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ARTICLE INFO ABSTRACT

Mastacembelus armatus, also known as the zigzag eel, is an economically important species of freshwater fish that
is very popular with consumers as a high-grade table fish in China. Recently, the wild population of this fish has
declined gradually due to overfishing and various types of ecological imbalance. Meanwhile, the aquaculture of
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Transcriptome this spiny eel has flourished in southern China. To understand the immune response of zigzag eel to Aeromonas
Differentially expressed gene . . . . . o s c 1. .

I veronii, we carried out transcriptome sequencing of zigzag eel spleens after artificial bacterial infection. After
mmune

assembly, 110,328 unigenes were obtained with 44.42% GC content. A total of 27,098 unigenes were suc-
cessfully annotated by four public protein databases, namely, Nr, UniProt, KEGG and KOG. Differential ex-
pression analysis revealed the existence of 1278 significantly differentially expressed unigenes at 24 h post in-
fection, with 767 unigenes upregulated and 511 unigenes downregulated. After GO and KEGG enrichment
analyses, many immune-related GO categories and pathways were significantly enriched. The typical sig-
nificantly enriched pathways included toll-like receptor signaling pathway, cytokine-cytokine receptor inter-
action and TNF signaling pathway. In addition, 40,027 microsatellites (SSRs) and 52,716 candidate single nu-
cleotide polymorphisms (SNPs) were identified from the infection and control transcriptome libraries. Overall,
this transcriptomic analysis provided valuable information for studying the immune response of zigzag eels
against bacterial infection.

armatus, this species is very popular with consumers as a high grade
table fish [2,3]. Meanwhile, M. armatus is also popular as an aquarium

1. Introduction

Mastacembelus armatus, also known as the zigzag eel, is an eco-
nomically important inland water species belonging to the
Mastacembelidae family in the Synbranchiformes order [1]. The species
usually inhabits in streams and rivers with sand, pebble or boulder
substrates [2]. M. armatus is mainly distributed in southern China in-
cluding Yunnan, Guizhou, Guangxi, Guangdong, Fujian and Hainan
provinces. Due to the good flavor and high nutritional value of M.

fish in Asian countries owing to its beautiful skin texture [3]. However,
the wild population of M. armatus has declined gradually in recent years
due to overfishing and environmental disruption. According to the
ministry of agriculture of the People's Republic of China, three national
aquatic germplasm resource reserves of zigzag eels have been estab-
lished to intensify conservation efforts. Recently, consumer demand for
high-quality aquatic products is growing fast, and the scale of zigzag eel

Abbreviations: SSR, Microsatellite; SNP, Single nucleotide polymorphism; LB, Luria-Bertani; PBS, Phosphate buffered saline; GO, Gene ontology; KOG, EuKaryotic
Orthologous Group; KEGG, Kyoto Encyclopedia of Genes and Genomes; FDR, False discovery rate; TPM, Transcripts per million; gqRT-PCR, Quantitative real-time
PCR; TLR, Toll-like receptors; IL, Interleukin; TNF, Tumour necrosis factors; NF-kB, Nuclear factor kappa-B; NFKBIA, NF-kappa-B inhibitor alpha; IKKE, Inhibitor of
nuclear factor kappa-B kinase; CSF, Colony stimulating factor; TGF, Transforming growth factor
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aquaculture has increased rapidly.

Aeromonas veronii is a gram-negative pathogen that comprises mo-
tile stains and grows well at 35-37 °C [4]. This species has been char-
acterized as a “highly virulent pathogen” that can cause motile aero-
monad septicemia in both fish and mammals [5]. Together with
Aeromonas hydrophila, A. veronii has had devastating effects on the
fishing industries of various fish species and has led to disastrous eco-
nomic losses for farmers [6,7]. A. veronii has been reported to cause
motile aeromonad septicemia in many cultured fish species including
common carp [8], Nile tilapia [9] and rainbow trout [10]. Zhang et al.
[11] isolated 143 bacterial strains from 15 species of diseased fishes in
southern China and found that approximately 56% of the bacterial
strains were A. veronii and 28% were A. hydrophila, indicating that A.
veronii was the primary Aeromonas species infecting freshwater fish in
southern China.

Understanding the immune defense mechanism of zigzag eels
against A. veronii is very important for the control and prevention of
bacterial infection. However, previous studies have mainly focused on
the biology [12-14], histophysiology [15-17] and population genetics
[18] of this species, with only a few studies mentioning immune ana-
lysis [19,20]. Uthayakumar et al. [19] performed a biochemical char-
acterization of the skin mucus of zigzag eels and concluded that the
mucus extracts exhibited higher inhibitory activity than the antibiotic
ampicillin against bacterial and fungal pathogens. Han et al. [20]
suggested that the expression of TLR3 and TLR5M would change sub-
stantially after infection with Vibrio parahaemolyticus. To date, no study
has been performed on the response of M. armatus to A. veronii stimu-
lation.

In recent years, next-generation sequencing technologies have de-
veloped rapidly and transcriptome sequencing technologies have been
widely used for genomic research, identification of functional genes and
gene expression analysis especially in non-model organisms.
Comparative transcriptomic analysis has emerged as a cost-effective
analytical strategy to study immune response against pathogens in
teleost fish [21-23]. For instance, 2900 significantly differentially ex-
pressed genes were identified by comparing an experimental group
infected with A. hydrophila and a control group of common carp [21].
After infection with A. hydrophila, 1104 unigenes were significantly
upregulated and 1304 unigenes were downregulated in golden mahseer
liver, and these genes were mainly involved in immune-related path-
ways [22]. Tran et al. [23] analyzed the transcriptome sequencing re-
sults of blunt snout bream before and after infection with A. hydrophila
and identified 53 significantly differentially expressed unigenes related
to the immune system. To date, there have been no published omics
analyses of zigzag eels.

In this study, we used an Illumina HiSeq 4000 system to analyze the
transcriptomic profiles of zigzag eels after infection with A. veronii.
After assembly and annotation, many functional genes were identified.
In addition, many significantly differentially expressed genes were
identified and were seen to be mainly enriched in immune related GO
categories and pathways. Moreover, a great number of microsatellite
(SSR) and single nucleotide polymorphism (SNP) markers were devel-
oped, which will be useful in population genetic analysis and selective
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resistance breeding. Overall, this study is the first comparative tran-
scriptomic analysis of zigzag eels and systematically describes the im-
mune response against A. veronii infection. The results of this study will
provide valuable information for future genetic and genomic research
on zigzag eels.

2. Materials and methods
2.1. Fish, bacterial challenge and sampling

Healthy M. armatus samples with an average body weight of
30+10 g were purchased from the Zengcheng aquatic products market
in Guangzhou city and maintained in the laboratory at room tem-
perature. During the whole experimental period, all the zigzag eels
were fed bloodworms twice a day (9:00 a.m. and 6:00 p.m.), and two-
thirds of the water in tanks was changed every day. The A. veronii
bacterial strains were obtained from Guangdong Microbial Culture
Collection Center. After scaling up the cultivation using LB broth, the
bacterial concentration was determined by plate-based colony-counting
methods. Approximately 5mL 10'° and 108 CFU/mL bacterial suspen-
sions diluted in PBS were separately prepared for subsequent challenge.

After acclimatization for ten days, 40 healthy zigzag eel specimens
were randomly divided into a control group and an infection group.
Before the actual experiment, we performed three pre-experiments by
injecting the fish intraperitoneally with 200 L of the 10'° CFU/mL
bacterial suspension to confirm that A. veronii injection made healthy
zigzag eel weak or caused death. During the actual experiment, each
fish in the infection group was injected intraperitoneally using 100 uL
of 1.0 x 10® CFU/mL bacterial suspension, and each fish in the control
group was injected in an identical manner with 100 uL of PBS. At 24 h
post-injection, nine fish from each group were randomly divided into
three replicates (three fish per replicate) and then anesthetized using
MS-222 (Sigma, USA). The spleen tissues of the fish were immediately
collected and immersed in RNA Keeper Tissue Stabilizer (Vazyme,
China), kept overnight at 4 °C, and then moved to —20 °C until RNA
extraction.

2.2. Detection of the effect of injection

In our pre-experiment, the three zigzag eels injected in-
traperitoneally with 200 uL of 10'° CFU/mL bacterial suspension all
died by 24 h post-injection, suggesting that A. veronii injection caused
death of healthy zigzag eels. In the actual experiment, the zigzag eels in
the infection and control groups all appeared to behave normally until
48 h post injection with the death of only two specimens observed in
the experimental group by 24 h post-injection.

In addition, we tested the tissue distribution of A. veronii in two
zigzag eels from each group using specific primers designed according
to the 16S rDNA sequence of A. veronii (F: 5-TGCCAGCTGTGACGTTA
CTC-3’, R: 5’-TACTTCTGGTGCAACCCACT-3"). The test results showed
that A. veronii was present in the livers, gills, intestines, spleens and
kidneys of infected fish, while no A. veronii was detected in any of the
examined tissues of control fish (Fig. 1). Furthermore, we selected some
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Fig. 1. Electrophoretic analysis of A. veronii in different tissues of M. armatus in the control and infection groups.
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PCR products with bands corresponding to the target gene to perform
DNA sequencing. As expected, BLAST analysis revealed that all the
obtained sequences matched with the 16S rDNA sequence of A. veronii.

2.3. RNA extraction, cDNA library construction and illumina sequencing

The total RNAs from the spleen of each fish was extracted according
to the manufacturer's instructions for the RNA Isolater Total RNA
Extraction Reagent (Vazyme, Nanjing). The integrity and quality of the
total RNA were monitored using an Agilent 2100 bioanalyzer. As
mentioned above, equal quantities of RNA from each fish from one
replicate were pooled and triplicate of RNA samples from the experi-
mental and control groups were generated and used for cDNA library
construction.

Sequencing libraries were constructed using the NEBNext” Ultra™
RNA Library Prep Kit for Illumina® (NEB, USA) following the manu-
facturer's instructions. First, total RNA was purified using oligo(dT)
attached magnetic beads to enrich poly(A) mRNA. Second, the obtained
mRNAs were fragmented into small pieces using the NEBNext
FirstStrand Synthesis Reaction Buffer (5x). Then, first-strand cDNA
was synthesized using M-MLV Reverse Transcriptase and a random
hexamer primer, and the second cDNA strand was synthesized using
DNA polymerase I and RNase H. Subsequently, the synthesized double-
stranded cDNAs were purified using the QIAquick PCR Purification Kit
(Qiagen, Germany), subjected to end-repair, and addition of poly (A),
ligated to the sequencing adaptors. PCR amplification was performed to
enrich the purified cDNA. Finally, the cDNA libraries were sequenced
using an Illumina HiSeq 4000 system.

2.4. Assembly and annotation

Raw reads were trimmed to generate clean reads after removing the
adaptor sequences, repeated reads and low-quality reads. The obtained
clean reads were assembled using Trinity software with default para-
meters [24] for de novo transcriptome assembly. Then, the reads were
mapped back to the contigs. The contigs from the same transcript and
the distances between the contigs could be detected based on paired-
end reads. Subsequently, scaffolds were further generated by con-
necting the contigs with the unknown sequences between contigs re-
presented by N. Finally, the gaps between the scaffolds were filled to
generated unigenes.

All obtained unigenes were searched against the NCBI Nr, UniProt,
KOG and KEGG public databases using BLAST similarity search with an
E-value threshold of 1.0E-5. Based on the Nr annotation, Blast2GO
software was used to obtain GO annotations of the unigenes [25].
Furthermore, the WEGO web tool (http://wego.genomics.org.cn/
cgibin/wego/index.pl) was used to obtain GO functional classification
at the macro level [26]. In addition, the KOG database was also used to
predict and identify the functional categories of the unigenes (https://
www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).  Finally, = KEGG
pathway mapping was performed to determine pathway assignments
[27].

2.5. Identification of differentially expressed genes and enrichment analysis

The expression levels of the unigenes were determined by mapping
the clean reads from different libraries back to the transcriptome as-
sembly using Bowtie 2 software [28]. The TPM (transcripts per million)
method was used to calculate the expression levels of the unigenes from
different replicates. The false discovery rate (FDR) was calculated and
used to determine the threshold of the P-values. The significantly dif-
ferentially expressed genes between the experimental and control
groups were determined with an FDR <0.05 and an absolute value of
logoratio =1. Heat map analysis was performed using OmicShare, a
free online platform for data analysis (http://www.omicshare.com/
tools).
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GO classification and KEGG analysis of the differentially expressed
unigenes were performed to further understand the detailed functional
attributes of the genes using the hypergeometric distribution test. The
obtained GO categories with p < 0.05 and pathways with g-value <
0.05 were defined as significantly enriched GO classifications and
KEGG pathways.

2.6. Quantitative real-time PCR

To validate the reliability of our transcriptome sequencing data, a
total of 14 differentially expressed immune related genes were selected
randomly for quantitative real-time PCR (qQRT-PCR) analysis. Specific
primers were designed using Primer Premier 5.0 based on the sequences
of 14 differentially expressed immune-related genes and [-actin (Table
S1). The template cDNAs used for qRT-PCR analysis were the same as
those used for library construction. Each qRT-PCR amplification was
carried out using AceQ qPCR SYBR Green Master Mix (Vazyme,
Nanjing) on a LightCycle 480 system according to manufacturer's in-
structions. The qRT-PCR profiles included an initial denaturation step at
95 °C for 2 min, followed by 40 cycles of 95 °C for 10s, 60 °C for 20s
and 72 °C for 20 s. Dissociation curve analysis was performed following
each PCR reaction to confirm only one target product was amplified. All
reactions were performed in triplicate wells. The obtained results were
normalized using B-actin and the comparative CT method (2 AACTy
[29]. In addition, several TLRs identified from our transcriptome data
were also selected to analyze the expression pattern after bacterial in-
fection at different time points (12, 24 and 48 h).

2.7. SSR detection and SNP calling

In our transcriptome sequencing data, all the potential SSR motifs
were searched against all the unigenes using MISA (http://pgrc.ipk-
gatersleben.de/misa/) [30]. The mono-to hexanucleotide repeats with
at least four repeat units were all considered to be SSR motifs. Primers
were also designed for most SSRs using Primer 3 [31]. Putative single
nucleotide polymorphisms (SNPs) were detected using SOAPsnp soft-
ware by mapping against all reference unigenes [32]. The transition
and transversion counts were also calculated.

3. Results
3.1. Transcriptome sequencing and assembly

Three duplicate spleen samples of spleen from both the control
group (MC) and the A. veronii-infected experimental group (MA) were
sequenced at 24 h post injection using Illumina-based transcriptome
sequencing. After quality control and data filtering, each sequencing
library generated more than 24 million clean reads, with Q30 greater
than 90% (Table 1). Raw sequencing reads were submitted to the NCBI
transcriptome shotgun assembly (TSA) database under the accession
numbers: SRR7125338, SRR7125339, SRR7125340, SRR7125341,
SRR7125342, and SRR7125343.

A total of 110,328 unigenes were generated via transcriptome

Table 1
Summary of transcriptome sequencing results.
Samples Read Number of bases Number of Q30 (%) Number of
length (bp) clean reads detected
(bp) gene
MC1 150 8,905,755,900 29,685,853 93.53 62,955
MC2 150 7,398,657,600 24,662,192 91.78 58,063
MC3 150 7,645,004,400 25,483,348 91.51 56,752
MA1 150 7,390,300,800 24,634,336 91.70 56,411
MA2 150 8,509,326,000 28,364,420 90.63 56,293
MA3 150 8,432,755,500 28,109,185 91.545 54,643
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Table 2
Summary of assembled unigenes obtained from tran-
scriptome analysis.

Description Number
Unigenes 110,328
Total length (bp) 106,589,793
Average length (bp) 966

N50 2420

Max length (bp) 25,983

Min length (bp) 201

GC (%) 44.42

assembly, with an N50 length of 2420 bp. The minimum and maximum
lengths of the unigenes were 201 and 25,983 bp, respectively, and the
GC content was 44.42% (Table 2). The length distribution of the uni-
genes showed that 52,995 unigenes (48.03%) had lengths ranging from
301 to 1000 bp (Fig. S1).

3.2. Annotation of all unigenes

Out of 110,328 unigenes, 27,098 (24.56%) were successfully an-
notated using the BLASTx algorithm against Nr, UniProt, KEGG and
KOG databases, while 83,230 (75.44%) were not annotated. Among
these unigenes, 26,669 (24.17%) were annotated by UniProt and
26,215 (23.76%) were in the Nr database. In addition, 11,710 (10.61%)
unigenes were annotated by all four public protein databases (Fig. S2).

(A) E-value Distribution

M le-50<=evalue<le-10
M le-100<=evalue<le-50
1 le-150<=evalue<le-100

H O<=evalue<le-150

(C) Identity Distribution
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Moreover, the E-values, identities and scores of the unigenes assigned
by the Nr database were calculated. The E-value distribution showed
that approximately 73% of the annotated unigenes were significantly
homologous to the deposited sequences (with E-values less than 1.0E-
50), with the remaining 27% exhibiting E-values ranging from 1.0E-50
to 1.0E-10 (Fig. 2A). The score distribution showed that 4576 (17%)
unigenes had scores greater than 1000, and 18,848 (72%) had scores
between 100 and 1000 (Fig. 2B). The identity distribution demon-
strated that approximately 75% of the annotated unigenes exhibited
identities greater than 75%, with only 4% exhibiting identities less than
50% (Fig. 2C). In addition, the distribution of BLASTx top-hit species
showed that 14,001 unigenes (51.67%) matched with sequences from
Lates calcarifer, which had the highest match ratio (Fig. 2D).

For functional classification, all the assembled unigenes were fur-
ther assigned to GO, KOG and KEGG categories. In the GO classification,
20,780 unigenes were categorized into 47 GO terms belonging to three
domains: biological process, cellular component and molecular func-
tion. The detailed annotation revealed that the top clustered class was
binding (10,632, 51.16%), which was followed by cellular process
(9768, 47.01%), metabolic process (7525, 36.21%), catalytic activity
(7246, 34.87%) and membrane part (7035, 33.85%). In addition, 816
(3.93%) and 240 (1.15%) unigenes were assigned to response to sti-
mulus and immune system process, respectively (Table S2).

A total of 15,219 unigenes were aligned to 25 functional categories
in the KOG database. As shown in Fig. 3, the largest category was
General function prediction only, containing 2656 unigenes (17.45%),
which was followed by Signal transduction mechanisms (2227,

(B) Score Distribution
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Fig. 2. E-value (A), score (B), identity (C) and species (D) distribution based on the Nr database.
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14.63%), Function unknown (1186, 7.79%) and Posttranslational
modification, protein turnover, chaperones (1147, 7.54%). Only 9
unigenes were assigned to Nuclear structure.

The KEGG database was used to classify the biological pathways of
unigenes. A total of 16,523 unigenes were annotated by this database
and further categorized into 46 level-2 KEGG pathways and 387 level-3
KEGG pathways. Among the 46 level-2 KEGG pathways, Signal trans-
duction was the predominant category containing 2818 unigenes,
which was followed by Global and overview maps (1635, 9.9%),
Cancers: Overview (1608, 9.73%) and Immune system (1370, 8.29%)
(Table S3). The predominant level-3 KEGG pathway was Metabolic
pathways (1574, 9.53%), which was followed by Pathways in cancer
(831, 5.03%) (Table S4).

3.3. Differential expression analysis

In this study, a total of 1278 unigenes (1882 contigs) with
FDR < 0.05 and absolute value of log,ratio =1 were identified as dif-
ferentially expressed genes. Among these genes, 757 unigenes (1248
contigs) were upregulated in the infection group while 511 unigenes
(636 contigs) were downregulated (Table S5). In addition, a heatmap
was generated to visualize the expression levels of the differentially
expressed genes in six transcriptome sequencing samples (Fig. 4). The
cluster analysis showed that there was a large difference in overall
expression pattern between the MA and MC groups. After infection,
most genes were upregulated with a handful of genes exhibiting
downregulation in three duplicates of experimental group.

To further understand the detailed functional classification of these
differentially expressed genes, GO and KEGG enrichment analyses were
performed for these genes. According to the GO analysis, 1148 unigenes
were grouped into 43 GO terms (Fig. 5). The top five clustered classes
were binding (563), cellular process (485), membrane part (435), cat-
alytic activity (404) and metabolic process (379). Out of the 43 GO
terms, six terms were significantly enriched (p < 0.05) primarily ex-
tracellular region part (38), immune system process (30), response to

stimulus (67), multi-organism process (10) and locomotion (19) (Table
S6).

In the KEGG annotation, a total of 838 unigenes were included in 44
level-2 KEGG pathways. As shown in Fig. 6, Signal transduction was the
largest category containing 167 unigenes, which was followed by
Cancers: Overview (107), Immune system (106) and Infectious diseases:
Viral (88). Moreover, the differentially expressed genes were also as-
signed to 328 level-3 KEGG pathways. Metabolic pathways was the
predominant category (82); however many immune-related pathways
also exhibited unigene enrichment, including Pathways in cancer (57),
HTLV-I infection (36), Cytokine-cytokine receptor interaction (35),
Human papillomavirus infection (33). Moreover, many differentially
expressed genes were also enriched in other important immune-reg-
ulation pathways, such as the NOD-like receptor signaling pathway,
MAPK signaling pathway, Jak-STAT signaling pathway and NF-kappa B
signaling pathway (Table S7). In addition, the results of the significance
test for these pathways revealed that 16 pathways were significantly
enriched (Q-value < 0.05), and all of these pathways including toll-like
receptor signaling pathway, cytokine-cytokine receptor interaction and
TNF signaling pathway, participated in immune regulation (Table 3). In
addition, some pathways associated with viral disease (HTLV-I infec-
tion) and parasitic disease (Leishmaniasis, Malaria, Chagas disease)
were also significantly enriched (see Table 3).

3.4. qRT-PCR

In this study, we detected 14 immune-related differentially ex-
pressed genes using qRT-PCR analysis to validate the Illumina se-
quencing data. The melting-curve analysis showed that only one pro-
duct was amplified in each PCR. Fold changes deduced from qRT-PCR
and Illumina analyses were compared. As shown in Fig. 7, all the tested
genes showed similar trends in up- or down-regulation in the results of
the qRT-PCR and transcriptome sequencing analyses, which indicated
that the transcriptome sequencing data reflected actual gene expression
profiles in M. armatus infected with A. veronii. Considering that the
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Fig. 4. Heatmap analysis of differentially expressed genes in each sequencing library. Each column represents a sequencing sample and each row represents a gene.
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is referred to the Web version of this article.)

expression levels of TLRs may rely on the length of infection period, we
further analyzed the expression levels of several TLRs at three different
time points after bacterial infection. Among nine TLRs, only TLR5S
were significantly upregulated at 12 and 24h post infection, while
TLR5M was increased a little at 24 h. Furthermore, TLR2, TLR7, TLR14,
TLR21 and TLR23 were all significantly downregulated at 12h post
infection, and then increased gradually at following time points. Only
the expression level of TLR22 did not change significantly at all time
points (Fig. 8).

3.5. Identification of SSRs and SNPs

All the assembled unigenes were used to mine for potential SSR

277

markers (see Table 4). A total of 40,027 SSRs were identified from
27,694 unigenes, and 7672 unigenes contained more than one SSR.
Among these SSRs, mononucleotide repeats were the most abundant
type with 24,608 mononucleotide repeats observed, which was fol-
lowed by di-nucleotide (10,027), tri-nucleotide (3130), tetra-nucleotide
(1743), penta-nucleotide (422) and hexa-nucleotide repeats (97)
(Table 2). The SSRs with mononucleotide repeats all contained more
than ten repeat units and 3802 loci contained 6 repeat units (Table S8).
In addition to mononucleotide repeats, the dominant SSR motifs were
AC/GT (7196) and AG/CT (1480) (Table S9). We also further designed
primers for SSRs with di-to tetra-nucleotide repeats (Table S10).
Furthermore, a total of 52,716 candidate SNPs including 33,672
transitions and 19,044 transversions, were identified from the infection
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Fig. 5. Scatter chart of Gene Ontology classification of differentially expressed genes.

and control transcriptome libraries. As shown in Fig. 9, the different
transition types (A/G, C/T) and transversion types (A/T, A/C, G/T, C/
G) exhibited good agreement, respectively. All the potential SNP mar-
kers require experimental testing to eliminate false positives and se-
quencing errors.

4. Discussion

M. armatus is an economically important freshwater fish in south
China. The wild population of this fish has decreased by the day in
recent years, and aquaculture of zigzag eels has developed rapidly.
However, no study has been performed to elucidate the molecular
mechanism of disease defense in zigzag eels. Recently, de novo tran-
scriptome sequencing has been widely used in teleost fish due to the
low cost and high throughput of this method [21-23]. Comparative
transcriptomic analysis has been widely used as a robust strategy to
understand the physiological response to various stimuli [33]. In this
study, for the first time, comparative transcriptomic analysis was per-
formed to assess the transcriptional response in the spleens of zigzag
eels after infection with A. veronii. In addition, many differentially ex-
pressed genes were found to participate in immune regulation against
pathogen infection.

A total of 110,328 unigenes were obtained in our transcriptome
assembly, with an average length of 966 bp, which is longer than that
reported in spotted halibut (938 bp) [34] and blunt snout bream (692
bp) [23]. However, out of the 110,328 unigenes, 86,391 (78.3%) uni-
genes could not be identified by four public protein databases, and
might represent novel transcripts or invalid sequences due to assembly
error [35,36]. According to GO classification, binding, cellular process
and metabolic process were the predominant categories, as seen in
other fish species, such as miiuy croaker [37] and spotted halibut [34].
Similar to spotted halibut [34], Signal transduction was the most en-
riched category in the KEGG pathway analysis. A total of 1278 (1.16%)
significantly differentially expressed unigenes were identified, which is
much less than the number reported for darkbarbel catfish spleen after
infection with A. hydrophila (27,803, 7.21%) [38]. Among the KEGG
pathways, 16 immune-related pathways were significantly enriched,
including some inflammatory response pathways such as toll-like re-
ceptor signaling pathway, cytokine-cytokine receptor interaction and
TNF signaling pathway, which suggested that the injection of A. veronii
induced a strong inflammatory response in M. armatus spleen.

Toll-like receptors (TLRs) are important pattern-recognition re-
ceptors that play an important role in the recognition of pathogen-as-
sociated  molecular patterns including lipopolysaccharides,
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Fig. 6. Scatter chart of KEGG pathway enrichment of differentially expressed genes.

Table 3

Significantly enriched KEGG pathways of differentially expressed genes.
KEGG Pathway No. of differentially expressed genes All unigenes annotated in pathway Ratio Q-value
Cytokine-cytokine receptor interaction 35 224 15.63% 1.17E-06
Rheumatoid arthritis 20 97 20.62% 1.21E-05
Hematopoietic cell lineage 19 97 19.59% 3.88E-05
Inflammatory bowel disease (IBD) 16 75 21.33% 6.91E-05
Leishmaniasis 16 90 17.78% 6.65E-04
Toll-like receptor signaling pathway 18 117 15.38% 1.29E-03
Malaria 12 59 20.34% 1.37E-03
Chagas disease 20 159 12.58% 5.55E-03
Allograft rejection 10 50 20.00% 5.55E-03
Antifolate resistance 9 42 21.43% 5.55E-03
Type I diabetes mellitus 11 63 17.46% 7.36E-03
Measles 17 132 12.88% 9.44E-03
HTLV-I infection 36 401 8.98% 1.90E-02
Graft-versus-host disease 8 44 18.18% 2.68E-02
TNF signaling pathway 17 154 11.04% 4.16E-02
Pertussis 13 105 12.38% 4.33E-02

lipopeptides, flagellins, and dsRNAs [39,40]. The TLR gene family can
be activated by infection with Aeromonas, as has been widely reported
in teleost fish such as common carp and blunt snout bream [41,42]. In
this study, the TLR signaling pathway was significantly enriched, ac-
cording to the KEGG enrichment analysis of the differentially expressed
genes. In humans, TLR5 can trigger the MyD88-dependent signaling
pathway and activate the transcription factor Nuclear factor kappa B
(NF-xB), inducing the transcription of proinflammatory cytokines such
as interleukin-1 (IL-1) and tumour necrosis factor alpha (TNF-a) after

flagellin recognition [43]. In our study, TLR5M, TLR5S and down-
stream proinflammatory cytokines, including IL1f3, IL8, IL12 and TNF
2, were significantly upregulated in the spleens of zigzag eels after in-
fection with A. veronii (Fig. S3), which suggested that TLR5M and
TLR5S participate in the recognition of A. veronii and activate the
MyD88-dependent signaling pathway in the spleens of zigzag eels. Be-
sides, according to the transcriptome and qPCR results, the expression
of TLR5S was higher than TLR5M at 24 h post infection. The qPCR
results at three different time points also showed that TLR5S had
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Table 4

Summary of SSR identification.
Description Number
Total number of sequences examined 110,328
Total size of examined sequences (bp): 106,589,793
Total number of identified SSRs: 40,027
Number of SSR-containing sequences: 27,694
Number of sequences containing more than 1 SSR: 7672
Mononucleotide 24,608
Di-nucleotide 10,027
Tri-nucleotide 3130
Tetra-nucleotide 1743
Penta-nucleotide 422
Hexa-nucleotide 97

already been significantly upregulated at 12h, while TLR5M did not
increase significantly after bacterial infection, which suggested TLR5S
might play a more important role in antibacterial immunity. Then, the
upregulation of some proinflammatory cytokines like IL1(3, IL8, IL12
and TNF 2 further indicated spleen had initiated TLR induced in-
flammatory response to defense against invading organisms. However,
NF-kB inhibitor alpha (NFKBIA) and inhibitor of NF-kB kinase (IKKE),
which can inhibit the expression of proinflammatory cytokines, were
also significantly upregulated in the spleens of zigzag eels. Similar ex-
pression patterns of TLR5, cytokines and NFKBIA have also been ob-
served in blunt-snout bream infected with A. hydrophila [23] and
rainbow brout challenged with Yersinia ruckeri O1 [44]. A previous
study suggested that a strong inflammatory response could cause tissue
damage [45]. Thus, the upregulation of NFKBIA and IKKE might con-
tribute to decreasing inflammatory damage induced by pathogens. It is
well known that TLR2 can recognize lipopeptides and that TLR7 can
bind to single-stranded viral RNA. According to our qPCR analysis at
three time points, TLR2 and TLR7 were first significantly down-
regulated at 12h post infection and then recovered to normal level.
Similarly, downregulation of TLR2 and TLR7 has also been reported in
common carp [41] and large yellow croaker [45] after bacterial in-
fection, which might indicate the expression of TLR2 and TLR7 was
inhibited after bacterial infection. However, TLR7 was found to be
significantly upregulated in large yellow croaker injected with poly
(I:C) [45], which might indicate that TLRs have significantly different
responses to specific and non-specific ligands. TLR14 belongs to the
TLR2 subfamily, which can recognize various microorganism compo-
nents such as bacterial peptidoglycan, lipoprotein, lipopolysaccharide
in mammals [46]. However, little information is known about the
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precise recognition molecule of TLR14 in fish. Our qPCR analysis
showed that TLR14 were significantly downregulated in Zigzag eel after
bacterial infection, while in Paralichthys olivaceus, Edwardsiella tarda
infection increased TLR14 gene expression from 1 to 6 day post infec-
tion [46]. These results suggested that TLR14 might play a different role
in the immune response of Japanese flounder and Zigzag eel, which
need to be further confirmed. Furthermore, the expression levels of
TLR21, TLR22 and TLR23 in zigzag eel were also detected and only
TLR22 did not change a lot after bacterial infection. Previous studies
had demonstrated TLR21 was significantly upregulated by CpG-ODNs,
poly (I:C), pathogenic bacteria and iridovirus [47], and TLR23 was also
suggested to participate in bacterial and viral recognition [48]. It's in-
teresting that TLR21 and TLR23 were significantly downregulated in
zigzag eel after bacterial infection, which might indicate they respond
to bacterial ligands in a different way. Fish TLR22 is usually deemed to
participate in the anti-viral immunity [49,50]. Ahn et al. [48] and our
study showed that TLR22 made no significant response to bacterial
infection, suggesting TLR22 might not contribute to the anti-bacterial
immunity.

Cytokines are soluble extracellular proteins or glycoproteins mainly
including IL, TNF, colony stimulating factor (CSF), chemokines and
growth factors such as transforming growth factor (TGF) [51]. Cyto-
kines not only participate in immune regulation but also play an im-
portant role in the success of the reproductive process [51]. In this
study, cytokine-related pathways such as cytokine-cytokine receptor
interaction and TNF signaling pathway were all significantly enriched.
In addition to upregulation of IL1p, IL8, IL12 and TNF2 in the TLR
signaling pathway, many proinflammatory cytokines and corre-
sponding receptors, such as IL6, IL17, TNF12, CCL4 (CC chemokine
ligand 4), IL2Rf, IL12RpB, IL17RC, IL1R1, and IL1R2, were also sig-
nificantly upregulated (Fig. S4), which demonstrated that a compli-
cated inflammatory response occurred in the process of immune de-
fense against bacterial infection in the spleens of zigzag eels. Among
these cytokines and receptors, IL1f3 and IL8 have also been reported to
be upregulated in miiuy croaker after infection with Vibrio anguillarum
[37]1 and IL6, IL1R1, and IL1R2 of common carp upregulated in re-
sponse to Aeromonas hydrophila infection [21]. In addition, the upre-
gulation of vascular endothelial growth factors (VEGFs) in the spleens
of zigzag eel can promote angiogenesis and increased capillary per-
meability during the inflammatory process [52]. However, IL22 and
TGF- were also upregulated, which could inhibit the inflammatory
response and maintain the balance of immune system to avoid tissue
damage [53,54]. A. veronii has been reported as an opportunistic pa-
thogen participating in gastroenteritis and extraintestinal infections

AT CA CG GC GT TA

transversion

SNP type

Fig. 9. Frequency distribution of SNPs based on different types.
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[7]. The complex pathway of inflammatory bowel disease, character-
ized by chronic inflammation of the gastrointestinal tract, was also
significantly enriched, indicating that ziazag eels could initiate a cor-
responding defensive response in the spleen after infection with A.
veronii. A similar immune response involving TLRs and their down-
stream signaling pathways was also found in fish such as common carp
and blunt snout bream [21,23]. Besides, there were also many differ-
entially expressed genes participating in other immune related path-
ways like viral and parasitic diseases were also found to be significantly
enriched, which indicated that zigzag eels had initiated a comprehen-
sive immune response to resist bacterial invasion.

In conclusion, we performed a comparative analysis of zigzag eel
spleens infected with A. veronii by using Illumina sequencing tech-
nology. A total of 110,328 unigenes were obtained, and 27,098 uni-
genes were successfully annotated by public protein databases, in-
cluding Nr, UniProt, KEGG and KOG. In addition, 1278 unigenes were
identified as differentially expressed genes. Moreover, GO and KEGG
analysis revealed that many GO terms and pathways were involved in
the host immune response mainly including toll-like receptor signaling
pathway, cytokine-cytokine receptor interaction and TNF signaling
pathway. In addition, according to transcriptome data and qPCR ana-
lysis, the expression levels of many TLRs and cytokines that partici-
pating in the inflammatory response changed a lot after A. veronii in-
fection. These results provide us with much valuable information to
better investigate the antibacterial immunity of zigzag eel.
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