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Abstract
High-pH tolerance and growth are important traits for the shrimp culture industry in areas with saline-alkali water. In the present
study, an F1 full-sib family of Pacific white shrimp (Litopenaeus vannamei) was generated with a new “semidirectional cross”
method, and double-digest restriction site-associated DNA sequencing (ddRAD-Seq) technology was applied to genotype the 2
parents and 148 progenies. A total of 3567 high-quality markers were constructed for the genetic linkage map, and the total map
lengthwas 4161.555 centimorgans (cM), showing 48 linkage groups (LGs) with an average interlocus length of 1.167 cM.With a
constrained logarithm of odds (LOD) score ≥ 2.50, 12 high-pH tolerance and 2 growth (body weight) QTLs were located.
L. vannamei genomic scaffolds were used to assist with the detection of 21 stress- and 5 growth-related scaffold genes.
According to the high-pH transcriptome data of our previous study, 6 candidate high-pH response genes were discovered, and
5 of these 6 genes were consistently expressed with the high-pH transcriptome data, validating the locations of the high-pH
tolerance trait-related QTLs in this study. This paper is the first report of fine-mapping high-pH tolerance and growth (body
weight) trait QTLs in one L. vannamei genetic map. Our results will further benefit marker-assisted selection work and might be
useful for promoting genomic research on the shrimp L. vannamei.
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Introduction

The Pacific white shrimp, Litopenaeus vannamei
(L. vannamei), is famous worldwide as a high-quality food
in the human diet (FAO 2012). With the high economic value
and good stress resistance of this species (Li et al. 2007, Wang
et al. 2013a, b), L. vannamei has become one of the most
important aquatic species for culturing, and L. vannamei farm-
ing areas have been widely introduced in nonnative environ-
ments worldwide (Huang et al. 2018). Total shrimp produc-
tion reached 4million tons, and the total output value achieved
24 billion US dollars in 2016 (Yu et al. 2019). Advances in
shrimp breeding projects might further promote the high eco-
nomic value of the shrimp culture industry.

Soil salinization significantly impacts crop yields and
poses a threat to regional human life; therefore, the strategy
of reusing and transferring saline-alkali lands as cultivated
resources is becoming imperative (Li et al. 2014; Wang et al.
2017; Huang et al. 2018). The development of aquaculture
industries in saline-alkali water areas, including inland lakes,
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rivers, and marine coasts in China, has been thought to be an
effective method for taking full advantage of these territorial
resources (Liang et al. 2013; Liu et al. 2016) and has economic
(production of saline-alkali water reached USD$1.14 million)
(Liu et al. 2016) and environmental (the top pH value of the
saline-alkali lands dropped from 9.01 to 8.56) (Xue 2018)
value in the Hebei and Shaanxi Provinces of China.
L. vannamei is one of the most important aquatic species for
culturing in saline-alkali water areas in China (Luan et al.
2003; Liu et al. 2008; Zhang 2016). However, compared with
the farming of L. vannamei under normal seawater conditions,
the immunity and production of the shrimp might be weak-
ened when the species is cultured in high-pH environments
(Li and Chen 2008; Wang et al. 2009; Huang et al. 2018). The
high-pH tolerance trait of the shrimp has become an important
economic trait for the breeding and culturing industries.

The development of marker-assisted selection (MAS) has
substantially accelerated genetic breeding work (Yue 2014;
Abdelrahman ElHady et al. 2017; Li et al. 2017; Yu et al.
2019; Li et al. 2019). Most targeted traits of species are
governed by multiple genes or loci, and quantitative trait loci
(QTLs) mapping with dense genetic linkage maps is
employed to reveal the locations of the trait-related genes
(Yue 2014; Das et al. 2015; Wan et al. 2017; Li et al. 2017;
Kong et al. 2019; Li et al. 2019). Single nucleotide polymor-
phism (SNP) markers, which represent the most abundant
source of variation in the genome, are increasingly utilized
for the construction of high-density genetic linkage maps
(Lien et al. 2011; Shao et al. 2015; Wan et al. 2017). High-
resolution genetic maps with 12,712 high-confidence SNPs
and 24 consensus linkage groups (LGs) were constructed for
the Japanese flounder (Paralichthys olivaceus, P. olivaceus),
and 9 positive QTLs and 4major genes for Vibrio anguillarum
disease resistance were detected (Shao et al. 2015). Yu et al.
(2015) used a total of 6146 high-quality SNPmarkers for QTL
mapping, and an average marker distance of 0.7 cM was ob-
tained for the linkage map (Yu et al. 2015).

With the development of next generation sequencing
(NGS) technology, high-throughput marker development
and genetic map construction has become possible to finely
map trait-related QTLs (Shao et al. 2015, Wan et al. 2017). In
recent years, many advanced methods for mapping trait-
related QTLs have been developed, such as genome-wide
association studies (GWAS) (Abdelrahman ElHady et al.
2017), expression quantitative trait loci (eQTLs) (Imprialou
et al. 2017), specific-locus amplified fragment sequencing
(SLAF) (Miller et al. 2007), genotyping-by-sequencing
(GBS) (Baird et al. 2008), and restriction site-associated
DNA sequencing (RAD-seq) (Sun et al. 2013). In particular,
as a reliable, affordable method to reduce genomic complex-
ity, RAD-Seq has been very useful for SNP discovery and
genotyping (Berthier-Schaad et al. 2007; Rowe et al. 2011;
Wang et al. 2012; Shao et al. 2015; Fu et al. 2016; Wan

et al. 2017). RAD-Seq technology has now been applied for
the genetic study of various aquatic species, such as
P. olivaceus (Shao et al. 2015), Hypophthalmichthys nobilis
(Fu et al. 2016), Megalobrama amblycephala (Wan et al.
2017), Trachinotus blochii (Zhang et al. 2018), Larimichthys
crocea (Kong et al. 2019), and Oreochromis spp. (Li et al.
2017; Li et al. 2019).

In previous studies on L. vannamei, the genetic mechanism
of growth traits has been elucidated (Andriantahina et al.
2013; Yu et al. 2015, Yu et al. 2019), but few genes have been
identified in association with growth traits (Yu et al. 2019).
Further genetic studies on growth-related traits in this species
are still needed. The high-pH tolerance trait of the shrimp is
becoming an important economic trait for industrial breeding
and culturing in saline-alkali water areas; however, the stress
response QTLs are still unknown. In the present work, double-
digest restriction site-associated DNA sequencing (ddRAD-
Seq) technology was applied to genotype an F1 full-sib family
of L. vannamei, and a high-resolution genetic map was con-
structed with high-quality SNP markers. High-pH tolerance
and growth (body weight) trait-related QTLs were detected,
high-pH response and growth-related candidate genes were
discovered, and real-time PCR was carried out to validate
the candidate high-pH response genes. Our results will further
benefit MAS work and might be useful for promoting geno-
mic research on the shrimp L. vannamei.

Materials and Methods

Shrimp Full-Sib Family Production

An F1 full-sib shrimp family was produced by inner species
crossing at JingYang Tropical Biology Co., LTD inMaoming,
Guangdong, China (August, 2017). The female shrimp were
selected from the inbred line called “L. vannamei ZhongKe
No.1” (a shrimp variety in China, variety registration no. GS-
01-007-2010), and the candidate male shrimps were obtained
from a commercial shrimp termed “Zheng Da.” According to
the propagation characteristic (open thelycum) of
L. vannamei, mating a single mature male shrimp with a ma-
ture female was difficult, and a full-sib shrimp family was thus
produced with a new “semidirectional cross” method accord-
ing to the following steps. A fertile female shrimp (containing
yellow shrimp eggs) (Supplementary Fig. 1a) was placed in a
seawater mating pond (5 m2, 1 m height) that contained 7–15
fertile male shrimps, whose spermatophores were packed with
white spermatia (Supplementary Fig. 1b). The male shrimps
in the mating pond took turns to chasing the female until
mating occurred, then, the female shrimp whose thelycum
contained the white spermatia (Supplementary Fig. 1c) was
removed. The mated female shrimp was reared in an isolation
tank (round, 70 cm in height, volume ≤ 1000 L) for spawning
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and served as the female parent of the F1 full-sib fam-
ily. The male parent of the F1 full-sib family was visu-
ally determined by determining based on which male
showed an empty spermatophore (without packed sper-
matium) (Supplementary Fig. 1b, d), as naturally, only
one male shrimp could mate with the female shrimp.
The F1 full-sib progenies were first nursed in the tank
for 15 days, and the full-sib shrimps were then moved to an
indoor culturing pond (5.0 m in length, 6.0 m in width, and
1.2 m in height) for further rearing.

High-pH Challenges and Preparation of the Shrimp
Samples

After being reared in the culturing pond for 40 days, 35 of the
full-sib progenies were randomly selected and treated in a
high-pH gradient environment (gradient pH values of 8.1,
8.3, 8.5, 8.7, 8.9, 9.1, 9.3, 9.5, and 9.7) for 48 h. The pH values
were maintained with Na2CO3 and NaHCO3 solutions
according to the description by Huang et al. (2018).
The survival statuses of the shrimp were evaluated by
observing their ability to move spontaneously or after
gentle prodding (Huang et al. 2017). The dead individ-
uals were collected, and the endurance times were re-
corded for each pH level. The high-pH stress was determined
by evaluating the number of survivors in each high-pH treat-
ment group.

A total of 148 full-sib progenies were randomly selected
from nearly 5000 whole full-sib family numbers in the rearing
pond and treated in the stress high-pH environments.
Afterward, the dead shrimps were collected and weighed.
The data regarding the endurance times under the stress of
the high-pH environment (high-pH tolerance trait, HP) and
body weight (body weight, growth trait, BW) were collected.
The muscle tissues of 2 parents and 148 offspring were sepa-
rated for the extraction of genomic DNA, and the experiments
were conducted with the TIANGEN Marine Animal DNA
extraction kit (TIANGEN, Beijing, China) according to the
manufacture’s protocol. The concentration of total
DNA was determined with a NanoDrop 1000 spectro-
photometer (NanoDrop, Wilmington, DE, USA), and the
quality of each DNA sample was evaluated by gel electropho-
resis (Yu et al. 2015).

RAD Library Construction and Sequencing

Genomic DNA from 2 parents and 148 offspring was used to
construct the 150 L. vannamei ddRAD libraries (October
2017) using protocols described by Peterson et al. (2012)
and Sun et al. (2017). Briefly, the DNA from each shrimp
sample was double-digested using the restriction enzymes
EcoRI and NlaIII (New England Biolabs, Ipswich, MA,
USA) (Yu et al. 2015). Then, the digested samples were

purified using a Qiagen MinElute Reaction Cleanup Kit
(Qiagen, Valencia, CA, USA). The fragments were then ligat-
ed to adapters that included unique 4- to 8-bp multiplex iden-
tifiers (MIDs) that were used to distinguish each individual.
The samples were pooled, size-selected (400 to 600 bp) on an
agarose gel and subsequently purified with a QiagenMinElute
Gel Purification Kit. The paired-end (150 bp) sequencing of
the ddRAD products was performed on an Illumina HiSeq
2500 platform (Illumina, Inc., San Diego, CA, USA).

SNP Discovery and Genotyping

The Illumina short reads that lacked the sample-specific MIDs
and the expected restriction enzyme motifs were discarded.
The raw data were then filtered using Trimmomatic software
(v0.32) (Bolger et al. 2014) in three steps: removal of
adapters; removal of reads with bases from the start or end
of a read with a quality threshold below 3; and scanning reads
with a 4-bp sliding window, removing those with an average
Phred quality per base below 20 (Sun et al. 2017). The
STACKS (v1.41) (Catchen et al. 2013) pipeline was
employed for de novo assembly of the loci and for SNP dis-
covery. The Ustacks program was used to cluster the enzyme
cutting sequences of each individual, and the Cstacks program
was applied to identify the congruent loci and make the alleles
in the parental data uniform. The Sstacks programwas utilized
to compare the progeny and parent loci, confirming the geno-
type of each progeny locus; and the Genotype program was
utilized to proofread the genotype data. The following param-
eters were used:

Ustacks: -t gzfastq -i -m 3 -M 9 -p 15 -d -r –f –o
Cstacks: -b 1 –o –s –n 2 –p 15
Sstacks: -b 1 –c –p 15
Genotype: -b 1 –P -r 1 -c -s -t CP

The miss rates (number of samples with no genotype
information/number of total samples) were less than 10%,
and biallelic SNPs were used to avoid sequencing errors
and to advance the segregation analysis (Sun et al. 2017; Lu
et al. 2016). The sequencing depth of the SNP loci was no less
than 5.

Linkage Map Construction

Only biallelic SNPs were introduced to construct the genetic
linkage map, and the SNP genotypes were defined as follows:
(1) SNPs that were heterozygous in the maternal parent (lm)
and homozygous in the paternal parent (ll); (2) SNPs that were
heterozygous in the paternal parent (np) and homozygous in
the maternal parent (nn); and (3) SNPs that were heterozygous
in the maternal and paternal parent (hk) (Lu et al. 2016).
Biallelic SNPs that presented significant segregation
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distortion in the χ2 goodness-of-fit tests (chi-square test,
P < 0.05) were also eliminated in the linkage analysis (Liu
et al. 2017). LG assignments were conducted with JoinMap
4.1 software (Stam 1993) using a logarithm of odds (LOD)
score ≥ 6.0. A pseudo-testcross strategy (a mapping popula-
tion was developed by hybridizing two unrelated highly het-
erozygous parents to produce a set of F1 progeny) was utilized
to construct the linkage map (Shao et al. 2015; Sun et al.

2017). The regression mapping algorithm and Kosambi’s
mapping function were used for map construction with the
following settings: Rec = 0.4, LOD = 1.0, and Jump = 5. The
genetic distance of 30 cM was set as the longest gap between
two markers in one LG. The resulting linkage maps were
drawn using R software (version of R x64 3.5.2, https://
www.r-project.org/) with the package LinkageMapView
(Ouellette et al. 2018).

a

b d

c e

Fig. 1 Information on the experimental and RAD-Seq libraries. a High-
pH challenges in gradient high-pH environments for 48 h; the high-pH
stress condition of the full-sib family is indicated. b Summary of the high-
pH tolerance data of the full-sib offspring. c Summary of the body weight

data of the full-sib offspring. d Quality control of the RAD-Seq libraries.
The X axes represent the base position along the reads. The Y axes
represent the base content percentages. e Summary of the SNP markers;
high-quality markers are enclosed in a box
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QTL Mapping

QTL mapping of the HP and BW traits was performed with
MapQTL 5.0 software (Van Ooijen 2011). The Multiple QTL
Mapping (MQM) program was used to detect the QTL region
and calculate the percentage of explained phenotypic variance
(Jansen and Stam 1994); an LOD ≥ 2.50 was set for the trait-
related QTL regions. A mapping step size of 1 cM and five
neighboring markers were used in the QTL analysis (Louro
et al. 2016; Liu et al. 2017). The genome-wide LOD threshold

(significance level) or group-wide LOD threshold (suggestive
level) was determined in MapQTL5.0 by a Permutation Test
on the basis of 1000 permutations with a confidence interval
of 95% (Piepho 2001; Lu et al. 2016).

Identification of the Candidate High-pH Response
and Growth-Related Genes

To further reveal the high-pH response and growth-related
genes, the tag sequences of the HP and BW QTL markers

Table 1 Summary information of the linkage groups for the shrimp full-sib family

Linkage group Number of markers Genetic length (cM) Average interval (cM) Largest gap/length (cM)

LG 1 166 165.922 1.000 9.726~35.900/26.174
LG 2 183 154.313 0.843 120.361~148.372/28.011
LG 3 61 154.002 2.525 119.507~141.590/22.083
LG 4 91 152.002 1.670 106.191~133.530/27.339
LG 5 70 151.135 2.159 0.000~28.177/28.177
LG 6 99 148.734 1.502 32.146~59.721/27.575
LG 7 119 136.537 1.147 115.308~136.537/21.229
LG 8 99 135.317 1.367 23.664~50.546/26.882
LG 9 96 133.586 1.392 2.228~14.263/12.035
LG 10 85 129.095 1.519 0.682~30.146/29.464
LG 11 133 128.262 0.964 18.444~42.983/24.539
LG 12 112 124.096 1.108 20.629~44.230/23.601
LG 13 77 120.769 1.568 76.061~94.227/18.166
LG 14 50 118.870 2.377 0.000~22.968/22.968
LG 15 90 115.632 1.285 92.317~113.356/21.039
LG 16 110 109.889 0.999 86.841~107.652/20.811
LG 17 124 108.422 0.874 12.212~23.072/10.860
LG 18 103 101.313 0.984 71.244~85.946/14.702
LG 19 107 101.097 0.945 76.524~99.637/23.113
LG 20 72 98.369 1.366 72.723~87.758/15.035
LG 21 105 95.948 0.914 0.000~15.805/15.805
LG 22 87 93.684 1.077 50.577~65.861/15.284
LG 23 33 90.607 2.746 32.311~57.841/25.530
LG 24 84 85.396 1.017 0.000~15.791/15.791
LG 25 51 81.410 1.596 10.193~28.854/18.661
LG 26 51 77.351 1.517 36.609~50.643/14.034
LG 27 83 75.997 0.916 0.000~18.612/18.612
LG 28 26 73.516 2.828 8.942~24.714/15.772
LG 29 90 70.097 0.779 5.690~11.425/5.735
LG 30 21 67.415 3.210 5.834~34.453/28.619
LG 31 33 65.647 1.989 45.331~62.997/17.666
LG 32 102 65.061 0.638 0.000~7.486/7.486
LG 33 78 63.218 0.810 42.926~63.218/20.292
LG 34 36 58.634 1.629 31.041~42.810/11.769
LG 35 36 57.235 1.590 17.074~29.374/12.300
LG 36 102 56.731 0.556 6.994~11.226/4.232
LG 37 99 55.137 0.557 37.494~44.753/7.259
LG 38 15 47.958 3.197 15.331~33.490/18.159
LG 39 21 45.096 2.147 0.024~15.935/5.911
LG 40 73 42.609 0.584 17.880~23.721/5.840
LG 41 60 40.998 0.683 0.000~8.253/8.253
LG 42 29 40.073 1.382 0.000~24.843/24.843
LG 43 75 29.455 0.393 22.323~26.794/4.471
LG 44 41 25.477 0.621 20.197~25.477/5.280
LG 45 22 21.530 0.979 2.770~11.625/8.855
LG 46 26 17.737 0.682 6.316~13.591/7.275
LG 47 26 15.564 0.599 8.531~15.564/7.033
LG 48 15 14.612 0.974 4.273~13.932/9.659
Total 3567 4161.555 1.167 LG10 (0.682~30.146/29.464)
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were searched in the Pacific white shrimp genome database
(GenBank no. QCYY00000000.1), and the aligned shrimp
genome scaffolds were identified. The genes contained in
the genome scaffolds (called the scaffold genes) were obtain-
ed, and the stress- and growth-related scaffold genes were
annotated and summarized according to previous studies.

All the stress-related scaffold genes were compared with
the high-pH transcriptome data from our previous work (S7
Table in Huang et al. 2018), and the coexisting candidate
genes for high-pH response were discovered. To verify the
mRNA expression patterns of the candidate high-pH response
genes, healthy cultured shrimp (supplied by Yuehai Feed

Group Co., LTD, Zhanjiang, China; average weight, 11.09 ±
2.37 g) were selected, and the three shrimp groups were treat-
ed in pH 8.0 seawater (control pH), pH 9.0 seawater, and
pH 9.3 seawater. The high-pH values of the seawater were
maintained as described previously (Wang et al. 2009;
Huang et al. 2018). Total RNA was extracted from the
posttreated gill tissues of the shrimp at 0, 1, 6, 12, 24, and
48 h. Real-time PCR analysis was carried out using the
primers listed in Supplementary Table 1. The relative expres-
sion levels of the candidate genes were obtained according to
the 2−ΔΔCT method by normalizing to the expression of the
L. vannamei β-actin gene (Livak and Schmittgen 2001).
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Results

Summary of the Data

The high-pH challenge data were analyzed. In total, 21
shrimps (survival rate of 60.0%) survived after treatment in
the high-pH environment of 9.1 for 48 h, 3 (survival rate of
8.6%) survived after treatment in the high-pH environment of
9.3 for 48 h, and all died after treatment in a high-pH environ-
ment of 9.5 for 12 h (Fig. 1a).

The high-pH value of 9.3 was set as the stress environment,
and 148 progenies were treated in pH 9.3 seawater; with the
ability or inability of the shrimp to resist a high-pH environ-
ment, 9 different stages were determined (Fig. 1b). Nine indi-
viduals (6.08%) died in the first stage (0–2 h), and 11 (7.43%)
progenies survived beyond 48 h of treatment (Fig. 1b). The
body weights were immediately obtained when the shrimp
were dying under the pH 9.3 stress condition; the minimum
shrimp body weight was 0.048 g, the maximum shrimp body
weight was 1.100 g, the mean body weight was 0.319 ±
0.211 g, and the body weight values of the shrimp individuals
were continuous (Fig. 1c).

Sequencing and Genotyping

A total of 150 ddRAD libraries were constructed from the two
parents and their 148 offspring. The mean value of the GC%
in the offspring was 43.67 ± 0.73% (Supplementary Table 2).
The adenine bases (A) nearly overlapped the thymine bases
(T), and the guanine bases (G) nearly overlapped the cytosine
bases (C) (Fig. 1d, Supplementary Table 2). After filtering, the
female parent had 2.17 Gb of clean data (GC rate of 42.16%
and a Q30 rate of 90.08%), and the male parent had 2.58 Gb of
clean data (GC rate of 43.21% and Q30 rate of 90.18%). The

clean reads of the progenies ranged from 5.42 to 27.97 mil-
lion, and the clean reads of the offspring ranged from 0.80 to
4.07 Gb (average GC rate of 43.61 ± 0.73 and mean Q30
value of 89.54 ± 1.12) (Supplementary Table 3). All clean data
were deposited into the USNational Center for Biotechnology
Information (NCBI) Sequence Read Archive (SRA, http://
www.ncbi.nlm.nih.gov/Traces/sra) under GenBank accession
no. PRJNA532795. A total of 10,465 markers were detected
from more than 90% of the progenies (Fig. 1e), and after a
Mendelian fit test (P ≥ 0.05), 3894 high-quality markers (three
types of markers including 2446 “lm × ll” markers, 1308 “nn
× np” markers, and 140 hk × hk markers) were used to con-
struct the consensus genetic map (Fig. 1e).

Construction of Linkage Maps

A ddRAD-based linkage map of L. vannameiwas constructed
with high-quality markers. The LGs containing fewer than 15
markers were discarded, and the final integrated map
consisted of 48 LGs, including 3567 high-quality segregating
SNPmarkers (327 high-quality markers were discarded or not
located) (Table 1, Fig. 2). The total map length was
4161.555 cM, the average interlocus length was 1.167 cM,
the genetic length of the LGs ranged from 14.612 cM
(LG48) to 165.922 cM (LG 1), and the average interval length
of the LGs ranged from 0.393 cM (LG 43) to 3.210 cM (LG
30) (Table 1, Fig. 2). Detailed information, including the
marker names, tag sequences, and positions of the LGs, is
provided in Supplementary Tables 4–5.

QTL Analysis of High-pH Tolerance and Growth Traits

For the HP trait, 12 QTLs were discovered (LOD value > 2.5)
(Table 2) and were distributed in 5 different LGs (LG 4, LG

Table 2 High-pH trait-related
and growth trait-related
QTLs in L. vannamei

Trait QTL LG Location (cM) Interval
length (cM)

QTL peak
position (cM)

Peak LOD Peak expl. (%)

BW BW-1 1 101.750~102.050 0.300 102.050 2.56 9.0

BW-2 1 121.889~122.822 0.933 121.889 2.92 10.3

HP HP-1 4 64.170~67.590 3.420 67.250 2.75 8.3

HP-2 4 69.847~70.350 0.503 70.350 2.68 9.8

HP-3 4 144.486~149.146 4.660 149.146 3.47 65.2

HP-4 13 18.249~25.249 7.000 25.249 2.97 14.6

HP-5 13 29.092~29.770 0.678 29.170 2.59 8.0

HP-6 13 33.057~33.153 0.096 33.119 2.74 8.2

HP-7 13 35.098~37.845 2.747 36.472 2.59 9.4

HP-8 18 36.201~37.345 1.144 37.345 2.61 7.9

HP-9 18 40.218~42.158 1.940 40.850 2.61 8.4

HP-10 26 35.183~44.609 9.426 36.609 2.89 13.8

HP-11 26 71.023~77.023 6.000 74.023 2.70 63.4

HP-12 36 49.451~51.492 2.041 50.805 2.74 9.0
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13, LG 18, LG 26, and LG 36) (Figs. 3 and 4). The
most prominent QTL was HP-3, with an LOD value of
3.47; this QTL was 4.660 cM in length and explained

65.2% of the phenotypic variation. The detailed QTL
in fo rma t ion fo r the HP t r a i t i s ava i l ab l e in
Supplementary Table 4.

Fig. 3 Genetic locations of high-pH tolerance-related and growth-related
(body weight) QTLs on 48 LGs of L. vannamei. The red lines indicate the
logarithm of odds (LOD) value of the high-pH trait. The green lines

indicate the logarithm of odds (LOD) value of the body weight trait.
The dashed lines indicate a cutting threshold of LOD at 2.5

8 Mar Biotechnol (2020) 22:1–18



For the BW trait, 2 QTLs were detected (LOD value >
2.50) (Table 2), and the BW QTLs were located in LG 1

(Figs. 3 and 4). BW-2 was the major QTL (interval length of
0.933 cM), and it had an LOD value of 2.92 and explained

Mar Biotechnol (2020) 22:1–18 9

Fig. 4 Distribution of the high-pH tolerance-related and growth-related (body weight) QTLs on 6 different linkage groups. The value of the genetic
distance (centimorgan, cM) was displayed on the left side of the LGs, and the related markers are presented on the right side of the LGs



Table 3 Summary of the aligned L. vannamei scaffolds

QTL Location (LG_cM) Related marker (LOD) Aligned L. vannamei scaffold Aligned position (bp)

HP-1 4_64.170 R2_71451 (2.62) LVANscaffold_1261 408,520–408,667

4_66.323 R2_154782 (2.64) LVANscaffold_2170 136,117–136,266

4_67.250 R1_138716 (2.75) LVANscaffold_2513 508,647–508,790

R1_28405 (2.73) LVANscaffold_1261 390,463–390,606

4_67.590 R1_180117 (2.54) None None

R1_177842 (2.54) None None

R2_87400 (2.54) LVANscaffold_2723 345,175–345,323

HP-2 4_69.847 R1_88430 (2.44) LVANscaffold_3340 1,702,538–1,702,681

4_70.350 R1_60745 (2.68) LVANscaffold_2027 1,829,105–1,829,248

R1_247764 (2.33) LVANscaffold_2027 1,823,768–1,823,914

HP-3 4_139.486 R2_93500 (1.08) LVANscaffold_2067 164,203–164,054

4_149.146 R1_123293 (3.47) LVANscaffold_1243 66,155–66,298

R1_377742 (0.35) LVANscaffold_2120 126,607–126,750

R1_129875 (0.35) LVANscaffold_1243 24,820–24,963

HP-4 13_18.249 R1_188039 (2.34) LVANscaffold_2654 432,603–432,747

R1_164408 (2.57) LVANscaffold_2664 379,562–379,705

13_25.249 R2_68418 (1.95) None None

HP-5 13_29.092 R1_209167 (2.56) LVANscaffold_2881 408,553–408,696

13_29.170 R1_413136 (2.59) LVANscaffold_2881 251,318–251,465

13_29.427 R1_72735 (2.53) LVANscaffold_1662 42,883–43,026

13_29.770 R2_67522 (2.57) LVANscaffold_2421 329,038–329,187

HP-6 13_33.057 R1_69002 (2.63) LVANscaffold_1586 61,779–61,922

R1_169648 (2.74) LVANscaffold_2667 644,642–644,746

13_33.153 R2_191503 (2.73) LVANscaffold_1662 43,043–43,190

R2_132150 (2.73) LVANscaffold_2881 370,831–370,977

HP-7 13_35.098 R2_163229 (2.33) LVANscaffold_1348 520,816–520,965

R2_196026 (2.33) LVANscaffold_1348 535,763–535,912

R2_210656 (2.33) LVANscaffold_3491 207,354–207,503

R1_37390 (2.33) LVANscaffold_2256 136,990–137,133

R1_205189 (2.29) LVANscaffold_2256 23,448–23,591

R2_77341 (0.41) LVANscaffold_3491 201,935–202,081

R1_150023 (0.41) LVANscaffold_218 238,219–238,363

R1_143189 (2.57) LVANscaffold_720 254,204–254,347

R1_230566 (2.50) LVANscaffold_1348 521,297–521,154

R2_204233 (2.50) LVANscaffold_3491 159,181–159,327

13_36.472 R2_64834 (2.59) LVANscaffold_667 124,209–124,358

13_37.845 R1_220937 (2.58) LVANscaffold_2974 331,144–331,285

HP-8 18_36.201 R1_245033 (2.53) None None

R1_21861 (2.54) LVANscaffold_1059 337,995–338,138

R1_214246 (2.54) None None

18_36.631 R1_143077 (2.59) LVANscaffold_697 486,909–487,052

R2_477862 (2.59) LVANscaffold_697 499,284–499,431

R1_123091 (2.59) LVANscaffold_1695 112,979–113,122

18_37.345 R1_214106 (2.61) LVANscaffold_2698 1,229,635–1,229,778

R1_52418 (2.60) LVANscaffold_2698 1,176,194–1,176,337

R1_164619 (2.46) LVANscaffold_2804 88,042–88,184

R2_190258 (2.51) LVANscaffold_2698 729,316–729,465

R2_16446 (2.51) LVANscaffold_308 212,359–212,508

R1_115540 (2.51) LVANscaffold_813 429,472–429,615

10 Mar Biotechnol (2020) 22:1–18



10.3% of the phenotypic variation (Table 2). The major BW-
related genes might be located between the SNP markers of
R1_309702 and R1_418289. Another BW QTL is listed in
Table 2 and Fig. 4, and the detailed QTL information for the
BW trait is provided in Supplementary Table 5.

Identification of the High-pH Response Gene
Candidates

In total 73 HP and BW QTL markers were aligned to 46
L. vannamei scaffolds (Table 3). In the HP-2 QTL, the marker
“R1_60745,” with an LOD value of 2.68 in LG4, was aligned
to the L. vannamei scaffold “LVANscaffold_2027,” and the
marker “R1_247764” in this QTL was aligned to the same
L. vannamei scaffold, indicating a close genetic distance be-
tween the two markers (Table 3).

The stress-related genes contained in these L. vannamei
scaffolds were summarized according to previous studies
(Table 4). The expression levels of the stress-related genes were
investigated using high-pH transcriptome data from our previ-
ous work (Huang et al. 2018), and six candidate high-pH re-
sponse genes were discovered: hypoxia inducible factor 1 beta
(HIF1b), transcription initiation factor TFIID subunit 3 (TAF3),
glutamyl aminopeptidase (ENPEP), discoidin domain-

containing receptor 2-like (DDR2), phosphatidylcholine: cer-
amide cholinephosphotransferase 1-like (SGMS1) and histone
H2A.V-like (H2AFV) (Table 4). With the same method, 5
growth-related genes were obtained (Table 5).

To further verify the results in this study, real-time PCR
was carried out to identify the expression patterns of the
high-pH response genes. The expression levels of the 6 can-
didate genes were significantly influenced by the high-pH
treatment, and 5 (all except the ENPEP gene) of the 6 candi-
date genes were consistent with the high-pH transcriptome
data (Fig. 5). Specifically, the HIF1b and SGMS1 genes were
significantly upregulated for 6 h in the high-pH environment,
and TAF3 and DDR2 were obviously downregulated in the
first 6 h in response to the high-pH stress. The H2AFV gene
was downregulated in the first few hours but was then sub-
stantially upregulated in the following hours in response to
high-pH stress, and the results validate the candidate high-
pH response genes (Fig. 5).

Discussion

Full-sib families provide basic materials for genetic breeding
programs in aquatic species, and they are particularly

Table 3 (continued)

QTL Location (LG_cM) Related marker (LOD) Aligned L. vannamei scaffold Aligned position (bp)

HP-9 18_40.218 R2_58592 (2.55) None None

R1_109174 (2.55) LVANscaffold_308 41,192–41,335

R1_17863 (2.55) LVANscaffold_21 64,205–64,335

R2_278215 (2.55) LVANscaffold_697 644,667–644,816

R2_9789 (2.55) LVANscaffold_2804 90,726–90,873

18_40.850 R2_63159 (2.61) LVANscaffold_813 429,255–429,404

18_42.158 R1_192344 (2.51) LVANscaffold_813 272,801–272,944

R2_101501 (2.51) LVANscaffold_25 33,276–33,425

HP-10 26_34.183 R1_199863 (2.19) LVANscaffold_1634 144,966–145,109

26_36.259 R2_28174 (2.89) LVANscaffold_4282 376,987–377,136

26_36.609 R1_61520 (2.89) LVANscaffold_2885 283,535–283,668

26_50.643 R1_94174 (1.63) LVANscaffold_969 301,389–301,529

HP-11 26_67.023 R1_102228 (1.26) LVANscaffold_1314 600,972–601,115

26_77.351 R2_201568 (2.46) None None

HP-12 36_49.451 R2_271760 (1.87) None None

R1_155711 (2.54) LVANscaffold_1676 329,326–329,469

36_50.132 R1_151931 (2.65) LVANscaffold_2468 96,946–97,089

36_50.805 R2_53867 (2.74) LVANscaffold_2215 669,156–669,305

36_51.492 R1_192196 (2.73) LVANscaffold_3606 50,006–50,133

R2_191603 (2.50) None None

BW-1 1_102.050 R1_232601 (2.56) LVANscaffold_193 6893–7036

BW-2 1_121.889 R1_309702 (2.92) LVANscaffold_4257 116,374–116,516

1_122.710 R2_254598 (2.73) LVANscaffold_589 263,658–263,807

1_122.822 R1_418289 (2.53) LVANscaffold_1229 677,175–677,318

Mar Biotechnol (2020) 22:1–18 11



Ta
bl
e
4

T
he

ca
nd
id
at
e
hi
gh
-p
H
re
sp
on
se

ge
ne
s
in

L.
va
nn
am

ei
sc
af
fo
ld
s

L
oc
at
ed

m
ar
ke
r
(L
O
D
)

Sc
af
fo
ld
a

St
re
ss

ge
ne
s
in

LV
A
N
sc
af
fo
ld

G
en
eI
D
b

C
T
c

T
_1

d
T
_4
8e

G
en
e
de
sc
ri
pt
io
n

R
1_
14
30
77

(2
.5
9)
;R

2_
47
78
62

(2
.5
9)
;R

2_
27
82
15

(2
.5
5)

LV
A
N
sc
af
fo
ld
_6
97

H
yp
ox
ia
in
du
ci
bl
e
fa
ct
or

1
be
ta

(G
en
B
an
k:

R
O
T
83
37
2.
1)

U
ni
ge
ne
36
13
6_
A
ll

0.
13
/3
28
.9
6

20
.7
6/
10
59
.0
2

0.
01
/3
40
.0
1

R
es
po
nd

to
an
ti-
tu
m
or

ef
fe
ct
s
un
de
r

hy
po
xi
c
co
nd
iti
on
s
(S
oñ
an
ez
-O

rg
an
is

et
al
.2
00
9,
C
ho
ie
t
al
.2
01
4)

T
ra
ns
cr
ip
tio
n
in
iti
at
io
n
fa
ct
or

T
FI
ID

su
bu
ni
t3

(G
en
B
an
k:

R
O
T
83
36
5.
1)

C
L
12
06
3.
C
on
tig

2_

A
ll

1.
43
/3
28
.9
6

0.
12
/1
05
9.
02

0.
85
/3
40
.0
1

Pl
ay
s
a
ce
nt
ra
lr
ol
e
in

m
ed
ia
tin
g
pr
om

ot
er

re
sp
on
se
s
to

va
ri
ou
s
ac
tiv
at
or
s
an
d

re
pr
es
so
rs
(M

al
ko
w
sk
a
et

al
.2
01
3)

U
bi
qu
iti
n-
co
nj
ug
at
in
g
en
zy
m
e

E
2
S
(G

en
B
an
k:

R
O
T
83
37
6.
1)

N
on
e

N
on
e

N
on
e

N
on
e

C
on
tr
ib
ut
e
to

ce
llu
la
r
st
re
ss
-t
ol
er
an
ce

m
ec
ha
ni
sm

s
(C
hu
an
g
an
d
M
ad
ur
a
20
05
)

Y
T
H
do
m
ai
n
fa
m
ily

pr
ot
ei
n
1

(G
en
B
an
k:

R
O
T
83
36
7.
1;

R
O
T
83
36
6.
1)

N
on
e

N
on
e

N
on
e

N
on
e

Pr
om

ot
es

m
R
N
A
tr
an
sl
at
io
n
ef
fi
ci
en
cy

(D
ai
et

al
.2
01
8)

SO
SS

co
m
pl
ex

su
bu
ni
tB

1-
A
-l
ik
e

(G
en
B
an
k:

R
O
T
83
36
3.
1)

N
on
e

N
on
e

N
on
e

N
on
e

A
ss
oc
ia
te
s
w
ith

D
N
A
le
si
on
s
an
d

in
fl
ue
nc
es

di
ve
rs
e
en
dp
oi
nt
s
in

th
e

ce
llu

la
r
D
N
A
da
m
ag
e
(K

an
g
et

al
.2
00
6)

Pu
ta
tiv
e
se
ri
ne
/th
re
on
in
e-
pr
ot
ei
n

ki
na
se

(G
en
B
an
k:

R
O
T
83
35
8.
1)

N
on
e

N
on
e

N
on
e

N
on
e

Pl
ay

a
ro
le
in

th
e
re
gu
la
tio
n
of

ce
ll

pr
ol
if
er
at
io
n,
pr
og
ra
m
m
ed

ce
ll
de
at
h

(a
po
pt
os
is
),
ce
ll
di
ff
er
en
tia
tio
n,
an
d

em
br
yo
ni
c
de
ve
lo
pm

en
t(
C
ro
ss

et
al
.2
00
0)

R
1_
20
91
67

(2
.5
6)
;R

1_
41
31
36

(2
.5
9)
;R

2_
13
21
50

(2
.7
3)

LV
A
N
sc
af
fo
ld
_

28
81

G
lu
ta
m
yl

am
in
op
ep
tid
as
e

(G
en
B
an
k:

R
O
T
66
88
9.
1)

C
L
12
39
3.
C
on
tig

1_

A
ll

1.
67
/3
28
.9
6

1.
36
/1
05
9.
02

7.
03
/3
40
.0
1

H
el
p
to

re
gu
la
te
bl
oo
d
pr
es
su
re

(G
ot
o
et

al
.2
00
6)

Ph
os
ph
oi
no
si
tid
e
3-
ki
na
se

is
of
or
m

a
(G

en
B
an
k:

R
O
T
66
89
0.
1)

N
on
e

N
on
e

N
on
e

N
on
e

K
ey

ca
sc
ad
e
do
w
ns
tr
ea
m

of
se
ve
ra
l

pr
ot
ei
n
ki
na
se
s
(T
ou
la
ny

an
d

R
od
em

an
n
20
15
)

In
do
le
-3
-a
ce
ta
ld
eh
yd
e

ox
id
as
e-
lik
e
(G

en
B
an
k:

R
O
T
66
89
8.
1)

N
on
e

N
on
e

N
on
e

N
on
e

R
es
po
ns
es

to
va
ri
ou
s
en
vi
ro
nm

en
ta
l

st
re
ss
es

in
pl
an
ts
ee
d
(S
eo

et
al
.2
00
0)

D
ou
bl
e-
st
ra
nd

br
ea
k
re
pa
ir

pr
ot
ei
n
M
R
E
11
A
(G

en
B
an
k:

R
O
T
66
88
0.
1)

N
on
e

N
on
e

N
on
e

N
on
e

Pl
ay
s
a
ce
nt
ra
lr
ol
e
in

do
ub
le
-s
tr
an
d

br
ea
k
re
pa
ir,

D
N
A
re
co
m
bi
na
tio
n

(C
ar
ne
y
et

al
.1
99
8)

U
bi
qu
iti
n-
co
nj
ug
at
in
g
en
zy
m
e

E
2
G
1
(G

en
B
an
k:

R
O
T
66
87
9.
1)

N
on
e

N
on
e

N
on
e

N
on
e

D
eg
ra
di
ng

su
bs
tr
at
es

ta
gg
ed

by

po
ly
ub
iq
ui
tin

ch
ai
ns

(V
an

W
ijk

an
d

T
im

m
er
s
20
10
)

R
1_
21
41
06

(2
.6
1)
;R

1_
52
41
8

(2
.6
0)
;R

2_
19
02
58

(2
.5
1)

LV
A
N
sc
af
fo
ld
_

26
98

D
is
co
id
in

do
m
ai
n-
co
nt
ai
ni
ng

re
ce
pt
or

2-
lik
e
(G

en
B
an
k:

R
O
T
68
28
8.
1)

C
L
50
31
.C
on
tig
4_
A
ll

1.
25
/3
28
.9
6

0.
16
/1
05
9.
02

2.
52
/3
40
.0
1

H
av
e
a
ro
le
in

w
ou
nd

he
al
in
g

(M
ár
qu
ez

an
d
O
la
so

20
14
)

Ph
os
ph
at
id
yl
ch
ol
in
e:
ce
ra
m
id
e

ch
ol
in
ep
ho
sp
ho
tr
an
sf
er
as
e

1-
lik
e
(G

en
B
an
k:

Q
C
Y
Y
01
00
26
96
.1
)

U
ni
ge
ne
44
95
_A

ll
2.
08
/3
28
.9
6

15
.8
6/
10
59
.0
2

2.
15
/3
40
.0
1

A
ss
oc
ia
te
d
w
ith

su
pp
re
ss
ed

ce
ra
m
id
e

re
sp
on
se

an
d
ap
op
to
tic

re
si
st
an
ce

af
te
r
ph
ot
od
am

ag
e
(S
ep
ar
ov
ic
et

al
.2
00
7)

C
oi
le
d-
co
il
do
m
ai
n-
co
nt
ai
ni
ng

pr
ot
ei
n
50

(G
en
B
an
k:

R
O
T
68
28
4.
1)

N
on
e

N
on
e

N
on
e

N
on
e

H
av
e
ef
fe
ct
s
on

ce
ll
su
rv
iv
al

(B
la
go
ev

et
al
.2
00
4)

R
2_
21
06
56

(2
.3
3)
;R

2_
77
34
1

(0
.4
1)
;R

2_
20
42
33

(2
.5
0)

LV
A
N
sc
af
fo
ld
_

34
91

H
is
to
ne

H
2A

.V
-l
ik
e

(G
en
B
an
k:

R
O
T
63
11
3.
1)

C
L
12
37
9.
C
on
tig

2_

A
ll

6.
34
/3
28
.9
6

0.
01
/1
05
9.
02

6.
23
/3
40
.0
1

T
ra
ns
cr
ip
tio
n
re
gu
la
tio
n,
D
N
A
re
pa
ir,

D
N
A
re
pl
ic
at
io
n,
an
d
ch
ro
m
os
om

al

st
ab
ili
ty

(V
an

D
aa
la
nd

E
lg
in

19
92
)

O
xy
st
er
ol
-b
in
di
ng

pr
ot
ei
n

1A
(G

en
B
an
k:

R
O
T
63
11
4.
1)

N
on
e

N
on
e

N
on
e

N
on
e

C
on
tr
ol
s
a
ke
y
si
gn
al
in
g
pa
th
w
ay

in
th
e

ce
ll
(W

an
g
20
05
)

R
2_
16
32
29

(2
.3
3)
;R

2_
19
60
26

(2
.3
3)
;R

1_
23
05
66

(2
.5
0)

LV
A
N
sc
af
fo
ld
_

13
48

B
re
as
tc
an
ce
r
ty
pe

1
su
sc
ep
tib

ili
ty

pr
ot
ei
n-
lik
e
(G

en
B
an
k:

R
O
T
78
68
0.
1)

N
on
e

N
on
e

N
on
e

N
on
e

D
N
A
da
m
ag
e
re
pa
ir,

ce
ll
gr
ow

th
,a
nd

ap
op
to
si
s
(D

en
g
an
d
B
ro
di
e
20
00
)

C
O
P
9
si
gn
al
os
om

e
co
m
pl
ex

su
bu
ni
t2

-l
ik
e
(G

en
B
an
k:

R
O
T
78
67
3.
1)

N
on
e

N
on
e

N
on
e

N
on
e

D
N
A
da
m
ag
e
(G

ro
is
m
an

et
al
.2
00
3)

12 Mar Biotechnol (2020) 22:1–18



important for mapping trait-related QTLs based on RAD-Seq
technologies. For example, F1 full-sib families (including the
two parents) have been generated and used to build ddRAD
libraries in several aquatic species, such as Oreochromis
niloticus (Li et al. 2017), Trachinotus blochii (Zhang et al.
2018), and Larimichthys crocea (Kong et al. 2019).
Generally, the F1 full-sib families were constructed with
methods of directional crossing (a pair of parents for mating)
(Fu et al. 2016; Li et al. 2017; Kong et al. 2019) or
undirectional crossing (several or more pairs of parents for
mating) (Shao et al. 2015). According to the propagation char-
acteristic of the shrimp L. vannamei, mating a pair of fertile
shrimp is difficult to achieve in nature. Yu et al. (2015, 2019)
used the “undirectional cross”method to create four combined
full-sib L. vannamei families and then used 10 microsatellite
loci to select the mapping family; an F1 full-sib family of 205
progenies was constructed, and their parental genomic DNA
was identified (Alcivar-Warren et al. 2007; Yu et al. 2015; Yu
et al. 2019). In the present study, the “semidirectional cross”
method was used to generate the L. vannamei F1 full-sib fam-
ily, with 148 progenies and 2 parental individuals (not just the
parental genomic DNA) of the mapping family being visually
identified. This method may be a quick way to generate full-
sib families, which would be beneficial for genetic research on
the shrimp L. vannamei.

SNP markers are ideal for the construction of genetic link-
age maps (Bourgeois et al. 2013; Stölting et al. 2013; Wang
et al. 2013a, 2013b; Zhang et al. 2018). SNPs are the most
common type of DNA polymorphism in the genome, have a
low mutation rate and high genetic stability, and are amenable
to high-throughput genotyping (Berthier-Schaad et al. 2007;
Shao et al. 2015; Zhang et al. 2018; Kong et al. 2019). In total,
3567 high-quality SNP markers were constructed for the link-
age map in the present work. The number of SNPs identified
was less than that identified in the previous study on
L. vannamei by Yu et al. (2015) (6359 SNPs were selected
for mapping) but more than that identified in the study on
Hypophthalmichthys nobilis by Fu et al. (2016) (3121 SNPs
were used for mapping). Genetic linkage maps constructed by
SNPmarkers are important resources for various genetic stud-
ies, including comparative genomics, functional gene map-
ping, candidate gene positional cloning, and genome assem-
bly (Yue 2014; Xu et al. 2014; Kujur et al. 2015; Zhang et al.
2018; Kong et al. 2019). In total, 48 LGs with a total map
length of 4161.555 cM and an average interlocus length of
1.167 cM were obtained in the present study. The number of
LGs was close to those obtained in previous studies; examples
include 44 pseudochromosomes (Zhang et al. 2019), 44 sex-
averaged LGs (Yu et al. 2015), and 45 sex-averaged LGs (Du
et al. 2010). Our results might be useful for future genomic
assembly research on the shrimp L. vannamei.

With the help of a high-resolution genetic map, fine map-
ping of QTLs is an efficient approach for identifying geneticT
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loci and the candidate genes underlying these quantitative
traits of interest (Shao et al. 2015; Wang et al. 2018).
Growth is a priority trait for genetic improvement, and map-
ping of growth-related QTLs has been widely performed in
studies on various aquatic species (Andriantahina et al. 2013,
Yue 2014, Tong and Sun 2015, Wang et al. 2018). In the

present work, 2 growth-related (body weight) QTLs were de-
tected, both of which were located in LG1 of the genetic map.
Several growth-related QTL studies have been previously per-
formed on L. vannamei. For example, Andriantahina et al.
(2013) used amplified fragment length polymorphism
(AFLP) and simple sequence repeat (SSR) markers to

Table 5 The candidate growth-related genes in L. vannamei scaffolds

Located marker (LOD) QTL Scaffolda Protein
number

Growth-related gene Gene description

R1_232601 (2.56) BW-1 LVANscaffold_193 5 Putative ATP-dependent RNA
helicase DDX43 (GenBank:
ROT85772.1)

Required for tumor growth through
promoting RAS protein expression
(Linley et al. 2012)

R1_309702 (2.92) BW-2 LVANscaffold_4257 0 None None

R2_254598 (2.73) BW-2 LVANscaffold_589 2 None None

R1_418289 (2.53) BW-2 LVANscaffold_1229 15 ATP-binding cassette transporter
sub-family B member 8
(ROT79549.1)

Related to the activity of cytosolic
(Ichikawa et al. 2012)

Triacylglycerol lipase (ROT79548.1,
ROT79547.1, ROT79544.1)

Important energy substrate at rest and
during physical activity (Watt and
Spriet 2010)

Putative lipase 3-like (ROT79545.1) Have key roles in insect lipid acquisition,
storage, and mobilization
(Horne et al. 2009)

Insulin receptor substrate 2-B, partial
(ROT79542.1)

Can prevent obesity and diabetes
in mice (Lin et al. 2004)

a The aligned accession no. of L. vannamei scaffold by the BW QTL markers

a b c

d e f

Fig. 5 Transcriptional expression of the candidate high-pH response
genes. a Expression pattern of the gene “hypoxia inducible factor 1 beta
(HIF1b)”. b Expression pattern of the gene “transcription initiation factor
TFIID subunit 3 (TAF3)”. c Expression pattern of the gene “glutamyl
aminopeptidase (ENPEP)”. d Expression pattern of the gene “discoidin
domain-containing receptor 2-like (DDR2)”. e Expression pattern of the
gene “phosphatidylcholine: ceramide cholinephosphotransferase 1-like
(SGMS1)”. f Expression pattern of the gene “histone H2A.V-like

(H2AFV)”. Gill tissues of L. vannamei treated in high-pH environment
for 0, 1, 6, 12, 24, and 48 h. The data are presented as the mean ± SE (n =
6), and the groups denoted by the same letter exhibit a similar expression
levels (P > 0.05, two-way ANOVA followed by Fisher’s LSD test).
Dotted lines indicate the expression pattern of the high-pH transcriptome
data (the shrimp were treated in the pH 9.3 environment for 1 and 48 h)
from our previous work (Huang et al. 2018)
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construct a genetic map, and 14 growth-related QTLs were
identified (Andriantahina et al. 2013). Yu et al. (2015) detect-
ed several QTLs for body weight and body length based on a
high-density linkage map (Yu et al. 2015); however, candidate
gene associations with the growth trait were not identified due
to limited genomic information (Yu et al. 2019). In the present
study, 2 growth-related QTLs were detected in 55-day-old
shrimp using L. vannamei genomic scaffolds (Zhang et al.
2019), and 5 growth-related candidate genes were detected
and demonstrated to be associated with cell growth or energy
metabolism. The gene “putative ATP-dependent RNA
helicase DDX43” of BW-1 in this paper is thought to be re-
quired for tumor growth through the promotion of RAS pro-
tein expression (Linley et al. 2012). The Ras-related protein
Rap-2a was identified as being significantly associated with
the growth trait by applying GWAS in two independent pop-
ulations of L. vannamei (Yu et al. 2019) and was discovered to
be associated with head size regulation in catfish (Ictalurus
punctatus) (Geng et al. 2016). The detection of the 5 candidate
genes in this study might be relevant to the growth trait, the
Ras-related proteins might be associated with the growth trait
of L. vannamei at 55 days of age, and the location of the 2
growth-related QTLs (BW-1 and BW-2) in this study might be
valid.

The balance of acidic-alkaline ions in water is important for
aquatic crustaceans (Fehsenfeld et al. 2011; Roggatz et al. 2016;
de Vries et al. 2016; Wu et al. 2017; Huang et al. 2018). The
farming of L. vannamei in high-pH environments might affect
the final production (Huang et al. 2018), and the high-pH tol-
erance of shrimp has become an important trait in the culturing
industry in saline-alkali water areas. In the present study, the
first genetic study on the high-pH tolerance trait for
L. vannamei, 12 high-pH tolerance QTLs were discovered.
With the development of genomic research on L. vannamei
(Zhang et al. 2019), tag sequences of the SNP markers are
now available that align with the genomic scaffolds of the
shrimp; in the present study, 21 stress-related genes were sum-
marized according to the annotation of the scaffold genes. Our
previous work revealed the molecular basis of response to high-
pH stress by analyzing L. vannamei transcriptome data (Huang
et al. 2018); and we identified 6 candidate high-pH response
genes based on RNA- and RAD-Seq results. The expression
patterns of the 6 candidate genes were demonstrated to be sig-
nificantly influenced by the high-pH environment, with 5 of the
6 candidate high-pH response genes showing results consistent
with those of the RNA-Seq, indicating the important roles of
those genes in response to high-pH stress and validating the
locations of the HP QTLs for L. vannamei in this study.

In conclusion, a “semidirectional cross” method was used
to generate the L. vannamei full-sib family in the present
study. High-pH tolerance and growth trait-related QTLs were
detected in one genetic map by ddRAD-Seq, and candidate
genes associated with the high-pH tolerance and growth traits

were discovered by alignment them with the L. vannamei ge-
nomic scaffolds and analysis of high-pH transcriptome
data. We herein provide baseline data and the first re-
port of shrimp breeding to induce high-pH tolerance
traits. Our results will be beneficial for further MAS work
and might be useful for promoting genomic research on the
shrimp L. vannamei.
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