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Abstract Identifying quantitative trait loci (QTL) for viral
disease resistance is of particular importance in selective
breeding programs of fish species. Genetic markers linked to
QTL can be useful in marker-assisted selection (MAS) for
elites resistant to specific pathogens. Here, we conducted a
genome scan for QTL associated with Singapore grouper

iridovirus (SGIV) resistance in an Asian seabass (Lates
calcarifer) family, using a high-density linkage map generated
with genotyping-by-sequencing. One genome-wide signifi-
cant and three suggestive QTL were detected at LG21, LG6,
LG13, and LG15, respectively. The phenotypic variation ex-
plained (PVE) by the four QTL ranged from 7.5 to 15.6%. The
position of the most significant QTL at LG21 was located
between 31.88 and 36.81 cM. The SNP marker
(SNP130416) nearest to the peak of this QTL was significant-
ly associated with SGIV resistance in an unrelated multifamily
population. One candidate gene, MECOM, close to the peak
of this QTL region, was predicted. Evidence of alternative
splicing was observed forMECOM and one specific category
of splicing variants was differentially expressed at 5 days post-
SGIV infection. The QTL detected in this study are valuable
resources and can be used in the selective breeding programs
of Asian seabass with regard to resistance to SGIV.

Keywords Asian seabass . Breeding . Iridovirus . Disease
resistance . QTL

Introduction

Aquaculture is becoming more and more important worldwide
with the increasing demands for high-quality animal protein
products (Yue 2014, Gjedrem et al. 2012). Frequent and ex-
treme climate change and human-induced environmental pol-
lutions also endanger natural fishery stocks and reduce capture
production; thus, further increasing the demands for aquacul-
ture products (Barange et al. 2014). Modern selective breeding
programs based on marker-assisted selection (MAS) and the
more advanced genomic selection (GS) are preferable methods
to accelerate genetic improvement and overcome these chal-
lenges (Liu and Cordes 2004, Poompuang and Hallerman

Electronic supplementary material The online version of this article
(doi:10.1007/s10126-017-9770-8) contains supplementary material,
which is available to authorized users.

* Gen Hua Yue
genhua@tll.org.sg

Le Wang
wangle@tll.org.sg

Bin Bai
baibin@tll.org.sg

Shuqing Huang
shuqing@tll.org.sg

Peng Liu
rocpengliu@gmail.com

Zi Yi Wan
ziyiwan@tll.org.sg

Baoqing Ye
baoqing@tll.org.sg

Jinlu Wu
dbswjl@nus.edu.sg

1 Molecular Population Genetics and Breeding Group, Temasek Life
Sciences Laboratory, 1 Research Link, National University of
Singapore, Singapore 117604, Singapore

2 School of Biological Sciences, Nanyang Technological University,
60 Nanyang Drive, Singapore 637551, Singapore

3 Department of Biological Sciences, National University of
Singapore, 14 Science Drive 4, Singapore 117543, Singapore

Mar Biotechnol (2017) 19:517–527
DOI 10.1007/s10126-017-9770-8

http://dx.doi.org/10.1007/s10126-017-9770-8
mailto:genhua@tll.org.sg
http://crossmark.crossref.org/dialog/?doi=10.1007/s10126-017-9770-8&domain=pdf


1997, Yue and Wang 2017, Gjedrem et al. 2012). The molecu-
lar selective breeding strategies are being used in improving
growth performance in fish species, e.g., salmon (Hershberger
et al. 1990, Gjøen and Bentsen 1997), rainbow trout
(Oncorhynchus mykiss) (Austreng et al. 1987), common carp
(Cyprinus carpio) (Vandeputte 2003), large yellow croaker
(Larimichthys crocea) (Dong et al. 2016), and Asian seabass
(Lates calcarifer) (Yue 2014). Another economic trait, disease
resistance, is also of particular importance and now has
attracted more attention, because the outbreak of diseases is
becoming more and more frequent and has caused severe mor-
tality and great economic loss in the commercial stocks of al-
most all the fish species in the aquaculture industry (Fjalestad
et al. 1993, Gjedrem 2015). One reason is that the commercial
stocks suffer more from elevated stresses, e.g., stocking density,
physiological stresses, and biochemical pollutions, in compari-
son to natural populations, and thus are susceptible to disease
infections (Pickering and Pottinger 1989). However, most of
the economic traits are complex traits and determined by quan-
titative trait loci (QTL), which significantly increases the diffi-
culties of identifying the underlying genetic loci (Goddard and
Hayes 2009). In contrast to the selection of growth perfor-
mance, which can be achieved through traditional artificial se-
lection, selection for viral and/or bacterial disease resistance
would be more complicated and even problematic. Because
the pathogen-challenging work can significantly increase the
risks of infection among animals, the selection has to depend
on the evaluation of the relatives of the challenged animals
(Ødegård et al. 2011). Therefore, MAS and/or GS would be
indispensable in the selective breeding programs for disease
resistance traits (Ødegård et al. 2011).

To date, studies on identifying genetic loci associated with
resistance to bacterial and viral diseases have been conducted
in several fish species of great economic value, using linkage
mapping. For instance, in Atlantic salmon (Salmo salar), a
major QTL associated with resistance to infectious pancreatic
necrosis virus (IPNV) was identified on linkage group 21
(Houston et al. 2010). In rainbow trout, QTL with relation to
resistance to IPVN (Ozaki et al. 2001), infectious hematopoi-
etic necrosis virus (IHNV) (Barroso et al. 2008), rhabdovirus
(VHSV) (Verrier et al. 2013), hematopoietic necrosis
(Rodriguez et al. 2004), and bacterial cold water disease
(Johnson et al. 2008) were also detected and found to be
distributed on diverse chromosomes. In Japanese flounder
(Paralichthys olivaceus), a QTL of major effect on resistance
to lymphocystis disease was detected by screening the resis-
tant and susceptible individuals using linkage mapping (Fuji
et al. 2006). Besides these QTL, several QTL associated with
resistance to bacterial infection (Streptococcus iniae and
Vibrio anguillarum) were also screened in this fish species
(Wang et al. 2014a, Ozaki et al. 2010). These QTL, particu-
larly those of major effect, have been used in the selective
breeding programs to improve resistance to infection by

specific pathogens of the commercial stocks (Chavanne
et al. 2016).

Recent development of high-throughput marker discovery
and genotyping driven by next-generation sequencing (Yue
and Wang 2017) has significantly simplified the work in con-
struction of high-density linkage maps and even genome-wide
association studies (GWAS) in aquaculture species (Wang
et al. 2015, Wang et al. 2017a, Wang et al. 2017b).
Applications of these technologies have accelerated the pro-
cesses of identifying loci underlying complex quantitative
traits in selective breeding (Poland and Rife 2012). Recently,
a number of studies have employed high-density genetic
markers for QTL mapping and GWAS in aquaculture species.
For example, a number of QTL related to growth, sexual mat-
uration, and disease resistance have been identified in Atlantic
salmon using GWAS (Gutierrez et al. 2015, Tsai et al. 2015,
Correa et al. 2015). In catfish, a lot of QTL associated with
disease resistance, stress tolerance, and growth performance
were also screened using GWAS (Geng et al. 2015, Geng et al.
2016, Jin et al. 2017, Wang et al. 2017c). In some other aqua-
culture species that do not have available high-density SNP
array, for example Asian seabass and Japanese flounder,
genotyping-by-sequencing technology has been widely used
for identifying loci with relation to growth and disease-
resistant traits using QTL mapping and GWAS (Wang et al.
2015, Wang et al. 2017b, Liu et al. 2016b, Shao et al. 2015). It
is suggested that applications of high-density genetic markers
show superiority in power for mapping quantitative trait loci,
even with minor effects (Liu et al. 2016b). In addition, such
new technologies have also showed significant value of high
efficiency and low cost, in the selective breeding of economic
animals (De Donato et al. 2013).

Asian seabass is an important marine food fish species in
Southeast Asian countries and Australia. The annual global
production reached up to 75,000 tons in 2012 (Jerry 2013).
Recently, the aquaculture industry of this species has been
endangered by frequent outbreaks of viral diseases (Jerry
2013, de Groof et al. 2015). Among them, the disease caused
by iridovirus infection is particularly severe (Gibson-Kueh
et al. 2011). The pathogen, Singapore grouper iridovirus
(SGIV), belonging to the genus Ranavirus of the Iridoviridae
family, can infect a diverse range of vertebrate hosts and cause
systemic diseases in many economically important fish spe-
cies in the aquaculture industry, e.g., grouper, seabass, and sea
bream (Qin et al. 2002). This virus can lead to a mortality rate
of over 50% in fingerlings of these species (Qin et al. 2003).
Although, the selective breeding programs of Asian seabass
have been initiated since the early 2000s, most of the genetic
improvements were focused on growth-related traits (Wang
et al. 2006, Xia et al. 2013, Wang et al. 2015). To date, only
some QTL with relation to resistance to viral nervous necrosis
(VNN) disease have been identified, in our previous work
(Liu et al. 2016b, Liu et al. 2016a). Therefore, identifying
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QTL, associated with resistance to SGIV infection, forMAS is
indispensable in the mariculture industry of Asian seabass.

Here, we mapped QTL for resistance to iridovirus infection
in Asian seabass, using genotyping-by-sequencing and link-
age analysis. A high-density linkage map was constructed
with 3261 markers including both microsatellites and SNPs.
One genome-wide significant and three suggestive QTL for
resistance to iridovirus infection were identified at four differ-
ent linkage groups. The phenotypic variation explained by
these QTL ranged from 7.5 to 15.6%. The SNPmarker nearest
to the peak of the most significant QTL region was signifi-
cantly associated with SGIV resistance in an unrelated multi-
family population. One candidate gene (MECOM) located in
the most significant QTL that might be responsible for the
phenotypic variation was identified. The expression of the
gene was observed to be likely associated with SGIV infec-
tion. The identified QTL would be valuable resources for
MAS in accelerating genetic improvements against SGIV in-
fection in Asian seabass.

Materials and Methods

Animals and Experimental Design

The handling of animals in this study strictly followed the
instructions of the Institutional Animal Care and Use
Committee (IACUC) of Temasek Life Sciences Laboratory,
Singapore (license no. TLL (F)-13-003). The animals used for
virus challenge and QTL mapping were randomly selected
from a F2 family. At 1-month post-hatch, the fish were moved
from the Marine Aquaculture Center, Singapore, to Temasek
Life Sciences Laboratory under laboratory condition.
Approximately 2000 fish were cultured in four 100-l tanks
with seawater. The seawater was maintained at 28 °C and with
saturated oxygen and 30 ppt during the whole experiment.
The tanks were constructed with a circulating water system
and half of the water was replaced every day. Fish were fed
twice every day with a common commercial diet (Marubeni
Corporation, Japan) and were cultured in the facility for
2 weeks for acclimation before experimental challenge.

The Singapore grouper iridovirus (genus, Ranavirus) used
for challenge was isolated from a brown-spotted grouper
(Epinephelus tauvina) and was propagated in an embryonic
cell line of the same species. The cells were cultured at 28 °C
in Leibovitz’s L-15 media (Life Technologies, USA), with
10% fetal bovine serum (Life Technologies, USA) and 1%
antibiotic antimycotic solution (Sigma-Aldrich, USA). The
cells were harvested when SGIV produced a full cytopathic
effect on the cells and were stored at −80 °C. The titer of SGIV
was estimated using TCID50 (LaBarre and Lowy 2001). An
immersion strategy was employed for virus challenge (Liu
et al. 2016a). A concentration of 106 TCID50/ml of virus

was used as determined based on the experience of our previ-
ous experimental tests. Fish from two randomly selected tanks
were designated as the experimental groups and immersed
into clean seawater with virus overnight. Fish from the other
two tanks were designated as control groups and immersed
into clean seawater with used L-15media without virus.When
a significant increase of mortality rate (>3 for two consecutive
days) was observed in the infected fish, the dead fish were
collected for QTL analysis. The experiment was stopped
when the mortalities reached the standard line at which the
number of fish deaths was <3 for two consecutive days (Liu
et al. 2016a). The survivors were collected 1 week later. The
traits were recorded in both binary (mortality vs. survival) and
quantitative (days to death) format. The infection by SGIV in
the fish was examined using a nested PCR-based method
(Chao et al. 2002). The outer and inner primer sets are listed
in Table S1. Genomic DNAwas isolated using DNeasy Blood
& Tissue Kits (Qiagen, Germany).

Genotyping of Genetic Markers

A double digest RADseq method (Peterson et al. 2012) was
used for genotyping-by-sequencing, with somemodifications,
according to our previous work (Wang et al. 2016). Restriction
enzymes PstI and MspI (New England Biolabs, USA) were
selected for library construction. A total of three genotyping-
by-sequencing (GBS) libraries were constructed for the 240
progeny and two parental fish. Two libraries, comprised of
192 progeny and the parental samples, had been sequenced
using a NextSeq 500 platform (Illumina, USA) in a previous
project, and 118 progeny were selected to construct a high-
density genetic map for integration of the reference genome of
Asian seabass (Wang et al. 2017a). In this study, the remaining
one GBS library, comprised of the other 48 progeny, was
prepared for single-end sequencing (1 × 150 bp) with the
NextSeq 500 platform (Illumina, USA). All sequencing reads
from the 240 progeny and two parents were used for down-
stream in silico SNP discovery and genotyping. The detailed
information with regard to library construction and sequenc-
ing can be found in our previous study (Wang et al. 2017a).
All the raw sequencing data have been archived in the DDBJ
SRA database (Bioproject PRJDB5148).

Raw sequencing reads for each sample were filtered and
trimmed to 130 bp using the program process_radtags imple-
mented in the program package Stacks v1.42 (Catchen et al.
2011) with default parameters. Quality-controlled reads were
aligned to the genome assembly of Asian seabass for SNP
discovery, genotyping, and filtrations using Stacks v1.42 with
the same parameters as our previous study (Wang et al.
2017a). The only difference was that the missing data cutoff
and read depth were set to <20% and >7, respectively, in this
study. Only one SNP was kept for each RAD tag for further
analysis. Besides SNP markers, 95 microsatellites selected
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from our previous studies (Wang et al. 2017a, Liu et al. 2016a)
were also genotyped across all the samples for QTL analysis.

Construction of a Genetic Map and Mapping of QTL
for Resistance to Iridovirus

Genetic markers were filtered by examination of Mendelian
segregation distortion using goodness-of-fit tests. Markers
that significantly deviated from the Mendelian segregation at
the level of 0.05 were removed from further analysis. Linkage
map was constructed with the program JoinMap 4.1 (Van
Ooijen 2006) with a LOD cutoff value of 10 and using the
Kosambi mapping function of the regression mapping algo-
rithm. QTL mapping was conducted using the program
MapQTL6 (Van Ooijen and Kyazma 2009). Both interval
mapping (IM) and multiple QTL model mapping (MQM)
analyses were conducted. The LOD threshold value for deter-
mining each QTL was estimated by carrying out a permuta-
tion test for 1000 times. QTL with a LOD score more than the
corresponding chromosome-wide and the genome-wide LOD
threshold at the 0.05 level was considered as suggestive and
significant, respectively. Both binary and quantitative traits
data were used for QTL mapping.

QTLVerification and Candidate Gene Analysis
in Multiple Families

Flanking sequences of the SNP nearest to the QTL peak re-
gion were retrieved from the reference genome of Asian
seabass (Vij et al. 2016). This marker was genotyped using
Sanger sequencing for QTL verification in a mass cross pop-
ulation, which was not genetically related to the mapping
family (primer set Lca130416, Table S1). The population
was generated by random crossing of 30 founders and was
estimated to be comprised of at least 15 families. Challenge
with SGIV was conducted using the above method for pheno-
typing. A total of 336 samples, i.e., 216 mortalities and 120
survivals, were collected for genotyping. Associations be-
tween genotypes and phenotypes were examined using
Fisher’s exact test. Moreover, genomic sequences of the
QTL region were retrieved to identify the most likely genes
responsible for resistance to SGIV infection. Genes nearest to
the most significant marker were selected as candidates. The
expression profiles of the genes in six immune-related tissues,
including the spleen, kidney, liver, intestine, skin, and brain, at
5 days post-challenge, in both the experimental and control
groups, were further studied using Q-PCR. At least three in-
dividuals were used for each group. Q-PCRwas performed on
iQ™5 Real Time PCR Detection Systems (Bio-Rad, USA)
using KAPA™ SYBR® Fast qPCR Kits (Kapa Biosystems,
USA). We observed evidence of alternative splicing in one
candidate gene. The relative expressions of the splicing vari-
ants were examined using Q-PCR. Primers were designed to

be bridging exon/intron boundaries, so that the splicing vari-
ants could be differentiated. Total RNA isolation and cDNA
synthesis were conducted according to our previous method
(Wang et al. 2014b). The housekeeping gene elongation
factor-1 alpha, EF1a (Table S1) was used as reference to char-
acterize the relative gene expression using the 2−ΔΔCTmethod
according to our previous study (Wang et al. 2014b).

Results

Virus Challenge and Genotyping-by-Sequencing

For the experimental groups, we observed that the mortality
rate began to increase at 12 days post-challenge and later
reduce to the background before the intensive mortalities
appearing at 21 days post-challenge (Fig. 1). The overall mor-
tality rate reached up to 45.1%. In comparison, the mortality
rate in the control groups was smooth and low during the
whole challenge experiment. Nested PCR examination re-
vealed that all the fish in the experimental groups were infect-
ed by SGIV, while there were no virus infections in the con-
trolled groups.

An average of 2.81 M raw reads were obtained for the 240
fish. After filtering out the samples with relatively low se-
quencing depth, 205 samples were retained, with an average
of 3.12 M QC filtered reads per individual. The average num-
ber of QC filtered reads for each parent was 14.95 M. A
catalog consisting of 133,199 loci that were identified from
the RAD tags of the parents was used for SNP discovery and
genotyping. A total of 4778 SNPs were genotyped in the
mapping family. Moreover, all the 95 microsatellites were
successfully genotyped in more than 95% of the individuals
of the mapping family.

Linkage Map Construction

Among the 4873 genetic markers, 1532 significantly deviated
from Mendelian segregation at the level of 0.05 and were

Fig. 1 Daily mortality (left y-axis) of the experimental and control
groups, and cumulative mortality rate (right y-axis) of the experimental
groups over time
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therefore removed from further analysis. A total of 3341
markers including 3259 SNPs and 82 microsatellites were
used for linkage mapping. A sex-averaged linkage map in-
cluding 24 linkage groups (LGs) with a total length of
1358.29 cM was constructed with 3261 markers (Fig. 2 and
Table S2). Summary statistics of the map andmappedmarkers
are listed in Table 1. The length of each LG is from 15.67 cM
for LG19 to 88.60 cM for LG12, with an average of
56.60 cM. The number of markers for each LG ranges from
20 in LG19 to 250 in LG2 with an average of 136, while the
marker interval ranges from 0.26 cM in LG5 to 0.78 cM in
LG19 with an average of 0.42 cM. The recombination rate in
comparison to the physical map is from 0.82 cM/Mb for
LG19 to 4.07 cM/Mb for LG23, with an average of
2.31 cM/Mb. The three largest intervals are in LG6, LG11,
and LG15, with a length of 10.12, 9.06, and 8.99 cM, respec-
tively (Fig. 2).

QTL Mapping for Resistance to SGIV Infection
and Verification

Genome scan of QTL for resistance to SGIV infection showed
consistent results between IM and MQM mapping ap-
proaches. We also observed that the results, both in terms of
the number of QTL and phenotypic variation explained
(PVE), showed little difference between quantitative traits
and binary traits (Table 2). QTL effects including LOD and
PVE were slightly larger (~5%) for binary data than for quan-
titative data in three of the four QTL (LG6, LG13, and LG21)
but smaller (~5%) for binary data in the remaining QTL
(LG15). Here, we only report the results for binary data using

interval mapping algorithm. A total of three suggestive and
one genome-wide significant QTL were identified in LG6,
LG13, LG15, and LG21, with a PVE of 7.5, 11.7, 11.2, and
15.6%, respectively (Table 2 and Fig. 3). The three suggestive
QTL span a genomic region from 2.38 to 15.75 cM, while the
genome-wide very significant QTL has an interval of 4.93 cM
with a peak position at 36.81 cM in LG21.

The genetic marker (SNP130416) nearest to the peak of the
most significant QTL in LG21 was further genotyped in an
unrelated population (primer set: Lca130416, Table S1). We
found significant differences in allele frequencies at this SNP
between the mortality and the survival groups as examined
using Fisher’s exact test (P = 0.04) (Fig. 4). Genotype CC
was observed to be more common in the survival group
(71.4%) than in the mortality group (60.0%). However, geno-
type CT was more abundant in the mortality group (37.8%)
than in the survival group (28.6%).

Analysis of a Candidate Gene in QTL for Resistance
to SGIV Infection

Genomic sequences with a length of 2.5 Mb flanking the
genetic marker (SNP130416) nearest to the most significant
QTL in LG21 were retrieved from the reference genome. We
observed that this marker was located between two genes, the
MDS1 and EVI1 complex locus (MECOM) and the sodium
voltage-gated channel beta subunit 2 (SCN2B), and was ~23
and ~6 Kb away from the genomic sequences of the two
genes, respectively (Fig. S1). The expression profiles of the
two candidate genes at 5 days post-SGIV challenge were ex-
amined in six different immune-related tissues. The gene

Fig. 2 The sex-averaged linkage
map and distribution of genetic
markers along each linkage group
in Asian seabass
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SCN2B showed no evidence of differential expression within
each of the six tissues (primer set: Lca12931, Table S1).
Interestingly, we observed evidence of splicing variants for
the gene MECOM. Previous RNA-seq study revealed that
MECOM has 18 exons, and alternative splicing occurs at four
positions of three exons (5′-end of exon 10, 3′ and 5′-ends of
exon 8, and exon 11 deletion), which produces 14 splicing
variants in total (Vij et al. 2016). However, it was impossible
to differentiate each splicing variant using Q-PCR, due to the
random occurrence of the four alternative splicing positions
(Fig. 5a). For this reason, we only examined the overall ex-
pression of MECOM (including all splicing variants) and the
relative expression of each category of transcripts that showed

splicing at each of the four alternative splicing positions (Fig.
5a). The transcripts were only found to be differentially
expressed, upon the SGIV challenge, in the skin. The overall
expression of the transcripts was significantly upregulated.
For each category of transcripts, only the transcripts splicing
with exon 11 deleted was observed to be significantly upreg-
ulated (Fig. 5b). Genomic sequences within the suggestive
QTL regions were also retrieved and analyzed using the ref-
erence genome (Vij et al. 2016). Three candidate genes includ-
ing membrane-associated guanylate kinase WW and PDZ
domain-containing protein 1 (MAGI1), zinc transporter
ZIP14 (ZIP14), and polymeric immunoglobulin receptor
(PIGR), near to the peak region of each QTL in LG6, LG13,

Table 1 Summary statistics of
the sex-averaged linkage map in
Asian seabass

Linkage groups Physical length (Mb) Length (cM) No. markers Intervals (cM) cM/Mb

LG1 25.70 31.91 100 0.32 1.24

LG2 30.40 80.02 250 0.32 2.63

LG3 23.50 49.29 103 0.48 2.10

LG4 25.54 70.21 224 0.31 2.75

LG5 28.96 55.86 219 0.26 1.93

LG6 27.93 75.12 97 0.77 2.69

LG7_1 23.26 40.20 123 0.33 1.73

LG7_2 13.91 47.37 147 0.32 3.41

LG8 25.92 68.43 168 0.41 2.64

LG9 22.99 70.44 137 0.51 3.06

LG10 27.94 62.17 85 0.73 2.23

LG11 23.29 69.66 159 0.44 2.99

LG12 27.84 88.60 205 0.43 3.18

LG13 27.25 56.59 199 0.28 2.08

LG14 14.07 33.88 58 0.58 2.41

LG15 30.78 72.10 154 0.47 2.34

LG16_22 28.68 37.91 89 0.43 1.32

LG17 25.85 42.15 161 0.26 1.63

LG18 27.67 59.92 158 0.38 2.17

LG19 19.19 15.67 20 0.78 0.82

LG20 24.53 67.92 100 0.68 2.77

LG21 23.75 38.40 55 0.70 1.62

LG23 18.17 73.95 180 0.41 4.07

LG24 19.81 50.55 70 0.72 2.55

Total 586.93 1358.29 3261 0.42 2.31

Table 2 Summary statistics of the four QTL for resistance to SGIV infection in Asian seabass using binary and quantitative data (parentheses)

QTL Position Highest LOD PVE Nearest marker Candidate gene

Irido_resist_1 LG6: 24.35–29.18 3.46 (3.28)* 7.5% (7.1%) SNP183421 MAGI1

Irido_resist_2 LG13: 32.27–34.65 5.52 (5.08)* 11.7% (10.8%) SNP56591 ZIP14

Irido_resist_3 LG15: 32.35–48.10 5.28 (5.55)* 11.2% (11.7%) SNP70055 PIGR

Irido_resist_4 LG21: 31.88–36.81 7.54 (7.24)** 15.6% (15.0%) SNP130416 MECOM

* and ** indicate suggestive and genome-wide significant QTL, respectively
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and LG15, respectively, were found to be most likely related
to pathogen infection (Table 2).

Discussion

To date, genotyping-by-sequencing has been widely used for
construction of linkage maps and mapping QTL for economic
traits in selective breeding programs of fish species (Gonen
et al. 2014, Fu et al. 2016, Palaiokostas et al. 2013,Wang et al.
2015, Liu et al. 2015). This high throughput sequencing-based
approach shows significant advances both in cost and labor, in
comparison to traditional DNA markers that need to be geno-
typed by running gels (Peterson et al. 2012). In particular,
using this approach, genotyping from several to dozens of
thousands of SNPs for linkage mapping and QTL analysis is
easily achievable. In most GBS-based studies, marker resolu-
tion can reach to <1 cM (Gonen et al. 2014, Palaiokostas et al.
2013, Wang et al. 2015, Fu et al. 2016), which is much higher
than that in microsatellite-based studies (~5–10 cM) (Molina-
Luzón et al. 2015, Negrín-Báez et al. 2016, Wang et al. 2011).
In the present study, the length and resolution of linkage map
are 1358.29 and 0.42 cM, respectively, which show little dif-
ference with the maps constructed using high-density SNP
markers in our previous studies (length ~1350–1600 cM; res-
olution ~0.4–0.6 cM) (Wang et al. 2017a, Wang et al. 2015).
This result supports confidence in this linkage map. The

resolution of this map is also comparable to the studies in
other fish species using GBS, e.g., in Atlantic salmon
(~0.5 cM) (Lien et al. 2011), common carp (~0.4 cM) (Peng
et al. 2016), bighead carp (~0.8 cM) (Fu et al. 2016), and large
yellow croaker (~0.5 cM) (Ao et al. 2015). Therefore, this
high-density linkage map can narrow down the QTL intervals
and allow more accurate determination of the genomic region
responsible for phenotypic variations, at a resolution of
~0.5 cM, corresponding to a genomic region of 0.24 Mb in
Asian seabass (Vij et al. 2016).

QTL for resistance to viral and bacterial diseases are of par-
ticular importance in the selective breeding of both animal and
plant species. These QTL can be used in MAS and incorporated
into GS for improvement of disease resistance traits in brood
stocks (Gjedrem 2015). Here, we identified four QTL associated
with resistance to SGIV infection, a severe threat to the maricul-
ture industry of Asian seabass in the Asia Pacific region (Qin
et al. 2003). As far as we know, this is the first study in mapping
QTL for iridovirus resistance in Asian seabass. Interestingly, we
found little difference between quantitative and binary traits in
the detection of QTL for disease resistance. This was also ob-
served in the study of Atlantic salmon for identifying QTL for
resistance to Piscirickettsia salmonis disease (Correa et al. 2015),
supporting confidence in our QTLmapping results. The PVE for
these four QTL ranges from 7.5 to 15.6%. In comparison to the
major QTL identified in some other studies, e.g., for resistance to
freshwater IPN in Atlantic salmon (PVE, ~50%) (Houston et al.
2010), resistance to viral lymphocystis disease in Japanese floun-
der (PVE, ~50%) (Fuji et al. 2006) and for bacterial disease
resistance in rainbow trout (PVE, ~50–86%) (Baerwald et al.
2011), the effects of theQTL identified in this study are relatively
small, although one of them was revealed to be genome-wide
very significant. These results likely suggest that resistance to
SGIV in Asian seabass is a complex polygenic trait and con-
trolled by multiple genes of only small effects (Wang et al.
2017b). It is also likely that there is no major QTL for resistance
to this specific pathogen, at least in the studied population.

Most of the QTL studies in fish species have revealed that
resistance to viral and bacterial disease traits are controlled by
multiple genetic loci, and eachQTLusually has onlyminor effect
(PVE, ~10%) (Liu et al. 2016a, Massault et al. 2011, Rodríguez-
Ramilo et al. 2013, Geng et al. 2015, Wang et al. 2017b).
However, it should be noted that these studies are limited by

Fig. 4 Association between genotypes and phenotypes in an unrelated
mass cross population of Asian seabass

Fig. 3 LOD distributions along
the sex-averaged linkage map for
the whole genome scan for QTL
in Asian seabass. The upper and
lower dashed lines denote the
LOD thresholds for estimated
genome-wide significant (double
asterisk) and suggestive (asterisk)
QTL, respectively
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the effective size of the mapping population. In particular, most
of the studies are based on only one biparental population. It is
likely that the corresponding mutation responsible for resistance
to a specific pathogen is missing in the mapping population.
Even in genome-wide association studies (GWAS) of aquacul-
ture fish species, the effective sizes of mapping populations are
also rather small compared to natural populations, as the founder
populations are usually set up by capturing dozens of wild indi-
viduals (Kincaid 1983). Thus, it is also difficult to identify QTL
of major effects using GWAS in these species (Geng et al. 2015,
Correa et al. 2015). In natural populations, genetic variations
associated with pathogen resistance are maintained in the host-
pathogen coevolutionary interactions (Anderson andMay 1982),
e.g., MHC polymorphisms under selection of pathogens
(Borghans et al. 2004). Thus, there should be specific mutations
for a host in response to a specific pathogen infection (Moen et al.
2015). It is very likely that the resistance alleles have minor
frequencies and are therefore not included in the brooding stocks
or the mapping families (McKay and Latta 2002). Although
application of a single family can improve the power of detection
of QTL, it is also prone to fail in capturing themutations ofmajor
effects on a specific trait (Liu et al. 2016a). For this reason, QTL
studies based on multiple families and GWAS using populations
of large effective size are necessary to identify genetic loci of
common andmajor effects (Sneller et al. 2009). Nevertheless, the
marker (SNP130416) within the genome-wide significant QTL
was revealed to be significantly associated with SGIV resistance
in an unrelated mass cross population. This marker is of partic-
ular importance for MAS in the brood stocks of Asian seabass.

Interestingly, the homozygous and heterozygous genotypes, CC
and CT, were abundant in the survival and mortality groups,
respectively, which might suggest that allele C is a recessive
resistance allele. Moreover, all the QTL identified in the study
are also useful in GS for disease resistance and robustness based
on thousands of selected markers of diverse QTL effects
(Goddard and Hayes 2007).

Within the genomic region of the most significant QTL in
this study, two candidate genes were identified nearest to the
peak of this QTL interval. However, only one gene,MECOM,
was observed to be differentially expressed in response to
infection by SGIV, although it is more than 20 Kb away from
the marker. Interestingly, MECOM was found to be upregu-
lated in the skin, but not in the main immune tissues or organs,
e.g., kidney, spleen, and liver.MECOM has been widely stud-
ied and plays important roles in viral responses (Métais and
Dunbar 2008). The protein coded contains a viral integration
site and has a DNA-binding activity. As a transcription factor,
this protein can induce various downstream signaling path-
ways related to disease responses (Sood et al. 1999).
However, it is still not clear how this gene responds to SGIV
infection in Asian seabass. Taking into account thatMECOM
showed evidence of alternative splicing in the face of infec-
tion, future studies should focus on the mechanism underlying
the interactions between alternative splicing and virus infec-
tion, and the potential functions of each splicing variant.
However, it should be noted that the other genes within the
most significant QTL region are also likely to be causative
genes. The QTL region has a length of ~2.5 Mb and covers

exon1 – exon7 exon8 exon12 – exon18exon9 exon10 exon11

(-3 bp)

(-3 bp)

(-24 bp)

ASP -ref

ASP1

ASP2

ASP3

ASP4
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Fig. 5 Eighteen exons of the
gene MECOM and the four
alternative splicing sites within
this gene in Asian seabass (a), and
the overall expression of
MECOM and the relative
expression of each category of
transcripts containing each of the
four alternative splicing sites (b)
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dozens of genes according to the annotation of the Asian
seabass reference genome (Vij et al. 2016). Due to linkage
and disequilibrium, accurate determination of the causative
genes in the studied biparental population is unlikely. Thus,
we cannot exclude the possibilities that the other genes within
this QTL region are the causative genes for resistance to
iridovirus in Asian seabass. It is necessary to accurately deter-
mine the causative genes using association mapping based on
a population of large effective size in the near future.

Conclusion

In this study, a high-density linkage map was constructed based
on 3261 SNPs and microsatellites. This map was used for map-
ping QTL for resistance to SGIV infection in Asian seabass.
Three suggestive and one genome-wide significant QTL were
detected at four different chromosomes. The PVE for these QTL
ranges from 7.5 to 15.6%. The geneticmarker nearest to themost
significant QTL was revealed to be significantly associated with
SGIVresistance in an unrelated population of Asian seabass. The
QTL identified in the study could be useful both for MAS and
future GS in the selective breeding programs of Asian seabass. A
candidate gene, MECOM, was detected at chromosome 21.
Further study on the potential function of this gene can provide
important information for understanding the mechanism of host-
pathogen interaction and resistance to SGIV in Asian seabass.
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