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Abstract

Background: Soybean is not only an important oil crop, but also an important source of edible protein and
industrial raw material. Yield-traits and quality-traits are increasingly attracting the attention of breeders. Therefore,
fine mapping the QTLs associated with yield-traits and quality-traits of soybean would be helpful for soybean
breeders. In the present study, a high-density linkage map was constructed to identify the QTLs for the yield-traits
and quality-traits, using specific length amplified fragment sequencing (SLAF-seq).

Results: SLAF-seq was performed to screen SLAF markers with 149 Fg.1; individuals from a cross between a semi
wild soybean, ‘Huapidou’, and a cultivated soybean, ‘Qihuang26’, which generated 400.91 M paired-end reads. In
total, 53,132 polymorphic SLAF markers were obtained. The genetic linkage map was constructed by 5111 SLAF
markers with segregation type of aaxbb. The final map, containing 20 linkage groups (LGs), was 2909.46 cM in
length with an average distance of 0.57 cM between adjacent markers. The average coverage for each SLAF marker
on the map was 81.26-fold in the male parent, 45.79-fold in the female parent, and 19.84-fold average in each Fg.;
individual. According to the high-density map, 35 QTLs for plant height (PH), 100-seeds weight (SW), oil content in
seeds (Oil) and protein content in seeds (Protein) were found to be distributed on 17 chromosomes, and 14 novel
QTLs were identified for the first time. The physical distance of 11 QTLs was shorter than 100 Kb, suggesting a
direct opportunity to find candidate genes. Furthermore, three pairs of epistatic QTLs associated with Protein
involving 6 loci on 5 chromosomes were identified. Moreover, 13, 14, 7 and 9 genes, which showed tissue-specific
expression patterns, might be associated with PH, SW, Oil and Protein, respectively.

Conclusions: With SLAF-sequencing, some novel QTLs and important QTLs for both yield-related and quality traits
were identified based on a new, high-density linkage map. Moreover, 43 genes with tissue-specific expression
patterns were regarded as potential genes in further study. Our findings might be beneficial to molecular marker-
assisted breeding, and could provide detailed information for accurate QTL localization.
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Background

Soybean is not only an important oil crop, but also an im-
portant source of edible protein and industrial raw mater-
ial [1]. Agronomic traits, such as yield, plant height (PH),
lodging and seed weight (SW), have been the primary
focus of breeders for many years. As the major factors of
the market price of soybean, seed quality traits are in-
creasingly attracting the attention of breeders. However,
the negative correlation between yield and quality of crops
makes it much difficult to select for these traits [2]. There-
fore, simultaneous improvement of yield and quality has
become a major problem for soybean breeders.

Molecular marker-assisted selection (MAS) might be an
alternative to fit the increasing global demand for soybean
products [3]. A number of QTLs underlying important
agronomic traits and seed quality traits have been reported
over the past decades. So far, at least 196, 265, 297 and 221
QTLs controlling PH, SW, Oil and Protein have been iden-
tified respectively (www.soybase.org), based on the different
genetic backgrounds, environments and statistical methods.
Furthermore, large confidence intervals around QTLs make
the causative gene identification difficult.

With the development of next generation sequencing
technology, several methods for single nucleotide polymor-
phisms (SNP) discovery, such as restriction-site associated
DNA sequencing (RADseq) [4, 5], genotyping-by-sequenci
ng (GBS) [6], specific length amplified fragment sequencing
(SLAF-seq) [7] have been produced, which make it possible
to obtain thousands of SNPs suitable for high-density gen-
etic map throughout the genome. SLAF markers, which
have the properties of being present in large amount, being
evenly distributed and avoiding repeated sequences, has
been used for genetic analysis in plants, such as sesame [8],
walnut [9], rice [10], sorghum [11], wax gourd [12], grape
[13] and soybean [14—17]. Since the first high-density map
was constructed by SLAF-seq [7], there have been several
maps reported so far. Qi et al. constructed a map, including
5308 markers with 2655.68 cM in length, using a RIL popu-
lation derived from a cross between ‘Charleston’ and ‘Dong-
nong594’ [16]. Li et al. constructed a high-density map,
using a F5:8 population of 110 RILs from a cross between
‘Luheidou2’ and ‘Nanhuizao, which was used to identified
QTLs associated the isoflavone content and fatty acid com-
position in soybean [15, 18]. Zhang et al. reported 20 QTLs
associated with phosphorus efficiency-related traits based on
a high-density map constructed by SLAF-seq [17]. Cao et al.
mapped QTL associated with plant height and flowering
time according the map constructed by SLAF-seq using a
population of 236 RILs derived from a cross between two
summer planting varieties, ZXD’ and ‘NN1138-2" [14].
Nevertheless, based on the high-density map, little QTLs re-
lated to seed weight and/or protein have been reported.
Therefore, we reported a high-density genetic linkage map
using the SLAF-seq approach, which was based on an Fg1;
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RIL population with 149 individuals. Moreover, the QTLs
associated with plant height, seed weight, oil and protein
content were located and analyzed. The results presented
here will aid molecular marker-assisted breeding and pro-
vide detailed information for accurate QTL localization.

Results

Analysis of SLAF-seq and SLAF markers

DNA sequencing generated about 400.91 M pair-end reads.
The Q30 (indicating a 0.1% chance of error) was 90.69%
and guanine-cytosine (GC) content was 40.3%. The num-
bers of SLAFs in the female and male parents were 312,740
and 275,046, respectively. The numbers of SLAFs in each in-
dividual ranged from 167,933 to 237,666, with an average of
207,105. Among the 391,476 SLAF markers detected,
53,132 markers were polymorphic. All polymorphic SLAFs
were then genotyped separately for all individuals. After dis-
carding the SLAF markers lacking parent information,
30,415 markers were genotyped successfully and were classi-
fied into eight segregation types (Fig. 1). As the population
was derived from a cross between two fully homozygous
parents, only 27,472 markers with aaxbb type might be suit-
able for map construction. After filtering low-quality SLAF
markers, segregation distortion markers and makers with
the MLOD value <3, 5111 markers were used for the map
construction (Additional files 1, 2, and 3). The average depth
of the markers was 81.26-fold in the female parent,
45.79-fold in the male parent, and 19.84-fold in the
offspring.

The basic characteristics of the genetic map

The length of final map was 2909.46 cM, with an average
distance of 0.57 cM between adjacent markers (Table 1;
Fig. 2). There were 8597 SNP loci among the 5111 markers
on the map. For each chromosome, the average distance
ranged from 0.24 cM to 2.55 cM (Table 1). The largest link-
age group was LG18 (chrl8) with 480 markers, a length of
202.52 cM, and an average distance of only 042 cM
between adjacent markers. The smallest linkage group was
LG7 (chr7) with 63 markers, a length of 54.57 cM, and an
average distance of 0.87 cM between adjacent markers.

Phenotypic evaluation

‘Huapidouw’ and ‘Qihuang26’ showed a significant dif-
ference in PH, SW and Protein, but did not differ
from each other in Oil significantly (Table 2; Fig. 3).
However, the phenotypic values were all in a condi-
tion of continuous distribution approximately (Fig. 3).
The coefficients of variation for four traits were about
20%. The heritabilities of four traits ranged from
49.58 to 82.73%. However, the heritability of Protein
was only 49.58%, indicating that other factors affected
Protein should be considered.
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Analyses of additive QTLs

In total, 35 additive QTLs for PH, SW, Oil and Protein
were identified on 17 chromosomes by ICIM method
(Table 3; Figs. 2, 4). A single QTL explained 2.66%
(gPHI16-1) to 37.61% (qPH8-1) of phenotypic variance.
Among the QTLs, 14 QTLs of them were observed for the
first time (Table 3). A total of 21 QTLs were related to the
region of the QTLs reported previously, and 19 of them

were co-located in the regions with shorter intervals than
previously reported, which might provide more detailed in-
formation for gene identification.

CIM method was also used to identify QTLs separately
for 2 years. In total, 18 QTLs were observed on 11 chromo-
somes in 2013, and 21 QTLs were found on 15 chromo-
somes in 2014 (Additional file 4; Fig. 2). Of these QTLs, 31
QTLs were both identified by two methodsMoreover,

Table 1 Description on basic characteristics of the 20 linkage groups

Linkage group ID SLAF number SNP number Total length (cM) Average distance
between markers (cM)

chrl 57 87 14547 2.55
chr2 408 628 1749 043
chr3 329 523 163.13 05
chr4 233 373 180.32 0.77
chr5 126 174 143.23 1.14
chr6 75 107 93.21 1.24
chr7 63 110 54.57 0.87
chr8 143 216 200.62 14
chr9 136 219 101.89 0.75
chr10 809 1431 190.37 0.24
chrn 103 149 123.31 1.2
chr12 63 84 65.39 1.04
chr13 350 656 156.62 045
chr14 170 261 167.73 0.99
chr15 582 1089 168.07 0.29
chrie 239 397 185.31 0.78
chr17 568 955 162.12 0.29
chr18 480 848 20252 042
chr19 48 78 60.85 127
chr20 129 212 169.83 1.32
total 5111 8597 2909.46 0.57
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q2013PHI19-1 and ¢2014PH19-2 with shorter intervals
than previously reported [19], which were located in the
same confidence intervals, might be stable across both
years. It was noteworthy that g20130il1-1 was placed in
the same confidence intervals as ¢2013Proteinl-1, and
q20140il10-2 was placed in the same confidence intervals
as q2013proteinl0-1, which might be useful in the coordi-
nated improvement of seed quality for soybean breeding.

Analyses of epistatic effects

A total of 3 pairs of epistatic QTLs involving 6 loci
on 5 chromosomes were identified for Protein
(Table 4). The epistatic effect explained 5.49%, 4.49%
and 4.06% of the PV, respectively. Pair one was com-
posed of 2 QTLs, gProtein2—1 and gProtein3-2, with
the PVE of 5.49%. gProtein5—-2 was observed to have
the epistatic effect with gProtein12—1. Meanwhile,
qProtein3—3  showed epistatic interaction  with

qProteinl17-1. However, no epistatic effect was ob-
served for PH, SW and Oil

Prediction of candidate genes

After filtering QTLs by the PVE and physical distance,
18 QTLs were used to mine candidate genes. According
to the physical map, a total of 89, 144, 16 and 64 genes
were screened in the interval of the filtered QTLs associ-
ated with PH, SW, Oil and Protein, respectively. Based
on the expression data of candidate genes from phyto-
zome and soybase (Fig. 5), 43 genes were considered to
be potential candidates (Table 5). All genes from specific
QTLs intervals were evaluated based on their expression
pattern in different organs. In the case of genes from the
QTLs associated with PH, 13 genes showed higher ex-
pression in stem and shoot apical meristem, indicating it
might be considered as candidate genes related to PH
(Fig. 5a). A total of 14 genes in the interval of the QTLs

Table 2 Summary of soybean traits in the RIL population and parents

Trait Year Parents RILs
Huapidou Qihuang26 max min mean SD Skewness Kurtosis CV(%) h? (%)
PH (cm) 2013 73.60 4250 126.60 46.20 79.14 17.62 037 —-0.75 2192 82.73
2014 70.50 46.40 1735 4240 8843 2691 091 0.55 20.53
SW (g) 2013 11.40 2140 21.72 11.05 16.30 2.12 0.29 -0.16 19.86 66.37
2014 12.10 23.80 2640 12.35 19.29 248 061 0.66 17.65
Oil (%) 2013 18.83 19.65 22.73 17.00 20.23 091 -0.20 0.89 15.88 70.71
2014 19.44 19.72 23.26 17.82 20.05 1.08 0.86 112 19.85
Protein (%) 2013 4232 46.46 49.32 41.98 45.17 140 0.25 —0.06 19.07 49.58
2014 42.59 46.64 49.31 40.94 45.15 1.70 0.04 -0.39 20.31
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associated with SW, expressed in seed development
stages (10 to 42 days after flowering), might participate
in the pathways affecting SW (Fig. 5b and 5c). As the ac-
cumulation of oil and protein in soybean seed was
throughout the seed development stage [20, 21], gene
expressed sustainably in seed development stage might
affect the biological process associated with oil and pro-
tein. In the present study, there were 7 genes found in
the region of QTLs related to Oil, which expressed sta-
bly throughout the seed development stage, suggesting it
might be associated with Oil (Fig. 5d). Meanwhile, 9
genes in the interval of QTLs for Protein, showed ex-
pression in the seed development stage, might be associ-
ated with Protein (Fig. 5e).

Discussion

Construction of a high-density genetic map based on
SLAF markers

QTL mapping has been used as an efficient approach to
analyze quantitative traits in plants. Parental genetic diver-
sity and marker density are the major factors affecting the
efficiency and accuracy of QTL mapping. In this study, the
female parent, ‘Huapidou, was a semi-wild soybean ger-
plasm, which showed high resistance to whitefly [22].
‘Qihuang26, with more than 46% of protein conten in seeds,
was a main variety in Huang-Huai-Hai region of China. In
the present study, four traits of the RIL population derived
from Huapidou and Qihuang26 showed to be continuous
with normal or skew normal distributions. Increasing
marker density could improve the resolution of genetic map
for a given mapping population [23]. SLAF-seq is an effect-
ive sequencing-based method for large-scale marker discov-
ery and genotyping, which has been used for genetic
analysis in many species [8—13, 24]. In the present study, we
used 5111 high-quality SLAF markers to construct a

high-density map, and a total of 8597 SNP loci were inte-
grated into 20 LGs ultimately. This high-density genetic
map, making QTL mapping more accurate and reliable,
would be beneficial to MAS breeding.

QTL mapping in soybean using a high-density map
Soybean is a primary source of plant oil and protein for
humans due to its high nutritional value. PH and SW
were main yield-related traits in soybean. So far, markers
associated with the QTL underlying PH, SW, Oil and
Protein have been mapped onto all linkage groups. In
total, there were 35 QTLs for PH, SW, Oil and Protein
observed using a high-density map based on an F8:11
RIL population with 149 individuals from the cross be-
tween ‘Huapidouw’ and ‘Qihuang26’. Furthermore, there
were 14 novel QTLs related to PH, SW, Oil and Protein,
indicating the distinct genetic architecture in the popula-
tion derived from cultivated soybean and semi-wild soy-
bean. Among the novel QTLs, gPH8-1 had the highest
PVE value and the highest LOD value might be the
major QTL related to PH. It was notable that gSW13-1
explained the hightest PV in the QTLs identified for
SW. More remarkably, four novel QTLs for Oil, inculd-
ing qOill-1, qOil1-2, qOil10-1 and qOil10-2 explained
up to 72.73% of the PV for Oil, which suggested it might
be potential loci to Oil. gProteinl—1, which explained
17.68% of the PV, might be an major QTL for further
fine mapping. So many novel QTLs observed in the
present study indicated that more germplasms need to
be used for revealing the complex genetic basis of
soybean.

The stability of QTL is essential for the use in a breed-
ing programme. In the study, 31 QTLs were identified
by both ICIM and CIM methods. Furthermore, one
QTL for PH was identified by CIM in both experiments
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from 2013 and 2014. In addition, more than half of the
QTLs had been reported. Five QTLs for PH detected in
this study, were colocalized as reported [14, 19, 25, 26].
Two major QTLs associated with SW, gSWi13—1 and
qSW15-1, both with the physical distance of approxi-
mate 11 Kb, explained 18.55% and 12.21 of the PV for
SW, respectively. gSW13—1 had been reported as being
associated with L050-14 [27], Sattl44 [28, 29] and
Sat_103 [30]. gSWI15—1 had been detected in two soy-
bean populations, derived from ‘Young' and ‘P1416937’
(Popl), ‘PI97100’ and ‘Coker 237’ (Pop2) [31]. Han et al.
also identified the similar QTL on chrl5 in the popula-
tion from a cross between ‘Hefeng25’ and ‘Conrad’ [32].
Therefore, gSW13—1 and gSW15-1 might be considered
as major and stable QTLs for further fine mapping and
map-based cloning to elucidate the mechanisms of SW.
In the present study, four QTLs related to Oil had been
reported [28, 33-35], inculding ¢qOil6—1, qOil13-1,
qOil19-1 and ¢qOil19-2, but none of them explained
more than 10% of the PV. Lee et al. [36] reported
cr274_1 associated with Protein on chrl5 using a

Table 4 Epistatic QTLs detected by ICIM-EPI

population derived from ‘Young’ and ‘PI416937". The
QTL for Protein between Satt173 and Satt581 on chrl0
had been identified [37], similar with the result of Liu et
al. [38]. Our study detected two QTLs related to Protein,
qProteinl10-1 and gProtein15-1, with 16.83% and 14.36%
of the PVE, respectively, mapped on the same area as
previous studies [36—38], might be good for MAS breed-
ing and accurate QTL localization.

Several QTLs of various traits can map to the same locus
[14, 39]. In this study, two pairs of QTLs, g20130il1-1 and
q2013Proteinl—1 as well as q20140il10-2 and ¢g2013pro-
teinl0—-1, with inverse additive effect for Oil and Protein,
were located in the same marker interval (Fig. 4; Additional
file 4), which implies that g20130il1-1 and ¢q20140il10-2
not only control oil content in seeds but also affect protein
content in seeds. It is consistent with previous reports that
an negative correlation is in agreement between protein
and oil concentration in soybean seeds [40, 41].

Knowledge of epistasis effect, which is defined as inter-
actions between alleles of two or more genetic loci, is es-
sential to understand the genetic mechanism and the

Trait QTL Chr*  Marker intervial QTL Chr*  Marker intervial LOD®  PVE@%)" Add?

Protein  gProtein2—1 2 Marker6076626 — Marker6311989  gProtein3-2 3 Marker6826333 — Marker6848060 843 549 -031
gProtein5-2 5 Marker1775833 — Marker1882558  gProteini2—1 12 Marker5423318 — Marker5486308  7.33 449 -0.29
gProtein3-3 3 Marker6856695 — Marker7017453  gProtein1/7-1 17 Marker379161 — Marker488109 6.73 406 0.24

2chr, chromosome; ® LOD, logarithm of odds; © PVE, phenotypic variance explained; 9 ADD, additive effect
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Fig. 5 Tissue specific expression of candidate genes. RH, root hair; SAM, shoot apical meristem; DAF, day after flowering; (a), expression of
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gene networks underlying complex traits. In this study, 3
pairs of epistatic QTLs for Protein were identified by
ICIMapping-EPI. However, these epistatic QTLs did not
display additive effect alone. It might be considered
modifying genes that have no significant effects alone
but might affect the expression of Protein related genes
through epistatic interactions. Nevertheless, epistatic
interaction could not be detected in some map popula-
tions [42]. It might be the reason that no epistatic effect
observed for PH, SW and Oil in the present study.

Gene mining based on precise QTLs

As the average ratio of gene to physical distance is about 1
gene per 20 Kb in soybean genome [43], the accuracy of
QTL mapping is of great benifit to gene localization and
identification. The physical distance of 11 QTLs in the
current study was shorter than 100 Kb, which might lead to
a direct opportunity to find candidate genes by bioinformat-
ics tools. For example, the minimum confidence interval of

qPH8-2 was 8.3 Kb, which was much shorter than 0.09 Mb
detected previously [26]. Furthermore, Glyma.08 g337400,
encoding a transducin/WD40 repeat-like superfamily pro-
tein, was predicted in the interval of gPH8-2, which might
be a promising target to engineer transgenic plants with
higher biomass and improved growth development for
plant-based bioenergy production [44]. In the interval of
qPHI17-1, Glyma.17 g169100, encoding a 20G-Fe(I) oxy-
genase superfamily protein, was one of the important gib-
berellin oxidase genes [45], which might affect plant height
directly. Glyma.17 gl67700, encoding a growth regulator
CYCLIN D3-2, expressed in growing shoot apices preferen-
tially [46—48]. In the interval of gSW5-1, Glyma.05 g055700,
encoding beta vacuolar processing enzyme, was involved in
seed coat formation at the early stage of seed development
[49]. In the interval of gSWI12-1, ribosomal protein L23AB
encoded by Glyma.12 g066700, was required for normal de-
velopment [50]. Glyma.01 g106000 and Glyma.01 g106100
in the interval of ¢OilI-2, encoding Glutathione
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Table 5 Annotations of candidate genes
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QTL Gene Start Stop Annotation
qPH5-1 Glyma.05 g035000 3,078,012 3,084,940 Xanthine/uracil permease family protein
qPH8-1 Glyma.08 g173700 13,838,458 13,841,300 Photosystem I subunit R
Glyma.08 g174000 13,887,781 13,892,150 cAMP-regulated phosphoprotein 19-related protein
Glyma.08 g175200 13,981,187 13,982,765 Glutathione S-transferase TAU 19
Glyma.08 g175800 14,037,039 14,042,017 Aldolase-type TIM barrel family protein
Glyma.08 g175900 14,046,314 14,050,528 TCP-1/cpn60 chaperonin family protein
Glyma.08 g177100 14,195,428 14,196,376
Glyma.08 g177200 14,199,862 14,201,145 Arabinogalactan protein 1
qPH8-2 Glyma.08 g337400 45 423,999 45,433,706 Transducin/WD40 repeat-like superfamily protein
qPH17-1 Glyma.17 g167700 15,479,880 15,481,925 CYCLIN D3;2
Glyma.17 g169100 15,650,607 15,655,215 20G-Fe(ll) oxygenase superfamily protein
Glyma.17 g169200 15,679,753 15,681,009 Protein of unknown function (DUF579)
Glyma.17 g169700 15,823,866 15,827,109 Sumo conjugation enzyme 1
qSW5—1 Glyma.05 g055700 5,050,728 5,055,325 Beta vacuolar processing enzyme
qSWi12-1 Glyma.12 g055200 3,998,947 3,999,707 Histone superfamily protein
Glyma.12 g056700 4,123,137 4,123,683
Glyma.12 g058200 4,235,968 4,237,273 HSP20-like chaperones superfamily protein
Glyma.12 g058500 4,254,166 4,256,321 Adenine nucleotide alpha hydrolases-like superfamily protein
Glyma.12 g064000 4,707,197 4,709,987 Heat shock protein 70
Glyma.12 g064300 4,739,216 4,740,496 Pathogenesis-related thaumatin superfamily protein
Glyma.12 g064500 4,752,366 4,753,273 Dessication-induced 1VOC superfamily protein
Glyma.12 g065100 4,793,422 4,794,276 Histone superfamily protein
Glyma.12 g065200 4,801,083 4,802,209 Histone superfamily protein
Glyma.12 g065400 4,806,242 4,807,054 Histone superfamily protein
Glyma.12 g065600 4.818,489 4,822,602 Ras-related small GTP-binding family protein
Glyma.12 g066700 4,824,810 4,828,762 Ribosomal protein L23AB
qSWi3-1 Glyma.13 g180400 29,380,779 29,383,908 Thioredoxin family protein
qOil1-2 Glyma.01 g105600 35,687,686 35,690,416
Glyma.01 g106000 35,856,497 35,858,671 Glutathione S-transferase TAU 8
Glyma.01 g106100 35,881,007 35,883,036 Glutathione S-transferase TAU 8
Glyma.01 g106200 35,918,034 35,919,778 Adenine nucleotide alpha hydrolases-like superfamily protein
Glyma.01 g106500 36,103,010 36,105,425
qOil10-2 Glyma.10 g181800 41,516,211 41,528,077 Calcium-binding EF-hand family protein
Glyma.10 g181900 41,531,674 41,535,236 Trigalactosyldiacylglycerol 1
gProtein8-1 Glyma.08 g316200 43,611,374 43,617,841 Endoribonuclease L-PSP family protein
gProtein10-1 Glyma.10 g182500 41,577,972 41,579,422 Ribosomal protein L14
Glyma.10 g183800 41,699,751 41,702,224 Differentiation and greening-like 1
Glyma.10 g183900 41,719,265 41,728,269 Peptide transporter 3
Glyma.10 g184900 41,781,111 41,786,726 Ureidoglycolate amidohydrolase
Glyma.10 g186000 41,910,760 41,912,094 Phosphoenolpyruvate carboxylase kinase 1
Glyma.10 g186300 41,926,187 41,928,530 Small nuclear ribonucleoprotein family protein
Glyma.10 g187200 42,035,252 42,037,969 P-loop containing nucleoside triphosphate hydrolases
superfamily protein
gProtein15-1 Glyma.15 g171800 15,667,788 15,671,786 Eukaryotic translation initiation factor 4A1
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S-transferase TAU 8, might influence Oil by suppressing
lipid peroxidation [51]. There were 3 genes found in the
confidence interval of ¢Oil10-2, which explained
20.17% of the PV for oil, inculding Glyma.10 g181800,
Glyma.10 g181900 and Glyma.10 g182000. Moreover,
Glyma.10 g181900, encoding a trigalactosyldiacylgly-
cerol 1 protein (TGDI), affected the metabolic flux of
chloroplast lipid synthesis and photosynthetic cap-
acity, which resulted in the change of fatty acid in
leaf and seed [52-55]. It was noteworthy that qOil10-
2 was placed in the same confidence intervals as
q2013proteinl0—1. The inverse relationship between
oil and protein in soybean seed is well documented in
the previous reports [40, 41]. However, little study of
TGDI had been reported on the function of protein
accumulation in seeds. In the interval of gProteinl0O-
1, Glyma.10 g183900, encoding peptide transporter 3,
contributed to nitrogen allocation and grain Yield
[56], Glyma.10 gl184900, encoding a ureidoglycolate
amidohydrolase, played a key role in nitrogen trans-
port and storage [57-59]. In a word, on the basis of
the physical position of these precise QTLs detected
using a high-density map in the present study, it
would be easy to find candidate gene.

Conclusions

In this study, we genotyped a RIL population (Huapidou
x Qihuang26) by SLAF-seq. A high-density genetic map
for soybean was constructed and used to identify QTLs
associated with four traits, including plant height, seed
weight, oil content seed and protein content in seed. A
total of 35 QTLs related to four traits were identified. Of
these QTLs, 21 QTLs were coincident with previous re-
search. Furthermore, three pairs epistatic QTLs involv-
ing 6 loci on 5 chromosomes were identified for Protein.
In addition, 43 genes with tissue-specific expression pat-
terns were considered to be potential genes in further
study. Our findings might be of great useful for MAS
breeding, and could provide detailed information for ac-
curate QTL localization.

Methods

Plant material and phenotyping

F8:9 and F8:10 populations of 149 RILs derived from a
cross between ‘Huapidou (ZDD09982)" and ‘Qihuang26
(ZDD23189) were planted in the experiment field of
Shandong Academy of Agricultural Sciences in Jinan,
Shandong Province, China, in 2013 and 2014, respect-
ively. Each individual was planted in one row using sin-
gle seed sowing; each row was 3 m, with 50 cm row
spacing and 10 cm plant spacing, with three replicates.
Five plants in each replicate were selected randomly to
calculate the plant height (PH). The weight of 100 ran-
dom filled seeds was measured as seed weight (SW). Oil
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and protein in soybean seed were detected by DA 7200
NIR food analyzer (Perten, Switzerland). SW, Oil and
Protein were repeat 3 times in each replicate. Frequency
distribution, descriptive statistics, the broad-sense herit-
ability (#°) and the analysis of variance for RIL popula-
tion and parents were analyzed with the SPSS statistics
17.0 and Microsoft Excel 2010. The #* was estimated as
described by previous study [60].

DNA extraction and genotyping
Seedlings of the F8:11 population of 149 RILs and par-
ents were planted in 2016. Young healthy leaves from
the two parents and RIL individuals were collected and
genomic DNA was extracted by the CTAB method [61].
DNA was quantified with NanoDrop and by electro-
phoresis in 1% agarose gels with a A DNA standard.
SLAF-seq was used to genotype a total of 151 samples
(149 individuals and two parents) as described by previ-
ous study [7]. All polymorphic SLAFs were genotyped
with consistency in the offspring and parental SNP loci.
All SLAF markers should be filtered in quality assess-
ment. A SLAF marker with parental homozygous, which
had less than three SNPs, average depths of each sample
above 3, was used as a high quality SLAF marker.

Linkage map construction

Before map construction, SLAF marker should be fil-
tered by linkage analysis, markers with the MLOD value
>3 were used to construct genetic linkage map. SLAF
markers with high quality were located into 20 LGs.
HighMap Strategy was used to order SLAF markers and
correct genotyping errors [24]. All LGs should be under-
gone these procedures: first, markers were arranged by
their locations on choromosome; second, genotyping er-
rors or deletions were corrected by SMOOTH [62], ac-
cording to the relationship between ordered markers;
then MSTmap was used to order the map [63]; after
that, SMOOTH was used again to corrected the new or-
dered genotype. High-quality map would be obtained
after 4 or more cycles. Map distance was estimated using
the Kosambi mapping function.

QTL mapping

Based on the high-density genetic map, the QTLs under-
lying PH, SW, Oil and Protein were identified by QTL
ICIMapping V3.3 software [64]. Inclusive Composite
Interval Mapping (ICIM) and Composition interval
mapping (CIM) methods were used to identify the
QTLs. The threshold of logarithm of odds (LOD) score
for evaluating the statistical significance of QTL effect
was determined using 1000 permutations at the 5% level
of significance. The location of a QTL was described ac-
cording to its LOD peak location and thesurrounding re-
gion with 95% confidence interval [65]. As a result,
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intervals with a LOD value above 2.5 were detected as
effective additive QTLs using ICIM-ADD method; the
pairs of QTLs with a LOD value above 5.0 were consid-
ered as valid epistatic QTLs using ICIM-EPI method.

Gene mining

According to the marker sequence, QTLs were projected
from the genentic map onto Williams 82 physical map
(Glyma.Wm82.a2.vl). The QTL with the PVE above 10%
and the physical distance less than 1 Mb was used to
screen the candidate genes. The QTL with the physical
distance less than 100 Kb was also chosen to screen the
candidate genes. Gene calls and annotations were re-
trieved using Glyma.Wm82.a2.vl gene model from Soy-
base. The expression data of candidate genes in the seed
development stages based on RNA-seq in previous study
were obtained from soybase [66]. The expression values
of candidate genes in flower, leaf, nodule, pod, root, root
hair, seed, shoot apical meristem and stem were down-
loaded from phytozome (www.phytozome.org). Multiple
array viewer (version 4.9.0) was used to construct the
heat map to analyze the tissue-specific expression of
candidate genes.
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