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Abstract

Siamese fighting fish (Betta splendens) is one of the popular ornamental fish in
the global trade. The effect of the two probiotic lactic acid bacteria, the Lactobacillus
p/ahtarum strain SGLABO1 and the Lactococcus lactis strain SGLABQ2, isolated from
shrimp gut, on immune parameter of Siamese fighting fish, were evaluated in this study.
Analysis of viable colony count showed that the two probiotic LABs, administered via
oral route as feed supplement, could adhere in the fish gut. Moreover, to generate a de
novo transcriptome for betta fish, lllumina sequencing produced a total 6f 4.46 Gb clean
reads, which were assembled into 71,775 unigenes. 37,694 unigenes were mapped to
44 KEGG pathways including the immune system pathway. The five antimicrobial
peptide gene were successfully identified. The effect of probiotics supplementation on
modulation of the fish immunity was investigated in vivo, and the results showed that
administration of the two probiotics significantly increased the relative mRNA expression
of Piscidin antimicrobiél peptide, suggested that administration of these probiotics could
modulate the immunity in betta fish. This study provides the probiotic supplementation
method and transcriptome data including antimicrobial peptides of b.etta fish, which
were essential for further research of feed biotechnology of ornamental fish in the near

future.
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ABSTRACT

ARTICLE INFO

Siamese fighting fish (Betta splendens) is ;‘one of the most widely cultivated ornamental fish in global trade. How-

Keywords

Trzyn::ﬁpmme ever, transcriptomic data, which ca reveal’ valuable genetic data for disease control and prevention, are ex-
Betta fish tremely limited for this spgme' In this study, whole-body transcriptome sequencing of juvenile betta fish gen-
Antimicrobial peptide erated 4.457 GB of clean and a total of 71,775 unigenes using the Illumina HiSeq4000 platform. These
Immunity unigenes were funcuona]]y classified. «using 7 functional databases, yielding 45,316 NR (63.14%), 47,287 NT

(65.88%), 39,105 Smss‘Prot (54.48%), 16,492 COG (22. 98%), 37,694 KEGG (52.52%), 4,506 GO (6.28%), and
35,374 Interpro (49. 28%) annotated unigenes. Furthermore, we also detected 13,834 S5Rs distributed on 10,636
unigenes and 49,589 predlcted CDSs Based on KEGG analysis, five innate immune pathways (997 unigenes) were
reported, mcludmg the NOD-hke receptor signaling pathway, complement and coagulation cascades, toll-like re-
ceptor 31gna11ng pathway, RIG-I-like receptor signaling pathway and cytosolic DNA-sensing pathway. Moreover,
four annmlcroblal ptide:(AMP) families (hepcidin, piscidin, LEAP-2, and defensins) from the betta fish tran-
scriptome were alsov dennﬁed Additionally, cDNA and genomic DNA of two f-defensins was successfully isolated
from fout: betta fish species. RT-PCR analysis showed that BsBD1 transcripts were most abundant in the muscle
and Iudney and BsBD2. transcripts were most abundant in the gill. The genomic organization showed that the
BD1 and’ BD2 genes consisted of three exons and two introns according to the GT-AG rule. Most importantly,
this.is the ﬁrst report of the betta fish whole-body transcriptome obtained by high-throughput sequencing. Our
'cﬁptomxc data and the discovery of betta fish AMPs should promote a better understanding of molecular
uquOgy for disease prevention for further ornamental fish aquaculture.

1. Introduction

Siamese fighting fish (Betta spléiidens) is“one of the most popular
aquarium fish in the world. In Théiland B. s;ilendens is a very important
ornamental species due to its hlgh economi¢ value from global exports
in aquarium fish markets. To date, Siamese ﬁghtmg fish trade is a devel-

- oping worldwide industry. More ‘than 50% of betta fish originate from
Asian countries, including Thaxland ‘Among the several Betta species,
the most well-known is B. _spléndens (often known as Siamese fighting
fish) [1,2]. The expansion:of the ornamental fish industry worldwide
has caused widespread pathogenic infection, which is a major concern
for the sustainable development of betta fish farming.

However, despite its commercial importance, little is known about
the molecular biology and immune defense of B. splendens. Therefore,
studying the transcriptomes of this species is necessary to better un-
derstand their mole-

cular biology and immunity. Available transcriptomic information could
lead to a better understanding of the molecular mechanisms required for
betta fish to improve their health and to control diseases in this species.
In recent years, increasing occurrences of diseases in betta fish, such as
mycobacteriosis, skin nodule syndrome and big belly syndrome, have
been reported [3-7]. Approaches to minimize disease losses are mainly
based on the use of chemical and antibiotic agents; however, indiscrim-
inate antibiotic use has led to the emergence of the growing problem
of microbial resistance. Thus, studying the genes involved in the betta
fish immune system will help to better understand the innate immune
response in this fish and to prevent pathogenic microorganism invasion.

The innate immune system plays an important role in defense against
pathogens in fish that live in microorganism-rich aquatic conditions.
Antimicrobial peptides (AMPs) are crucial effector molecules that can
play a vital
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{(BIOTEC), National Science and Technology Development Agency (NSTDA), 113 Paholyothin Road, Klong 1, Klong Luang, Pathumthani, 12120, Thailand.

** Corresponding author.

E-mail addresses: piti.amp@biotec.or.th (P. Amparyup); chanprapa.i@chula.ac.th (C. Imjongjirak)

https://doi.org/10.1016/j.151.2020.02.030

Received 16 Octaher 2011G: Rereived in revised form 8 Fehranry 2020: Accented 14 Rehranrv 2020



P. Amparyup etal.
role in the innate immune response and are present in most living or-
ganisms [8]. The first step to discover the key innate immune system
of betta fish is to acquire knowledge of its transcriptomne. High-through-
put technology for RNA sequencing (transcriptome) analysis has been
widely used for the discovery of novel genes in several species of fish
[9]. The transcriptomes of immune genes have been analyzed in several
fish to understand their innate immune mechanisms [10]. To date, more
than 90 AMPs in fish have been reported [11]. According to their struc-
tural conformation, AMPs are classified into five major groups: defensin,
cathelicidin, hepcidin, histone-derived peptides and piscidin. A growing

~number of AMPs have continuously been identified in fishes [12-14].
However, until now, the molecular immune system of betta fish has not
been evaluated. In the present study, we report the transcriptome and
characterization of antimicrobial peptides in betta fish. We anatyzed the
transcriptome profile and identified the main components of pathways
related to the immune system. Based on the transcriptome analysis, we
discovered five innate immune pathways (NOD-like receptor signaling
pathway, complement and coagulation cascades, toll-like receptor sig-
naling pathway, RIG-I-like receptor signaling pathway, and cytosolic
DNA-sensing pathway) and four putative AMP families (hepcidin, pis-
cidin, LEAP-2, and defensins) in betta fish. We analyzed the ¢cDNA and
genomic 6rganization of two $-defensins, the important AMPs in the in-
nate irnmuné system, from four species of betta fish. Our work can pro-
vide important information about the transcriptome and the innate im-
mune genes in betta fish. Identification of AMPs in betta fish will serve
as an important tool to protect ornamental fish aquaculture and will be
the basis for the development of novel AMP agents.

2. Materials and methods

2.1. Samplé collection and preparation for transcriptome analysis

Cultured Siamese fighting fish, B. splendens, with a good swixﬁfnmg -

ability and no clinical signs of infection (one-month-old ]uvemle fish

with a bodyweight of 0.3 g and body length of 0.5 cm) wer purchased i
from a commercial betta fish farm in Samut Prakan Proving Thalland -y

" Fish were acclimatized in the laboratory for two weeks before xpen—
mental manipulation. Fish were fed twice daily with commermal pellet
feed, and their feces were siphoned off before feedmg To. _prepare the
samples for transcriptome analysis, three individual betta: ﬁsh were ran-
domly coilected. These RNA-Seq samples were xmmedlately snap-frozen
and preserved in liquid nitrogen until RNA extraction.For tissue distrib-
ution analysis, the kidney, spleen, liver, gill, gu ‘muscle were sepa-
rately dissected from five individual betta fish (adultfish, 4 months old)
with a bodyweight of 1.9 g and body length of 38 cm ‘and immediately
frozen by liquid nitrogen for tissue dlsmbunon ana1y51s

2.2. RNA isolation, library preparatipzi, 'and s‘équ'enct'jig

RNA sequencing (RNA-Seq) was performé& to investigate and deter-
mine the transcriptome profile. of betta fish B. splendens. Frozen betta
fish samples were removed from’ the hquxd nitrogen storage tank and
finely ground in the preserice:of: hquld nitrogen. Total RNA was ex-
tracted from the whole fish'body samples using TRIzol™ Reagent (In-
vitrogen, Carlsbad, CA, USA) following the manufacturer’s protocol. To-
tal RNA from each tissue samiple was extracted using the RNeasy mini
kit (Qiagen, Hilden,;Germany):according to the manufacturer's proto-
col. The total RNA purity was determined using a NanoDrop spectropho-
tometer (Thermo Scientific, Waltham, MA, USA). The RNA concentra-
tion and integrity were analyzed using a RNA 6000 Nano Kit and an Ag-
ilent 2100 Bioanalyzer (Agilent Technologies, Inc., USA). Illumina ¢cDNA
libraries were constructed from a 1.0 g RNA sample following the man-
ufacturer's protoco! (Illumina, San Diego, CA, USA). The transcriptome
libraries were subsequently sequenced on the Illumina Hiseq4000 plat-
form (Ilumina, San Diego, CA, USA), and 150-bp paired-end reads were
generated at BG, Inc. (China).

“-were searched using fish AMP databases. The cDNA sequences and de-

Fish and Shelifish Immunology xxox (x00x) xo0e-xxx
2.3. De novo assembly and functional annotation

The raw reads obtained using the Humina Hiseq4000 platform were
treated using BGI, Inc. (China) software to remove technical sequences,
including adapters, unknown bases, and I ""'-quality bases (Q < 15).
The clean data were subsequently de novg assembled into contigs and °
unigenes using the Trinity software (version: v2.0.6) and Tgicl (ver-
sion: v2.0.6). Functional annotation was' based on'BLAST searches with
the e-value threshold set at 1e™> agamst several nucleotide and protein
databases, including NCBI nonredundant protem sequence (NR), NCBI
nonredundant nucleotide sequence (N'I'), Swiss-Prot, InterPro, Gene On-
tology (GO), Kyoto Encyclopedia-of Genes and Genomes (KEGG) and
Cluster of Orthologous Groui5§ of proteins (COG). The segment of uni-
genes that best mapped to the functlonal databases in a priority order
of NR, Swiss-Prot, KEGG, and’ COG were selected as CDS. CDS of uni-
genes that could not be aligned with any databases mentioned above
were further predicted.with the’ESTScan software (version: v3.0.2) us-
ing the Blast-predi amodel. Unigenes were screened for SSRs
(Simple Sequence: ts) wsifig the MISA software (version: v1.0).

2.4. Discovery of irmnﬂheerelated genes and antimicrobial peptides

To analyze betta ﬁsh innate immunity according to KEGG tran-
seripton 3 analysls, five innate immune pathways were analyzed: the
NOD hk receptoxy‘v mgnalmg pathway, complement and coagulatlon cas-

d-amino acid sequences of the betta fish AMPs were analyzed using -
the ExPASy program (https://www.expasy.org). The protein structural
c}bmains of the AMPs were predicted using the SMART model (http://
mart.embl-heidelberg.de). The predicted AMPs were further verified by

‘the BLASTP search program (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.5. Identification of B-defensins in betta fish

To characterize the transcripts and genomic organization of §-de-
fensins (B-defensinl and B-defensin2) from four betta fish species in
Thailand, including Betta splendens, B. mahachaiensis, B. imbellis and
B. smaragdina, total RNA was isolated from whole-body juvenile fish
samples from each of these species using Trizol™ Reagent (Invitro-
gen, Carlsbad, CA, USA) according to the manufacturer's protocol. Betta
fish genomic DNA was extracted using the phenol-chloroform extrac-
tion method. Fish species were confirmed by a DNA barcoding approach
based on the mitochondrial cytochrome ¢ oxidase subunit I gene (COI)
gene sequence.

The full-length ORF and genomic DNA sequences of $-defensinl
and B-defensin2 of B. splendens (BsBD1 and BsBD2) were determined
using the primers BsBD1F and BsBDI1R for the BsBD1 gene and BsB-
D2F and BsBD2R for the BsBD2 gene, according to the sequences ob-
tained in this study (Table 1). To identify BsBD1 and BsBD2 in other
betta fish species, including B. mahachaiensis, B. imbellis, and B. smarag-
dina, the primers BsBD1F (or BsBD2F) and BsBD1R (or BsBD2R) were
used to amplify the full ORF and genomic DNA sequences accord-
ing to the full-length ORF ¢DNA of BsBD1 and BsBD2. The primers -
were used to amplify betta fish ¢DNA and genomic DNA with Q5®
High-Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA,
USA) according to the manufacturer's instructions. The PCR parame-
ters were 98 °C for 30 s, followed by 30 cycles of 98 °C for 105, 55 °C
for 30s and 72 °C for 3 min, and 72 °C for 5 min. The amplification
products were loaded onto a 1.5% agarose gel and visualized under
UV light after staining with ethidium- bromide solution. The expected
band was cut and extracted from the agarose gel using the Nucle-
oSpin Gel and PCR Clean-up Kit (MACHEREY-
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Table 1

Nucleotide sequences of the primers used.
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Table 2
Summary statistics of the transcriptome sequencing of B. splendens.

Primer

name Sequence (5-3") Purpose

BsBD1F TGGAGAAATTGTATCAGAAGTGATG Full-length ORF cDNA and
genomic DNA

BsBDIR °  TGGTTCTGTCGCCCATGTCT Full-length ORF cDNA,
genomic DNA and RT-PCR

BsBD2F CCCAAACATGAAGGGCCTGA Full-length ORF ¢DNA,
genomic DNA and RT-PCR

BsBD2R AGAGGCGCTGGTTGAGGAAC Full-length ORF cDNA,

' genomic DNA and RT-PCR

BsBD1Frt TGGTTGTGTTGGTGCTTGTGG RT-PCR

BsActinF AGGCTGTGCTGTCCCTGTAT RT-PCR

BsActinR GAAGGAGTAGCCACGCTCTG RT-PCR

NAGEL GmbH & Co. KG, Germany). The purified DNA fragments of the
two B-defensins from four species of betta fish were cloned into the
pGEM®-T Easy Vector (Promega) for sequencing (U2Bio Co., Ltd.).

2.6. Bioinformatic analysis

The nucleotide and predicted amino acid sequences of the BD1 and
BD2 genes from four betta fish species were analyzed using the ExPASy
program. The similarity of BD1 and BD2 to other fish species was ana-
lyzed using the BLASTP program. The putative signal peptides of BD1
and BD2 was predicted using the SignalP 3.0 Server (http://www.cbs.
dtu.dk/services/SignalP/). A conserved domain search was performed

using the SMART program (http://smart.embl-heidelberg.de/). Multiple . ¥

sequence alignments were performed using the Clustal Omega program.

2.7. Tissue-specific expression analysis of f-defensinl and B-defensin2 from
B. splendens

To establish the basal levels of the two B-defensin transcripts (BsBDl

gans from betta fish by semiquantitative RT-PCR. Six tlssues (spleen,
kidney, liver, gut, gill, and muscle) were aseptically sampled from five
healthy fish under normal conditions and used for totall RNA extraction,
Two micrograms of total RNA from the six tissues wel re used for:¢DNA
synthesis with the RevertAid First Strand cDNA Synthesls Kit (Thermo
Fisher Scientific, Inc., USA). The expression levels of BsBD1-and BsBD2
were analyzed using semiquantitative RT- PCR with B-actin (BsActinF
and BsActinR) as an internal control, PCR analysxs (94 °C for 1 min, 25
or 28 cycles of 94 °C for 30 s, 55 °C for 30.5,:72.°C for:30 s, followed by
72 °C for 5 min) was performed using specxﬁc pnmers (BsBD1Frt and Bs-
BD1R for BsBD1 and BsBD2F and BsBDZR for BsBDZ) Eight microliters
of the PCR products were analyzed ona 1 8% agarose gel.

3. Results and discussion
3.1. Hlumina sequencing and de novo cls&embl}'

RNA-Seq on the Illumina HiSeq 4000 sequencing platform was used
to sequence the cDNA library constructed from the whole body of juve-
nile betta fish B. splendens: Sequence analysis and assembly were subse-
quently performed, and de novo transcriptomic data of betta fish was ob-
tained. An overview of the betta fish transcriptome is presented in Table
2. A total of 47.51 million:raw paired-end reads were produced from
juvenile betta fish. After read filtering by removing low-quality reads,
adaptor sequences and ambiguous reads, 44.57 million clean reads with
Q20 and Q30 (the proportion of nucleotides with a read quality value
larger than 20 or 30, respectively) values of 98.94% and 96.54%, re-
spectively (Table 2) were acquired. Using the Trinity de novo assem-
bly software [15], the obtained clean reads were assembled into 92,890
transcripts with a total length of 90,489,910 bp, a mean length of 974
bp, an N50 length of 2,129 bp, and a GC content of 49.73% (Table 3).

By

Statistic Raw Read Clean Read
Total Reads 47,512,594 44,574,046
Total Bases (bp) 4,751,259,400 ,457,404,600
GC content (%) 50.20
Q20 (%) 97.94
Q30 (%) 94.79

Table 3

Summary statistics of the transcriptomi

Feature Unigenes
Total Number 71,775
Total Length (bp) 79,513,602
Mean Length (bp) 1,107

GC content (%) 49.79

N50 (bp} 2,225

N70 (bp) 1,279

N9O (bp) 386

Sequence annotation

FPor unigene functional annotation of the betta fish transcriptome, all

,ihe unigenes were searched against 7 functional databases (NR, NT, GO,
«COG, KEGG, Swiss-Prot and InterPro). The results showed that 53,406
and BsBD2) in separate tissues, mRNAs were analyzed in dlfferent or-

unigenes (74.41% of total unigenes) could be annotated with at least
one functional database (Fig. 1B). Of the unigenes, 45,316 (63.14%),
47,287 (65.88%), 39,105 (54.48%), 16,492 (22.98%), 37,694 (52.52%),
4,506 (6.28%), and 35,374 (49.28%) had hits in the NR, NT, Swiss-Prot,
COG, KEGG, GO and InterPro databases, respectively (Fig. 1B). The
14,401 unigenes that occupied 20.06% of all annotated genes coexisted
among 5 functional databases (NR, Swiss-Prot, COG, KEGG, and Inter-
pro) (Fig. 1C). Based on NT- and NR-annotation analyses, only 63.14% _
and 65.88% of the unigenes, respectively, were similar to the reference
sequences in the NCBI databases.

Top-hit species distribution analysis of the unigenes of Siamese fight-
ing fish (B. splendens) with NR-annotation showed that 61.68% of all
the annotated transcripts had high sequence similarity against four fish
species, namely, large yellow croaker (Larimichthys crocea) (26.46%), bi-
color damselfish (Stegastes partitus) (25.96%), Nile tilapia (Oreochromis
niloticus) (6.09%) and Burton's mouth brooder (Haplochromis burtoni)
(3.17%) (Fig. 1D).

To analyze the coding DNA sequences (CDSs) after functional an-
notation, all of the assembled unigenes were determined. We detected
45,067 CDSs (90.88% of all CDSs) from the annotated unigenes. For the
unannotated unigenes, ESTScan was used to predict the CDS, and 4,522
CDSs were obtained. The unigene CDS prediction summary is shown in
Table 4, and the distribution of the CDS length is presented in Fig. 1E.
Moreover, we also detected 13,834 SSRs distributed on 10,636 unigenes.
The SSR size summary is shown in Fig. 1F and Table S1.

Transcriptome sequencing has also provided a new avenue for gen-
erating abundant sequence information for putative genes in several
organisms, including fish [9,10]. Transcriptome analysis has recently
been applied to several ornamental fish species, such as guppy, Poe-
cilia reticulata [16]; Asian arowana, Scleropages formosus [17]; and red
crucian carp, Carassius auratus, red var [18]. Our results also sug-
gested that the transcriptomic data of the betta fish were effectively
assembled and annotated. Moreover, our results suggested
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Fig. 1. De novo assembly and unigene functional annotation, CDS prediction and SSR detection of the Betta splendens transcriptome. (A) Sequence length distribution of the
assembled unigenes generated from the whole body of the juvenile betta fish using the umina HiSeq4000 p! atform;;(B) Functional annotation of the asserbled unigenes. All the assem-
bled unigenes were annotated and functionally classified using seven public databases: Nonredundan:protein sequence database (NR), nucleotide sequence database (NT), UniProtKB/
Swiss-Prot (Swiss-Prot), Cluster of Orthologous Groups of proteins (COG), Kyoto Encyclopedia of Genes and: Genomes: ‘(KEGG), Gene Omology (GO), and InterPro. (C) Overlap of the NR-,
Swiss-Prot-, COG-, KEGG-, and InterPro-annotated unigenes, (D) The BLAST top hit species distribition of the NR-annotated unigenes. (E) Coding sequence (CDS) length distribution of
the assembled unigenes. (F) Simple sequence repeat (SSR) size distribution of the assembled uni, —

Table 4
Summary statistics of the unigene CDS prediction of B. splendens transcriptome.

Feature . Blast ESTScan Overall
Total Number 45,067 4,522 49,589 i
Total Length (bp) 43,964,439 1,306,563 45,271, 002
Average Length (bp) 975 288 k
GC content (%) 54.49 52.80

N50 (bp) 1,587 285

N70 (bp) 987 237

N90 (bp) 408 207

that RNA-Seq might provide information on novel genes in betta fish
and also indicate that the throughput and sequencmg quahty ‘was good
enough for further downstream characterlzanon :

3.3. Cluster of Orthologous Groups of proteins. (COG) cldﬁs’siﬁcation

The COG database was used to phylogenetlcally classify the pre-
dicted proteins based on their orthologous’ relatxonshlps from completely
sequenced transcriptomes. Of the'71,775 total unigenes, 16,492 uni-
genes (22.98%) were clustered into 25 COG functional categories (Fig.
2). The general function prediction-category comprised the largest group
(5,485, 33.26%), followed by’ replication, recombination and repair
(2,579, 15.64%), translation, rribiobysdmal structure and biogenesis (2,535,
15.37%), transcription (2,324, 14.09%), cell cycle control, cell division,
chromosome partitioning (1,981, .12.01%), signal transduction mecha-
nisms (1,912, 11.59%), posttranslational modification, protein turnover
and chaperones (1,683, 10.20%), and carbohydrate transport and me-
tabolism (1,535, 9.31%) (Fig. 3). A total of 1,511 unigenes (9.16%)
were assigned to the function unknown classification, suggesting that
several unique genes are also present in the betta fish transcriptome. Ad-
ditionally, 133 (0.81%) unigenes were assigned to defense mechanisms.
Two COG categories, extracellular structures and nuclear structure, had
the fewest sequences (15 and 7 unigenes, respectively).

ene Ontology (GO) classification

- To c]ass1fy the predicted functions of the unigenes, Gene Ontology
(GO)_a551gnments were used. Based on sequence homology, 4,506 uni-
genes were categorized into 59 functional groups in three GO assign-
nient categories: biological process (3,194, 70.88%), molecular func-

“tion (3,562, 79.05%) and cellular component (2,760, 61.25%) (Fig.
" 3). For the biological process catégory, which consists of 26 func-

tional classes, cellular process (2,544, 56.46%), single-organism process
(2,047, 45.43%) and metabolic process (2,046, 45.41%) were domi-
nant. Additionally, 110 transcripts were annotated as immune system
process (110, 2.44%). For cellular component, which consists of 19
functional classes, cell (1,831, 40.63%) and cell part (1,818, 40.35%)
were identified as the most common annotations, while membrane
(1,342, 29.78%), organelle (1,146, 25.43%) and membrane part (1,044,
23.17%) were the next most abundant. Among molecular functions,
which consists of 14 functional classes, binding and catalytic activity
accounted for the major proportion, with 2,337 (51.86%) and 1,721
(38.19%) unigenes, respectively.

3.5. Kyoto Encyclopedia of Genes and Genomes (KEGG) classification

KEGG pathway analysis was performed for all the unigenes as an
alternative approach for the functional categorization and annotation
of the unigenes involved in metabolic pathways, including cellular
processes, environmental information processing, genetic information .
processing, human diseases, metabolism, and organismal systems. KEGG
analysis of the unigenes showed that 37,694 unigenes were assigned
to 44 KEGG metabolic pathways that were summarized in six main
categories. The pathways with the most annotated genes were human
diseases (18,578; 49.29%), followed by organismal systems (16,352;
43.38%), environmental information processing (9,902; 26.27%), me-
tabolism (9,768; 25.91%), cellular processes (7,941; 21.07%), and ge-
netic information processing (4,431; 11.76%). Additionally, signal trans-
duction (7,166; 19.01%) in the environmental information processing
pathway, cancers: overview (3,888; 10.31%) in the human diseases
pathway, global and overview maps (3,762; 9.98%) in the metabo-
lism pathway, immune system (3,175; 8.42%) in organismal systems,
and endocrine system (3,090; 8.20%) in organ-
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Fig. 2. 'COG functional classification of the B, splendens transcriptome, All the assembled unigenes were aligned to the COG database using the BLAST program. A total of 16,492

unigenes were annotated and classified into 25 COG functional categories. The X-axis represents the number of unigenes. The Y-axis represents the COG functional category. Numbers
represent the total number of unigenes in each category. i

ismal systems were the top five categories with higher proporuons (Fig.
4 and Table S2).

In recent years, the advantage of transcriptomics technologxes has in-
creasingly been applied to discover many genes, including immune-re-
lated genés in several fish [9,10]. However, this study includes the first
reported whole transcriptome generated from the whole bodies of ju-
venile betta fish, which provides highly valuable gene information for
this species, thus promoting ornamental aquaculture: Recently, the first

- reference genome assembly of Siamese fighting fish has been reported
[19]. A total de novo assembled 465.24 Mb:g'enome for B. splendens, cov-
ering 99.93% of the estimated genome size, was obtained. The genome
data will provide an important basis for future research in B. splendens
[19]. More recently, a de novo transcrlptomlc tesource for identifying
sex-biased genes potentially involved in aggressive behavior modulation
has been reported in Siamese fighting fish [20]. A total of 69,836 as-
sembled unigenes have been generated from multiple-tissues, including
the brain, heart, muscle, liver, kidney, gut, spleen, gill and gonad (testis
or ovary) of one-year-old mature B. splendens. Of these, 35,751 unigenes
have been annotated in at least one functional database, and 12,751 sim-
ple sequence repeats distributed in'9,617 unigenes have been detected
for the EST-SSR marker development [20].

3.6. Analys'is of innate immune molecules in betta fish

To date, the immune system of betta fish is still largely unknown.
We first selected genes from 16 KEGG immune-related pathways. The
annotated unigenes and immune-related genes in each KEGG immune
pathway are presented in Fig. 5 and Table S3, respectively. The KEGG
pathway annotations allowed us to obtain the comprehensive immune
characteristics of betta fish.

As a result, a total of 3,175 transcripts involved in 16 immune path-
ways were found in the present study, such as hematopoietic cell lin-
eage, platelet activation, Toll-like receptor signaling pathway, NOD-like

receptor signaling pathway, B-cell receptor signaling pathway and

RIG-I-like receptor signaling pathway (Fig. 5). We next focused on in-
nate immune pathways to better understand the immune response of
betta fish. We identified 997 unigenes involved in five innate immu-
nity pathways (Fig. 5). The NOD-like receptor signaling pathway (36
genes) was the pathway enriched for the most expressed innate-im-

* mune genes, followed by the complement and coagulation cascades (52

genes), toll-like receptor signaling pathway (55 genes), RIG-I-like re-
ceptor signaling pathway (41 genes) and cytosolic DNA-sensing path-
way (20 genes). To date, several innate immune genes have been exten-
sively studied in a range of teleost species, especially in aquaculture fish
species [21-24]. In this study, we focused on the pathways involved in
the innate immune response, which provides the crucial first line of host
defense against pathogen infections. The discovery of immune-related
genes involved in innate immune pathways is useful for understanding
the immune mechanism of the betta fish.

3.7. Discovery of antimicrobial peptides in betta fish

Among the innate immunity factors, antimicrobial peptides (AMPs} .

are the key factor that play an important role in innate immunity. Gen-
erally, AMPs are small cationic peptides that are widely distributed
in bacteria, protists, fungi, plants, and animals [11,25-29]. In fish, a
large number of AMPs have been identified and characterized, includ-
ing defensins, cathelicidins, hepcidins, piscidins and LEAP-2 (liver-ex-
pressed antimicrobial peptide 2) [30,311. However, no AMP data are

available in betta fish to date. In this study, we used a high-through- '

put RNA-Seq approach to analyze AMP transcripts from betta fish,
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and four major families of AMPs (hepcidins, plsc1d1n, LEAP 2, and B-de-
fensins) were identified. :

Hepcidin is an important molecule in the{ mnate immune system and
iron regulation in several animals, including mammals, birds, reptiles,
amphibians, and fishes [32,33]. The geﬁe for the antimicrobial peptide
hepcidin in fish encodes a preproprotein that is divided into three parts,
including a signal peptide, a propeptide and a mature peptide (a cys-
teine-rich domain) [34-411. Mature hepcidini exhibits broad-spectrum
antimicrobial activities against vn’uses, bacteria, fungi, and parasites
[30,42-51]. In this study, we found that betta fish hepcidin (BsHEP)
encodes a prepropeptide contammg a'signal peptide, a prodomain, and
a mature peptide with 8 conserved cysteine residues (Fig. 6). BSHEP

* shares high amino acid jdentity :with-other fish hepcidins (Table S4).
The highly conserved hepcidins of betta fish and other fish species sug-
gest that their biological roles (antimicrobial activity and iron-regula-
tory function) are also conserved in fish.

Piscidins exhibit broad-spectrum antimicrobial activity against bac-
teria fungi, parasites, and viruses [30,49,52-56]. The piscidin pep-
tide consists of three major regions: a signal peptide, a mature pep-
tide, and a C-terminal prodomain [57,58]. To date, piscidins have
been identified in several species of fish [52,56,58-65]). In the pre-
sent study, a piscidin (BsPIS) was detected in betta fish (Fig. 6). Analy-
sis of the predicted piscidin of betta fish showed that BsPIS shares
54% and 49% identity with fish piscidins (Table S4). These re-

sults suggested that betta fish piscidin may play a role in the innate im-
mune defense of fish.

LEAP-2 plays an important role in the innate immunity of fish. The
LEAP-2 peptide is composed of a signal peptide, a pro-domain, and a
mature peptide, with four conserved cysteine residues that form two
disulfide bonds. To date, LEAP-2 has been identified in many fish species
[66-71]. In this study, LEAP-2 of betta fish (BsLEAP-2) was highly con-
served in the primary structure of the LEAP-2 family (Fig. 6), and the )
BsLEAP-2 showed high sequence identity with LEAP-2 sequences from
fish (Table S4).

Defensins, well-studied AMPs in animals, are cationic AMPs with
six conserved cysteines [72] and have antimicrobial activity against
many bacteria, fungi, and viruses. Based.on the arrangement of cysteine
residues, three main subfamilies of defensins (a-, 8- and 6-defensins)
have been classified in vertebrates [73,74]. However, only B-defensins
have been reported in diverse species of fish [75-78]. In vertebrates,
defensin genes are multigene families. In zebrafish, three types of 8-de-
fensin genes have been reported [{75]. In the present study, we discov-
ered two defensins (BsBD1 and BsBD2) encoding defensin-like peptides
similar to B-defensinl and B-defensin2 from Atlantic salmon Salmo salar,
respectively (Fig. 6; Table S4). Both BsBD1 and BsBD2 are predicted
to possess all the expected features of B-defensin members, including the
characteristic six cysteines forming three disuifide bridges (Fig. 6). Sim-
ilar to other B-defensins, in which the peptide sequences are highly vari-
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able in each defensin family, we observed that BsBDl shares only 27%
and 45% amino acid sequence identity and smularlty with BsBD2.

Identification and characterization of fish AMPs has been one of the
most effective and promising activities to discover.new antimicrobials
for aquaculture applications. Moreover, . th‘es’é: novél “AMP genes (hep-
cidin, piscidin, LEAP-2, and defensins): are regarded as important im-
mune molecules in innate immunity and ill serve as an important re-
source for future functional characterlzatlon attempts

3.8. Identification of B-defensin AMPs in Slamese fighting fish: Betta
splendens, B Mahachaiensis, B.: Imbellls and B. Smaragdina

To better understand the role of B-defensin in betta fish, it is nec-
essary to further study the mo]ecular characterization, gene expression
profile and genomic orgamzatlon ofB -defensins in betta fish and related
species. To characterize the:B-defensin homologs in betta fish, RT-PCR
analysis was employed using specific PCR primers for BsBD1 and BsBD2
designed based on transcriptomic data from B, splendens. The results in-
dicated that mRNA of BsBD1 and BsBD2 contain open reading frames
(ORFs) of 198 and 192 bp, encoding 65 and 63 amino acids (aa), respec-
tively (Fig. S1). Both BsBD1 and BsBD2 peptides had identical amino
acid coding sequences to their counterparts annotated from the betta
fish transcriptome. Thus, we confirmed the existence of two defensin
genes (BsBD1 and BsBD2) in betta fish.

f. che’rieferences to color in this figure legend, the reader is referred to the Web version of this article.)

Additionally, we also successfully isolated cDNA sequences encoding
65 and 63 amino acids of BD1 and BD2, respectively, from three other
closely related betta fish species, including B. mahachaieénsis, B. imbellis
and B. smaragdina, using RT-PCR analysis. The deduced amino acid se-
quences of BD1 and BD2 from B. mahachaiensis (BmBD1 and BmBDZ2),
B. imbellis (BiBD1 and BiBD2) and B. smaragdina (BsmBD1 and BsmBD2)
were identical to those of BsBD1 and BsBDZ, respectively (Fig. 7; Table
$4). The predicted cleavage sites of the signal peptides of betta fish BD1
and BD2 were found to be located between A24 and S25 for BD1 and
G20 and N21 for BD2. The mature peptides of betta fish BD1 (37 aa) and
BD2 (35 aa) have an estimated molecular weight of 3.94 and 4.19 kDa
and a theoretical isoelectric point (pl) of 8.30 and 9.38, respectively.

To date, B-defensins have been identified in many fish species
[75-87]. However, fish B-defensins can be divided into two subgroups,
including -the-DB-1 group and another group (DB-2 and 3), based on
an analysis of homology comparison and the phylogenetic tree [73,75].
In this study, BLASTP analysis showed that the amino acid sequence of
betta fish BD1 and BD2 shared high sequence identity with several p-de-
fensins in fish species. Betta fish BD1 and BD2 shared sequence identities
with B-defensinl (74%) from Atlantic salmon Salmo salar (BBE43043)
and B-defensin2 (56%) from zebrafish Danio rerio (NP_001075023), re- )
spectively. Muitiple alignment of betta fish B-defensin peptides with
B-defensinl and 2 peptides from several species of fish showed that
betta fish B-defensins are relatively conserved during animal evolution
(Fig. 7). In particular, the signature motif of the six-cysteine consen-
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is highly conserved.

Analysis of genomic orgamzauon using PCR analysis showed that
betta fish BD1 and BD2 have the' Ssame genomxc organization within
the coding region: three exons:and two introns, as shown in Fig. 8.
The signal peptides of betta fish BDly and BD2 are located in the first
exon and the N-terminal part of the second exon, respectively. The pro-
piece region is located:in the" second exon. The defensin-like domain
is located in the second and_the last exon. The intron has a consen-
sus splice junction:following the GT-AG rule. The first introns of betta
fish BD1s (BsBD1, BmBD1, BiBD1, and BsmBD1) are 98, 83, 86 and
86 bp, respectively, and the second intron has 100 bp. For betta fish
BD2s, the first intron has 157 nucleotides and the second intron has
92 nucleoﬁdes, except for the first intron of BsmBD2 (156 bp). Like
other fish, betta fish B-defensin genes have the same exon-intron ge-
nomic organization, with two introns and three exons within the cod-
ing region. A phase 1 intron is located in the coding region of the sig-
nal peptide, while a phase 2 intron is located in the coding region of
the mature peptide {75]. This report on $-defensin from betta fish re-

mains aré indicated by red color. Prodomains are colored in blue. Propiece regions are colored in green. Mature peptides
Iges. The number of amino acids in each betta fish AMP is indicated. (For interpretation of the references to color in this

veals significant conservation of the genomic organization and protein
structure in fish species.

3.9. Expression profiles of BsBD1 and BsBD2 in betta fish

To investigate the tissue distribution of -defensins, expression pro-
files of BsBD1 and BsBD2 were analyzed by semiquantitative RT-PCR.
The result showed that the BsBD1 transcript was detected in the muscle,
kidney;‘liver, gill, and gut. The highest mRNA levels of BsBD1 were de-
tected in the muscle and kidney, respectively, which were higher than
those in the liver, gill, and gut. BsBD2 was high in the gill, but poorly
distributed in kidney and muscle (Fig. 9). Additionally, mRNA levels
of BsBD1 and BsBD2 were also detected in the whole-body fish tissue
from one-month-old betta fish. Previous studies in healthy zebrafish also
showed that 2fDB-1 and zfDB-3 are expressed in a wide range of tissues
(gill, gonad, gut, kidney, liver, muscle, skin, and spleen), while zfDB-2 is
weakly expressed only in the gut [75]. The high expression in different
tissues of two B-defensins (BsBD1 and BsBD2) might indicate different/
diverse activities of these AMPs in the innate immune system of betta
fish.
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4. Conclusion

This is the first-study to examine the basal transcriptome from the
whole body of Siamese fighting fish B. splendens using the Iltumina
technology platform. We obtained a de novo transcriptome of betta
fish consisting of 71,775 unigenes with an average length of 1,107 bp
and an N50 of 2,225 bp. Through functional annotation of the assem-

_bled unigenes, many important genes related to innate immune path-
ways, including the NOD-like receptor signaling pathway, Toll-like re-
ceptor signaling pathway, RIG-I-like receptor signaling pathway, cy-
tosolic DNA-sensing pathway, and coagulation and complement cas-

cade, were identified. Additionally, this study is the first to analyze four
families of AMPs (hepcidins, piscidins, LEAP-2, and defensins) in betta
fish. Nevertheless, further studies using additional molecular approaches °
are necessary to verify the functions of these AMPs in betta fish. More-
over, two defensin genes (BD1 and BD2) were further identified in four
other species of betta fish from Thailand. The ¢DNA and genomic organi-
zation of both defensins were highly conserved. The transcriptomic data
produced by this study will provide a solid basis for further investigation
of the molecular mechanism of the innate immune system in betta fish
and extend to the development of disease prevention for ornamental fish
aquaculture,
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Fig. 9. Tissue-specific expression of p-defensinl (BD1) and B-defensin2 (BD2) in
betta fish B. splendens. Expression of BsBD1 and BsBD2 from the kidney, spleen, liver,
gill, gut, and muscle and whole body of betta fish were determined by RT-PCR using the
primer pair specific for each gene. B-actin was used as an internal control. Data shown is
representative of three independent trials.
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Transcriptome Analysis and Characterization of the Antiviral Myxovirus-Resistance (Mx) Gene
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ABSTRACT
Siamese fighting fish is one of the popular ornamental fish in the global trade. This study aimed to
~ generate a de novo tra‘nscriptome for healthy'betta fish (Betta splendens). lllumina sequencing produced
a total of 4.46 Gb clean reads, which were assembled into 71,775 unigenes. Transcriptome was further
analyzed based on similarity searches with the known immune-related genes from several fish, and the
antiviral BsMxA gene was identified. BsMxA exhibited highest sequence similarity to Mx protein of fish
Anabas testudineus. This study provides the whole body transcriptome and data of BsMxA gene for the

first time In betta fish, which was essential for further research of betta fish in the near future.
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Vesicular stomatitis virus Waz Hantaan virus (Haller et al., 2015) & wfululawudnllsfin Mx g@1un9e
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TuealaFaldivanaatin i Tskiu ASMxt weslatugaueuuenuauiin Samo salar fqynadLdy Infectious
pancreatic necrosis virus Wa% Infectious salmon anaemia virus (Jensen and Robertsen, 2002; Kibenge et
. P - o

al., 2005) Tulsfu JFMx 2esUa1@unNT Paralichthys olivaceus HgvasiLels Hirame rhabdovirus Uae Viral

hemorrhagic septicemia virus (Caipang et al., 2003)  #eslafinny asdAUfrRsEuisIAsINisEui
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L‘Ei”mﬂmﬁm‘lmﬂ Betta splendens tutiavnifunan 2 dlanvinawinnimaae tufuaiaueslantn
B. splendens fnaanisvinadueuniliialaansaanduiiondlalnsassdiu Cytochrome ¢ oxidase subunit |
(COI) (Table 1) wianfathalaiadwiAnssimswam indaefuutuialaniaviasa 41w 3 @
Tlulnnauuatauninazinllann RNA - wirausedslaindmiuAnenisusdnseanaestiuluusas
ledletaousnifuidadesine W fu 4718 ndaile 1o fia wazwiden anandin 5 f ududadledeln
lulmsumanaundnasitllats RNA  Taesiflunnsidesenadeciuassenussanislidndiitesume
WENAEnT  dNASBWITIR Lm:‘l,b”ﬁummLﬁmﬂumnﬂmzmsumﬁﬁwﬁu@meﬂﬁvﬂqLmz"l,%ﬁmfﬁﬁmm
namenaant guiRugiaonssuuazmaluladdonwuieni (sWalasanns BT-Animal 46/2562)
NTANA RNA N198519%483R cDNA uaznisusnutiandlalng ,

affa RNA ansnatnadaninlaeld Tri Reagent® (Molecular Research Center) 1145 DNA Fdelu
Tneitiaefioaanlasl DNase | (Promega) @35197i8943n cDNA ANNAB989 llumina waAsaRENg3LAsIZIMN
fndufanalelndue RNA vavuaosissas llumina Hiseq 4000 (llumina) FUL3EM BGI, Inc. (Uszindan)
nsiiaseidayasieldsunsameluladunaiiuing

ﬁﬁﬂyxaéﬁ&Tuﬁfmﬁ‘tﬂ'lwﬁﬁlﬁmﬂm‘%m lllumina Hiseq 4000 (Raw reads) HnuTUReUNN A AL
Qmmwﬁ'mm Adaptor aanfagteniuadaniitv BGI, Inc. (UszmAan) Thanduianalenalunsaciu
ap9181 DNA (Clean reads) NnisznauFaaiulvaidu transcripts was unigenes 83 de novo assembly
neldlsunsn Trinity uae Tgicl Anseiniinfaesilagnis BLAST fugdieyasie 1 NCBI non-
redundant protein sequence (NR) NCBI non-redundant nucleotide sequence (NT) Swiss-Prot protein
family (Pfam) Gene ontology (GO) Kyoto Encyclopedia of Genes and Genomes (KEGG) wae Cluster of
Orthologous Groups of proteins (COG)

NITAUNILAZIATIZIRE U BsMxA

'
ey =

Fonfeyaresty Mx fameendulauacsdeiiineiean detandufunty BsMxa lu
* grudiayansuariInnenlarialng 8. splendens Armzianduianalalnsiazadunsaesiluediu
BsMxA Aneililsunga ExPASY (https://www.expasy.org) ﬁﬂmﬂ‘lmuuﬁﬁmméﬂﬁmm@aiﬂsﬁuﬁwiﬂmnm
SMART (http://smart.embl-heidelberg.de) Munadauraawlinddednyon (Signél peptide) faalusunsy
SignalP 3.0 (http://Awww.cbs.dtu.dk/services/SignalP/) L‘Lﬁ‘ﬁmﬁﬂmmumﬁ@uﬁuﬁuﬁmmqﬂugm%@ag,@
GenBank aalflsunsy BLASTP (nhttps://blast.nchbi.nim.nih.gov/Blast.cgi) Wazyn Sequence alignment
1ae1411)sunsu Clustal Omega
N1SAFIARALUNTUEAIBBANURIEY BsMxA AetnAila Semi-quantitative RT-PCR

A RNA andasshaiiadiasy s718 ndwiie 1n fa uazwien e Tri Reagent® (Molecular

Research Center) 114m DNA fiaesulsssiasfioenaulsd DNase | (Promega) @&aasizyi cDNA How



- - FP
RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific) Rssasaunsuanspantesdiuluiiediasneg
faenealla semi-quantitative RT-PCR  TneldIwsimeffiaonuawniugiu BsMxA (Table 1) wazl¥ Beta-

Actin lutiuacian AiszinAnsinut PCR fosaznilsaaadianlngtiids

Table 1 Nucleotide sequence of the primers used.

Primer Sequence (5-3’)

COI-VF2_t1 CAACCAACCACAAAGACATTGGCAC
COI-FR1d_t1 ACCTCAGGGTGTCCGAARAAYCARAA
BsMxF - GGAAAATGTTCCTGCACCTTGC
BsMxR TTCTGTCACTCAGGCTGCTGCT
BsActinF AGGCTGTGCTGTCCCTGTAT
BsActinR GAAGGAGTAGCCACGCTCTG

NALAEAANTUNANITNARDS
nnsAnsmaugasinnuaslainlneg B. splendens

annsAn ey Ianaenlaninlng B, splendens Eaeidtes llumina Hiseq 4000 Wug L
raw reads 1110 4.75 Gb UAWRINNINTG clean data mzﬁmmmﬁﬁamwﬁmm Adaptor 8aNWAY WL
mamardUinuane 4.46 Gb dlerihiieyausias read uniszneuidindianiulngda de novo assembly fig
Tlsunsu Trinity 16 transcript Vastain 92,890 transcripts et transcripts 1MMNM9aRINNgNFae U suNsH
Tgicl wudn e 71,775 unigenes T1AYNNEN239% 79.51 Mb Unigene Slanaenale@s 1,107 bp &

AN N50 Wil 2,225 bp wasil GC content WL 49.79 % (Table 2)

Table 2 Summary of Hllumina sequencing and de novo assembly of Betfa splendens transcriptome.

Particulars Numbers
No. of bases of raw reads (Gb) 4.75

No. of bases after processing (Gb) 4.46
Total transcripts ' 92,890
Total unigenes 71,775
Total length of unigenes (Mb) 79.51
Mean length of unigenes (bp) 1,107
N50 (bp) . 2,225
GC content (%) 49.79

Wedimsziniinieesiu tnendn unigenes vianualy Blast fugtudieya Nr Nt GO COG KEGG

Swiss-Prot  usz Interpro wudniiannuwileuruBuifisneewluusiazgudeya whiu 63.14%  65.88%



©6.28% 22.98% 52.52% 54.48% Ua 49.28% NG weNanil waannnsiaszutindiae il
pathway #ine 7 Tenfaufisuiugiuiieys KEGG wuda 37,694 unigenes Lﬂuﬁuﬁﬂgﬂu 44 pathway
(Figure 1) Inel pathway Fivs unigenes mn‘ﬁzﬁ@ 15un Signal transduction $89a941AR Cancers: Overview
Global and overview maps Immune system Waz Endocrine system lag@miiy 9.98% 5.42% 5.24%

- 1 b
- 4.42% WAz 4.30% 284 unigenes InLvanua lunauamUlnuvesilanina B. splendens mugIsL

nsAnmsuamllnainlinsudwiameniinnsugaweennalutadfelifinhaula Tutlan
anguwuddsaenunisansmeuaasUlanlulanvnaungs  Poeciia  reticulata Uanenlsnin

Scleropages formosus wastames Carassius auratus, red var. (Fraser et al., 2011; Shen et al., 2014;
- Zhang et al., 2017) dwiululannnlve B. splendens Taufiazfinenudiayaatun TneAlunaewaiialng
fln 465.24 Mb (Fan et al., 2018) aealsfinu dayadlunifeveenananliineawasanisszysinuastiy
Afnsuanseanaslulantnly sndseiflEAnemanai nuaslarin B splendens HAINNNNINARES
inlinsuaiinesturaomuaiinnnsuanseniularinanelanionind  nasnnisdiassinsuaniding

or o

flafilsrTaminegatanisfumanlussuugfiduiveesdainlunimeasssield
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Figure 1 KEGG pathway enrichment analysis of from Betta splendens transcriptome. 37,694 unigenes

were mapped onto 44 pathways of 6 main KEGG categories.



nsfumuasinmdnsazanRuasduinldla¥didaunud Bsvxa lutlandsalne B. splendens

anmskumBvlussuugifuiuannvemadsiiauenlaialng B. splendens Wit BsMxA dadl
open reading frame (ORF) figansaulaswalBifhililsiuaunn 623 nenasiit ﬁfﬂuﬁnimaqa 71.05 kDa
WazAn isoslectric point (pl) WL 5.59 1euReuifiananuwiieuaes BsMxa fullsiuRilsnesdy
- 3udinya GenBank fiagTilsunss BlastP wudn BsMxa afnariuinsfiu Mx aeslavue Anabas testudineus
wniign (93%) setamnialilsiu Mx sesandiiivin Seriola dumerii (92%) T Mx2 1a1an rock
bream Oplegnathus fasciatus (91%) Tlsfiu Mx 189U/ananuna Seriola lalandi (91%) TlsFu Mx a8dtan
NN Lates calcarifer (91%) uazlushiu Mx3 189tlannzweuna Sparus aurata (91%)

Tilspi Mx Aaflulisfivlungu Dynamin-like large guanosine triphosphatases (GTPases)

ﬂizﬂ@uﬁ’aﬂimmuﬁﬁ’]ﬁm 1#un GTPase domain Middle domain (MD) WAz GTPase effector domain

]
=i

(GED) (Haller et al., 2015; Verhelst et al., 2013) ann1saaszivnlamundrAynialuluenaing BsMxA
wudlsznaufae GTPase domain 1Aulaeeziilu Uz GTPase effector domain (GED) 1itanitlans
AFuanda (Figure 2) deAlnmeisnsunsnesituneti oT Pase domain WudLlsznauRag GTP-binding
motif &15% 3 motif liur GDXXSGKS (GDQSSGKS) 1wmnsmesiilusnumiedl 4047  DLPG 1
nesee S UL 141-144 Waz TKPD u‘%mmﬂm@zmuéhl,mmﬁ 210-213  WazwlU dynamin signature
LPRXXGXXTR (LPRGSGIVIR) 1iuaunsaesdlusumied 5867 ae dynamin signature Fha o

Usznaufnansnesiluiduldsu Mg® %'ﬁﬁl,ﬂuém?umﬁﬁﬁmummL@u‘wmun@iu GTPase (Song et al.,
| 2004) yanannil wudnnetutilsi BsMxA T Adlinked glycosylation (NAT) 1 s 3tnnsaaziiiu
| fuieT 534-536 HaaNnnNTIATIE Sequence alignment (Figure 2) fauansliiiuinlusiiu BsMxA 189

ainsianuadnefullsin Mx Rinnssienululan

GiP amin GIP arp
Consensus | GDXXSGKS | | LPRXXGXXTR| |DLPG| |TKED
BSMxA | GDQSSGKS | | LPRGSGIVIR| |DLPG| | TKED
Atix | GDQSSGKS | | LPRGSGIVIR| |DLEG| |TKED
LeMx | GDOSSGKS | | LBRGSGIVIR | | DLPG | | TKED
SaMx3 |GDQSSGKS | | LPRGSGIVIR| |pLPG| |TKED
SaMx | GDQSSGKS | | LPRGSGIVIR { lTKPD

~ Figure 2 Domain organization of BsMxA protein of Betta splendens and alignment of domains impdrtant

for the antiviral activity with other fish Mx proteins.



nsAngluuumsuansaanuasiiy BsMxA lullannlve B. splendens
AnMsAnEgLluuLNMsuanseentadtiu BsMxA luilaieasing o aaslainlng B. splendens Hag
wATlA semi-quantitative RT-PCR uazmsradaLnafonaznilsaiasdianinginida wudiiu BsMxA fns

uanspanunfgalunfudie sesan Ae wian finu la uaz A8 susAu (Figure 3)
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Figure 3 Tissue distribution analysis of BsSMxA gene in betta fish Betta splendens. The mRNA expression
of BsMxA was examined in the tissues of liver, gut, muscle, kidney, spleen and gill using semi-

quantitative RT-PCR technique. Beta-actin was used as an internal control.
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- . - z e
annzind Tnenudliinemariliananin 4.46 Gb vsznaufosBiuvisuun 71,775 unigenes uBNAINT
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 derlamintingtiasanisAneddadands ne ludsdnlueunan

nnRnssuilsEnA
A IHFunusivayumideainnewuiaafisnaning nsansalanandt (foyaneai

* CU-GR_61_010_23_003)
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