and increasing the protein modification (such as
ubiquitination and methylation), etc. Majority of the up-regulated DEGs
were uniquely expressed in the LAV group, and a few examples for their
functions are provided below. Ectropic viral integration site belongs to
the three amino acid loop extension family of homeodomain-containing
proteins, and its key roles were documented in disease formation and
normal development [26]. The adenylate cyclase-associated protein
(CAP) positively regulates the adenylate cyclase, and Takach and Gold
[27] revealed that the CAP could increase the pathogenicity of the
pathogen. Oligoribonuclease (Orn) is a 3’ to 5’ exonuclease that de-
grades nanoRNAs, which can serve as primers for transcription initia-
tion at a significant fraction of promoters, and Chen et al. [28] de-
monstrated an essential role of Orn in the pathogenesis of Pseudomonas
aeruginosa. Cathepsin C is a ubiquitously expressed lysosomal cysteine
exopeptidase belonging to the papain family of cysteine peptidases, and
its essential role is to activate the pro-inflammatory proteases, leading
to tissue damage and triggering chronic inflammation [29]. Necroptosis
is an alternative programmed cell death pathway that is unleashed in
the absence of apoptosis, which has recently been implicated in host
defense system to eliminate pathogen-infected cells. However, some
viral species have evolved mechanisms (such as encoding latent mem-
brane protein 1) inhibiting necroptosis to overcome host antiviral
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represents the genes were down-regulated.

defense, which is important for successful pathogenesis [30].

For the significantly down-regulated DEGs in the LAV, they would
reduce the ability of suppression of bacterial pathogenesis and pro-
teolysis against viral infections, inhibition of viral multiplication, an-
tioxidant defense and oxidative damage repair, DNA damage repair,
protein transport, and regulation of transcription, etc. Majority of the
down-regulated DEGs were lost expressed in the LAV group, and a few
examples for their functions are also provided below. Apolipoproteins
are increasingly recognized to be functioning in the innate immune
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systems of animals, and it was revealed play roles in suppression of
bacterial pathogenesis and virus toxicity neutralization [31]. The
Hedgehog (Hh) signaling pathway is essential for tissue homeostasis in
many species, and dysregulation of Hh signaling has been implicated in
a large number of human disorders, but mRNA capping enzyme posi-
tively regulates Hh signaling activity to maintain homeostasis [32]. In
addition, the Hh signaling pathway in the present study was also sig-
nificantly down regulated (Table 3). The inhibition of protein synthesis
is achieved by a reduced initiation of translation through the
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inactivation of eukaryotic initiation factors [33], but some DEGs in-
volved in regulation of transcription (such as eukaryotic translation
initiation factor 3, Zinc-finger of the MIZ type, gammaherpesvirus
capsid protein, and bacterial regulatory helix-turn-helix proteins, etc.)
were lost expressed in the LAV group. The functions of more other DEGs
could be found in Table 2.

According to the public functional reports, many of the enriched
DEGs mainly involved in apoptosis process. Apoptosis plays two op-
posite functions in the organism, one is positive function and the other
is pathological function. In the positive function, apoptosis is an es-
sential role in animal development, homeostasis, etc. [34]. In crusta-
cean, regulation of the intrinsic pathway of positive apoptosis re-
presented a prerequisite to survive harsh environmental insults. Pro-
apoptotic stimuli for crustaceans include UV radiation, environmental
toxins, and a diatom produced chemical that promotes apoptosis in
offspring of a copepod. Mechanisms that serve to depress apoptosis
include the inhibition of caspase activity by high potassium in en-
ergetically healthy cells, alterations in nucleotide abundance during
energy-limited states like diapause and anoxia, resistance to opening of
the calcium-induced MPTP, and viral accommodation during persistent
viral infection [35]. In the enriched DEGs, the important genes involved
in positive apoptosis, such as Bcl-2, carboxylesterase, cytochrome b,
cytochrome ¢ oxidase subunit I, and legumain-like protease precursor
[35], were lost expressed in the LAV group (Table 2), indicating that the
positive regulation of apoptotic process for shrimp to survive harsh
environmental insults was inhibited by ammonia stress. However, in its
pathological function, apoptosis is a pivotal process in the pathogenesis
of multiple diseases [36]. For example, apoptotic control lymphocyte
overproduction protects against autoimmunity, but helper T cell may be
programmed for suicide in a disease rather than an immune response
[36]. Among the enriched DEGs, apoptosis signal-regulating kinase 1
(ASK1) involved in pathological apoptosis was uniquely expressed in
the LAV group (Table 2). ASK1 is a mitogen-activated protein (MAP)
kinase which activates the c-Jun N-terminal kinase (JNK) and p38 MAP
kinase pathways and is required for cytokine- and stress-induced
apoptosis [34], which is a pivotal component of a signaling pathway
induced by many death stimuli [37].

The enrichment analysis of KEGG pathways enabled to get the
functional overview for the DEGs. The network diagram showed that
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the DEGs were at the critical nodes of the pathways (Fig. 6), indicating
they play important roles in these metabolic pathways. We paid more
attention on the DEGs enriched in these KEGG pathways. The functions
of some of these DEGs are provided below. According to the previous
reports, GRKs (G protein-coupled receptors) widely exist in fungi,
plants, invertebrates and mammals [38], which involved in many
physiological processes, such as cellular metabolism, inflammatory and
immune responses [39,40]. In mammals, the immune function of GRKs
has been widely investigated [41,42]. In crustacean, a putative GRK
was identified from red swamp crayfish (Procambarus clarkia), and re-
vealed it was an important immune molecule in P. clarkia to defend
against bacterial infection [43]. So the lost expression of GRK in LAV
group might played an important role for immunosuppression by am-
monia toxicity in shrimp. The IgG-like protein (immunoglobulin heavy
chain) have been identified in L. vannamei and revealed it plays a sig-
nificant role in innate defense [44], but it was lost expressed in the LAV
group. Significant adhesive interactions exist between the plasma
membrane and the cytoskeleton of the cells, which ensure the cells to
perform their important functions, and the phosphatidylinositol-4, 5-
bisphosphate 3-kinase (PI3K) as a second messenger regulates the cy-
toskeleton-plasma membrane adhesion [45]. However, PI3K was lost
expressed in LAV group. Apolipoprotein A (ApoA) were major high
density lipoprotein apoproteins, and lymph was important for protects
against autoimmunity, so the lost expression of ApoAl and ApoA4 in
the LAV group inhibits the lymph transferred to blood stream for im-
mune defense. MHC class I antigen (MHC1) present peptides at the cell
surface to CD8* T cells, and plays an important role in the immune
system [46]. The lost expression of MHCI in the LAV group reduce the
ability for removal of foreign bodies and apoptosis. The Cdc42 is one of
the Ras-related GTP-binding proteins that control the assembly and
disassembly of the actin cytoskeleton in response to extracellular sig-
nals [47]. The lost expression of Cdc42 in the LAV group reduced the
functions of migration, chemotaxis, cellular shape changes, metestasis,
degranulation, and ROS production. The ATP-binding cassette (ABC)
superfamily of genes encode membrane proteins that transport a di-
verse set of substrates across membranes [48]. The lost expression of
ABCAL in the LAV group inhibits the lymph transferred to blood stream
for protects against autoimmunity.



X. Lu, et al.

5. Conclusion

Overall, the present study represents the first analysis for molecular
mechanism of immunosuppression and increasing pathogen infection
severity caused by ammonia toxicity in aquatic species. The interesting
founding is that among the 526 significantly differential expressed
genes (DEGs), 270 DEGs were lost expressed and 67 DEGs uniquely
expressed in the LAV group compared to the LV and LA groups. In
addition, 13 pathways were detected to be involving in the process of
immunosuppression and increasing pathogen infection severity. The
involved genes and pathways could increase the pathogenicity by in-
creasing pathogen adhesion, invasion and multiplication, in-
flammatory, and protein methylation and ubiquitination. In addition,
they could reduce the host ability of suppression of bacterial patho-
genesis and proteolysis against viral infections, antioxidant defense and
oxidative damage repair, DNA damage repair, positive regulation of
apoptotic for host homeostasis, protein transport and regulation of
transcription, etc. The present results is a prerequisite for better un-
derstanding the molecular mechanism of disease occurrence from am-
monia toxicity.
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