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Abstract The amount of ultraviolet-B radiation (UV-
B: 280-320 nm) reaching Earth’s surface is expected to
increase due to stratospheric ozone depletion. This could
cause significant biological damage in plants, and serious
yield losses in crops. Soybean [Glycine max (L.) Merr.], a
major legume crop, is known to be sensitive to UV-B
radiation. Thus, developing a UV-B-tolerant soybean is
an efficient and economical strategy to avoid putative
yield losses through increased UV-B irradiation. The
objective of this study is to identify the novel quantitative
trait loci (QTLs) for UV-B tolerance in the soybean using
high-density genetic linkage mapping. One hundred and
fifteen F8-derived F12 recombinant inbred lines devel-
oped from a cross between the UV-B susceptible
cultivar, Keunol, and a tolerant breeding line, Iksan 10,
were used. Three categories of phenotypic traits were
scored: degree of leaf color change, degree of leaf shape
change and degree of total plant damage. A genome-
wide molecular genetic linkage map containing 8691
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single nucleotide polymorphism markers was con-
structed using the recently developed genotyping plat-
form, the 180K Axiom SoyaSNP assay. Using composite
interval mapping analysis, one major candidate QTL on
chromosome 7 was identified and designated qUVBT1,
and is located between two flanking makers, AX-
90437826 and AX-90317546, within 1.6 cM, corre-
sponding to a ~ 24-kb physical region with six annotated
gene models. One of them is a homolog of yeast RAD23,
which has previously been reported to be a UV excision
repair protein. This result could be valuable in breeding
new UV-B-tolerant soybean cultivars and elucidating the
UV-B response mechanism in soybean plants.

Keywords Soybean - UV-B - UV-B tolerance -
Single nucleotide polymorphism - Glycine max - 180K
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Abbreviations

QTL Quantitative trait locus

SNP  Single nucleotide polymorphism
RIL  Recombinant inbred line

DTP Degree of total plant damage
DLC Degree of leaf color chlorosis
DLS Degree of leaf shape change

Introduction

The depletion of stratospheric ozone has resulted in
increased UV-B radiation at ground level that can
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cause morphological, physiological and biochemical
damage in plants (Hidema and Kumagai 2006;
Hollésy 2002; Kakani et al. 2003). Soybean [Glycine
max (L.) Merr.] plants also show severe reduction in
leaf expansion, leaf area, aerial dry biomass and seed
yield with elevated UV-B treatment (Reed et al. 1992;
Teramura et al. 1990; Yanqun et al. 2003). In
particular, exposure to UV-B can induce the formation
of covalent bonds between adjacent pyrimidines and
creates the cyclobutane pyrimidine dimers and pyrim-
idine(6—4)pyrimidone  photoproducts  (Friedberg
2003). During DNA replication and transcription,
these lesions disrupt base pairing and cause the
mutations which result in phenotypic traits. Therefore,
such lesions should be repaired to maintain the DNA
integrity.

Recent achievements in soybean genomics research
have improved the speed and precision of mapping of
genes or quantitative trait loci (QTLs) for agronom-
ically important traits. Since soybean plant genomic
information was released (Schmutz et al. 2010), many
genomic re-sequencing studies have produced mil-
lions of single nucleotide polymorphisms (SNPs).
Hyten et al. (2010b) identified 25,047 putative SNPs
from the re-sequencing of Glycine soja genotype PI
468916. With the re-sequencing of 17 wild and 14
cultivated soybean accessions, Lam et al. (2010)
obtained 6.31 million SNPs. In addition, Chung et al.
(2014) sequenced ten Korean cultivated and six wild
accessions at ~ 17x depth and obtained 3.87 million
high-quality SNPs. Recently, 302 wild and cultivated
soybean accessions have been investigated with re-
sequencing, and various novel QTLs have been
identified (Zhou et al. 2015). As huge amounts of
high-quality SNPs were accumulated, a high-through-
put SNP genotyping system was also established. For
soybean plants, the GoldenGate assay system was first
developed for genotyping 1536 SNPs in 192 DNA
samples and then used to construct the Universal Soy
Linkage Panels (USLP) (Hyten et al. 2008, 2010a, b).
Using an [llumina iSelect Beadchip, the SoySNP50 K
array, which enables the high-density genotyping of
24 DNA samples with 52,041 SNPs, was also devel-
oped and used to genotype more than 19,000 Glycine
accessions in the USDA Soybean Germplasm Collec-
tion (Song et al. 2013). Recently, the highest resolu-
tion of genotyping array was achieved by a 180K
AXIOM SoyaSNP array with Affymetrix platforms
(Lee et al. 2015b). This array is composed of more
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than 170,000 scorable SNPs and provides approxi-
mately one SNP per 6.5 kb over the soybean genome.
High-density SNP genotyping arrays facilitate the
rapid development of high-density genetic maps
which permit the more precise localization of QTLs
and enable the development of very tightly linked SNP
markers for marker-assisted selection in breeding
(Ganal et al. 2012).

Recently, we identified a UV-B-tolerant soybean
breeding line, Iksan 10, showing no phenotypic
damage in leaf chlorosis, leaf shape change and
petiole color change with UV-B radiation (Shim et al.
2015). To identify the QTLs conferring UV-B toler-
ance, linkage analysis of a 115 recombinant inbred
line (RIL) population derived from a cross between
Keunol and Iksan 10 with 110 simple sequence repeat
(SSR) markers was conducted and four to six QTLs
associated with degree of leaf chlorosis, leaf shape
change, petiole color change and total plant damage by
UV-B radiation were identified. However, because of
limited numbers of mapped molecular markers, most
QTLs were detected over a 20-cM interval. This low-
resolution linkage map might lower the QTL detection
power, and therefore there is a need for a fine-mapping
study to identify candidate genes or closely linked
markers for marker-assisted selection.

The objective of this study is to identify and narrow
down the QTLs for UV-B tolerance in soybean plants
using the state-of-the-art genotyping platform, 180K
Axiom® SoyaSNP assay, and develop SNP markers
tightly linked to the genes. Furthermore, it is expected
that a limited number of annotated genes may be
identified by high-resolution dissection of the UV-B
resistance QTLs in the UV-B-tolerant soybean breed-
ing line, Iksan 10.

Materials and methods
Plant materials

The mapping population used in this study has been
previously described (Shim et al. 2015). Briefly, 115 F8-
derived F12 RILs were advanced by single-seed descent
from crosses between a UV-B-susceptible cultivar,
Keunol, which was derived from pure line selection of
Korean landraces, and a tolerant breeding line, Iksan 10
(KI-RIL), which was derived from the cross between
KW552 and Pangsakong (Lee et al. 2015a).
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Evaluation of UV-B tolerance

The phenotypic trait for UV-B tolerance was re-
evaluated with 115 F8:12 RILs and their parents in a
greenhouse according to a previous study with minor
modifications (Shim et al. 2015). Briefly, the RILs and
their parents were planted in four replicates in 27-cm
wide x 53-cm long trays with 50 holes filled with
synthetic cultivation soil, and thinned to one plant per
slot after germination. The parents, Keunol and Iksan
10, were planted in the center row in each tray, and
RILs were planted with a completely randomized
design. A UV-B lamp (G40T10E UV-B lamps,
Sankyo, Denki, Japan) was wrapped with 0.13 mm
of cellulose diacetate film (Cadillac Plastics Co.,
Baltimore, MD, USA) to filter out the UV-C
(<290 nm) light. The cellulose diacetate film was
replaced once a week, because of its aging by UV
radiation. The distance between the UV lamp and the
tops of the plants was maintained to 20-30 cm for
constant UV-B dosage. The soybean plants were
exposed to supplemental UV-B radiation at the V2
stage (Fehr et al. 1971) for 4 h per day (10:00-14:00)
for 4 weeks with 1.5-2.0 W m~2 UV-B intensity. The
UV-B and UV-C intensity was monitored using a UV-
radiometer (DO 9847, Delta OHM) equipped with LP
471 UVB for UV-B and UV-C, respectively. After
4 weeks of irradiation, three categories of damage
degree were scored on a scale of 1-9 [where 1 = no
symptom (i.e., same degree of damage to Iksan 10)
and 9 = severely damaged]: degree of leaf chlorosis
(DLC), degree of leaf shape change (DLS), and degree
of total plant damage (DTP) (Supplemental Figure S1).
The degree of damage of Keunol was scored at 7. Each
plant damage degree was scored by comparing to
parents, Keunol and Iksan 10, within each tray.

DNA extraction and 180K Axiom SoyaSNP assay

The non-expanded young trifoliate leaves from three
plants per RIL line were harvested for genomic DNA
isolation. The genomic DNA was extracted with the
modified hexadecyltrimethylammonium  bromide
(CTAB) method as previously described (Lenis 2011).
For genetic linkage map construction, two parental and
115 F8:12 KI-RIL genomic DNA samples were geno-
typed with 180,961 SNP markers using the 180K Axiom
SoyaSNP array (Affymetrix, Santa Clara, CA, USA)
and scanned with a GeneTitan® Scanner (Affymetrix).

Of 180,961 SNPs, only 169,028 high-quality SNPs
(93.4 % of the tiled SNPs), excluding 1185 SNPs in the
scaffolds and 10 SNPs in chloroplast, were used for
further genetic linkage map construction and QTL
identification (Lee et al. 2015b).

QTL analysis

A genetic linkage map was constructed using JoinMap
4.1 software (Van Ooijen 2006) according to the
manufacturer’s protocol. Recombination fractions
were converted to genetic map distance by the
Kosambi function (Kosambi 1943). Of 169,028
scorable SNP markers, a total of 26,054 SNP
markers showed polymorphism. After removing
segregation distortion and redundant markers, only
8691 SNP markers were used for genetic linkage
map construction.

Based on the segregation of 8691 SNP markers
from KI-RILs and phenotypic traits (i.e., DLS, DLC
and DTP), composite interval mapping analysis was
performed to identify candidate QTL regions that are
responsible for UV-B tolerance, executed by MapQTL
6 software (Van Ooijen 2009). The critical signif-
icance threshold was determined by 1000 permuta-
tions with a walk speed of 1 cM and a significance
level of 0.05. The critical thresholds for logarithm of
odds (LOD) were set to 4.0, 3.8 and 3.9 for DLS, DLC
and DTP, respectively. The physical locations of two
closest markers were identified using the manufac-
turer’s instructions based on the Wm82.a2 soybean
assembly (Schmutz et al. 2010). The annotated genes
within the two closest markers were identified through
the SoyBase DB Sequence map viewer (Grant et al.
2010).

Results

Phenotypic trait evaluation under supplemental
UV-B radiation

The three types of morphological damage caused by
supplemental UV-B radiation, DLC, DLS and DTP,
were evaluated in the RIL mapping population and
their parents, Keunol, and Iksan 10, in greenhouse
conditions (Supplemental Figure S1). The UV-B-
susceptible parent, Keunol, was assigned a score of 7,
while the tolerant parent, lksan 10, did not show
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Table 1 Degrees of leaf chlorosis (DLC), leaf shape (DLS)
and total plant damage (DTP) of the F8-derived F12 mapping
population and its parental lines, Keunol and Iksan 10

Traits Parents F8:12 KI-RILs
Keunol Iksan 10 Mean Range
DLC 7+00 1£00 4.5 1.0-9.0
DLS 7400 1£00 4.6 1.0-9.0
DTP 7400 1+0.0 4.6 1.0-9.0

morphological damage and was scored 1 in all traits
(Table 1). The average of all RILs’ traits was 4.5 with
range distribution from 1 (no symptoms) to 9 (severely
damaged). In addition, transgressive segregants,
which had higher damage scores than Keunol, were
observed. The phenotypic correlation coefficients
were estimated between DLC, DLS and DTP (data
not shown). All morphological damages showed
positive and highly significant associations with each
other (r > 0.95). These results suggest that common
genes are responsible for three UV-B-induced mor-
phological damage grades, DLC, DLS and DTP. To
evaluate the traits’ normality, the Shapiro—Wilk
normality test was conducted. None of the three traits
showed a normal distribution (p < 0.001), but showed
the bimodal shape of phenotype frequency distribution
in the 115 KI-RILs. This suggests that a limited
number of genes may govern UV-B tolerance in DLC,
DLS and DTP (Fig. 1).

Composite interval mapping of QTLs associated
with UV-B tolerance

The high-density linkage map for 115 KI-RILs
consisted of 20 chromosomes, which were defined
by 8691 SNP markers (Table 2). On average, the
constructed map revealed a marker density of one SNP
marker per 0.5 cM. The increased marker density was
27 times greater than the previously reported map
using the same KI-RILs (15.9 cM average marker
distance) (Kim et al. 2005).

For identification of candidate QTL regions confer-
ring UV-B tolerance, composite interval mapping was
performed using the three phenotype traits DLC, DLS
and DTP. Based on the composite interval mapping
analysis, a single QTL near AX-90312571, which was
positioned on a 221,548-bp region on chromosome 7
based on the Wm82.a2 soybean genome assembly, was
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Fig. 1 Phenotype frequency distribution of the 115 RILs
derived from Keunol x Iksan 10. The distribution of degrees
of leaf chlorosis (a), leaf shape (b) and total plant damage (c) are
presented. Score 1 = no symptoms and 9 = severely damaged.
The location of parent Keunol is marked with an open arrow and
that of parent Iksan 10 with a closed arrow

identified for all the traits (Table 3). The major QTL on
chromosome 7 was located between two flanking SNP
markers, AX-90437826 and AX-90317546, as shown
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Table 2 Summary of
single nucleotide
polymorphism (SNP)
markers used in genotyping
the F8-derived F12
mapping population from
Keunol x Iksan 10

Chr. chromosome; LG
linkage group

Chr.* LG® No. of total SNP No. of polymorphic No. of SNP Average
markers tested SNP markers markers distance
mapped between
SNPs (cM)
1 Dla 8379 1070 367 0.5
2 D1b 9514 1203 371 0.7
3 N 7673 959 325 0.7
4 Cl 8399 1676 501 0.5
5 Al 7577 1081 391 0.6
6 C2 9392 1299 450 0.5
7 M 8126 940 303 0.7
8 A2 10,475 1738 303 0.7
9 K 8621 1639 482 0.4
10 (0] 8820 1416 497 0.4
11 Bl 7481 1171 900 0.3
12 H 7222 887 290 0.6
13 F 10,338 1500 427 0.6
14 B2 7195 1496 465 0.4
15 E 9423 1651 513 0.6
16 J 6980 1210 379 0.6
17 D2 8347 1316 402 0.6
18 G 9103 1560 539 0.4
19 L 8166 1335 414 0.3
20 I 7797 907 372 0.7
Average 8451 1303 435 0.5
Total 169,028 26,054 8691

Table 3 The major QTL for UV-B resistance identified by
composite interval mapping in the 115 RILs derived from
Keunol x Iksan 10 for the three traits degree of leaf chlorosis

(DLC), degree of leaf shape (DLS), and degree of total plant
damage (DTP)

Traits  Interval Chr.*  Physical interval ~ Closest marker ~ Physical ~ Additive R* (%) LOD
(bp) position  effect score?
®p)” (%)
DLC  AX-90437826-AX-90317546 7 198,735-223,377  AX-90312571 221,548 1.9 59.7 22.7
DLS AX-90437826-AX-90317546 7 198,735-223,377 AX-90312571 221,548 1.9 58.5 22.0
DTP AX-90437826-AX-90317546 7 198,735-223,377  AX-90312571 221,548 1.9 59.9 22.8

% Chromosome

® QTL position from the closest marker

¢ Additive effect

4 Maximum-likelihood LOD score for the individual QTL

in Fig. 2. This accounts for approximately 60 % of the
phenotypic variation, with a high LOD score of 23. In
addition, the Iksan 10 allele was associated with UV-B
tolerance in all three phenotypic traits, DLC, DLS and

DTP . Currently, there are no reports regarding UV-B
tolerance QTLs on chromosome 7 in soybean plants.
We designated this newly identified novel QTL as
qUVBTI. The physical distance between the two
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Fig. 2 Composite interval map and physical region of the
major QTL associated with UV-B resistance on soybean
chromosome 7 in the 115 RILs derived from Keunol x Iksan
10. a The qUVBTI on the entire region of chromosome 7. b The

flanking SNP markers, AX-90437826 and AX-
90317546, is 24 kb, and there are only six annotated
genes based on the Williams 82 reference genome
according to the USDA-ARS soybean genetic database
(Grant et al. 2010). Figure 2c¢ shows the qUVBTI
region and annotated genes with their physical position
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qUVBTI region with adjacent SNP markers. ¢ The annotated
genes and their physical position within gUVBTI based on
Glyma2.0 from Soybase DB

information. Table 4 shows the list of potential can-
didate genes and their Arabidopsis thaliana homologs
in the identified gUVBTI region. Taken together, the
previously reported QTL region responsible for UV-B
tolerance was narrowed down to six candidate genes
within a 24-kb interval and designated qUVBT].
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Table 4 Potential candidate genes in the identified region of gUVBTI

Gene name A. thaliana homolog Protein family Protein function

Glyma.07g002300 AT1G78900 PF00006, PF00306, PF02874 V-type ATP synthase alpha chain

Glyma.07g002400 AT3G22300 PF00338 30S ribosomal protein S10 family member

Glyma.07g002500 ATIG16810 PF08555

Glyma.07g002600 AT1G16860 - Ubiquitin-specific protease family C19-
related protein

Glyma.07g002700 AT4G27990 PF02325 YGGT family

Glyma.07g002800 AT1G79650 PF00240, PF00627, PF09280 UV excision repair protein RAD23

Discussion identified and this could be a bottleneck for gene

Soybean is the most important legume crops for
humans and livestock, but it is known to be sensitive to
UV-B radiation. This may cause a reduction in plant
biomass and yield, inhibition of photosynthesis and
damage to DNA, resulting in more than 20 % yield
reduction in susceptible soybean cultivars (Hollosy
2002; Kakani et al. 2003; Hidema and Kumagai 2006;
Reed et al. 1992; Teramura et al. 1990). Thus,
developing a UV-B-tolerant soybean cultivar is the
most efficient and economical strategy for avoiding
significant yield losses of soybean plants.

There have been several previous reports on UV-B
responses in the model plant Arabidopsis thaliana. A
number of knock-out mutants for photoreceptor
(UVRS), photolyase (UVR2) and subunits of nuclear
excision repair complex (UVR7 and UVHI) showed
hypersensitive phenotypes to UV-B supplemental
radiation, even though their overexpression mutants
did not showed increased UV-B tolerance (Klieben-
stein et al. 2002; Liu et al. 2000; Landry et al. 1997;
Hefner et al. 2003). Recent research has demonstrated
enhanced UV-B tolerance in rice and Arabidopsis. In
rice, overexpression of WRKY89 enhanced UV-B
tolerance with increased wax deposition on leaf
surfaces (Wang et al. 2007). The HAG3 (histone
acetyltransferase) knock-down mutant showed a lower
inhibition of leaf and root growth by UV-B due to
increased levels of DNA repair genes in the UV-B
response (Fina and Casati 2015). In soybean, the QTL
conferring UV-B tolerance was recently identified on
chromosomes 7, 11, 13 and 19 from the Iksan 10 allele
in a RIL population from the cross between Keunol
and Iksan 10 using only 110 SSR markers (Shim et al.
2015). However, the limited number of markers
mapped caused the wide interval of the QTL region

function identification research, because of a number
of annotated gene models within the QTL interval
identified resulting in difficulties in narrowing down
the candidate gene models.

Recent efforts in soybean genomics have identified
a huge number of SNPs based on the soybean
reference genome assembly (Schmutz et al. 2010;
Hyten et al. 2010b; Zhou et al. 2015), and the SNPs
identified could be employed to construct a high-
density genetic linkage map which is equivalent to a
physical sequence map.

In the current research, the most recently developed
high-density SNP genotyping platform, 180K Axiom
SoyaSNP assay, was employed to narrow down the
QTL interval and identify novel QTLs which are
responsible for UV-B radiation tolerance. In addition,
the QTL interval identified was projected onto the
physical sequence map based on the Williams 82
soybean genome assembly to investigate the candidate
genes within the QTL interval. The composite interval
mapping analysis results showed that the major QTL,
qUVBTI, was positioned at around 220 kb on the
physical sequence map within a 24-kb interval on
chromosome 7 in all three phenotype traits with high
LOD score, phenotypic variance explained (%) and
additive effect (Table 3). Interestingly, a previous
report showed that a major QTL was located on
chromosome 19 with minor QTLs on chromosome 7,
11, 13 and 14, explaining 3.8-9.2 % of the phenotypic
variance. This significant difference may be due to the
limited number of available polymorphic SSR mark-
ers used for genotyping and the absence of SSR
markers close to QTL. Here, this practical limitation
was addressed using the 180K Axiom SoyaSNP assay,
which employed more than 80 times more SNP
markers than the previous report, to overcome the
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marker number issue and reveal recombination events
within the RILs as precisely as possible. Thus, this
study identified the major QTL for UV-B tolerance in
soybean plants on chromosome 7, which could not be
identified as a major QTL in previous research because
of the limited number of molecular markers for
genotyping and linkage map construction. Overall,
qUVBTI on chromosome 7 appears to play a key role
in tolerance to UV-B radiation in the Tksan 10 soybean
breeding line.

There are six annotated genes models within the
qUVBT1 interval, based on the Wm82.a2.vl soybean
reference genome assembly and annotation. Interest-
ingly, one of the candidate genes encodes a UV
excision repair protein homolog of RADIATION
SENSITIVE23B (RAD23b) in Arabidopsis thaliana.
RAD23b in Arabidopsis is the homolog of RAD23,
which is associated with the nucleotide excision repair
factor 2 (NEF2) complex, originally discovered in
yeast (Saccharomyces cerevisiae) (Guzder et al.
1998). A mutation in RAD23 family members shows
hypersensitivity to UV light in yeast (Lambertson
etal. 1999). In Arabidopsis, there are four homologs of
the RAD23 yeast gene: RAD23a, RAD23b, RAD23c
and RAD23d. The Arabidopsis homolog of the can-
didate gene is RAD23b, with 76 % protein sequence
similarity. However, RAD23b- I seedlings, which were
Arabidopsis knock-out mutants for RAD23b by
T-DNA insertion, failed to display a hyper- or
hyposensitive phenotype to several DNA-damaging
agents, including UV light (Farmer et al. 2010).
However, Sturm and Lienhard (1998) reported that
two RAD23 isoforms from carrot (Daucus carota) can
rescue the UV-sensitive phenotype of RAD23 4 yeast.
These previous reports suggest that RAD23 in soybean
plants might participate in the DNA damage repair
process.

A soybean plant has 13 RAD23 homologs, and one
of them was identified within the gUVBT]I interval.
Thus, the investigation of RAD23b homologs in
soybean plants (Glyma.07g002800) for a UV-B toler-
ance phenotype in Iksan 10 may be interesting and
valuable work for developing UV-B-tolerant varieties
of soybean plants, though the functional analyses of
these candidate genes are ongoing and will be the
subject of future studies.

In summary, a novel QTL, qUVBT]I, for tolerance
to supplemental UV-B radiation in soybean has been
identified with 8691 polymorphic SNP markers using
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the 180K Axiom SoyaSNP assay and composite
interval mapping analysis. gUVBT1 is on chromosome
7 between the two flanking markers AX-90437826 and
AX-90317546, located at 198,735 and 223,377 bps,
respectively. Within this approximately 24-kb region,
there are six annotated candidate genes. Since soybean
plants are a UV-B-susceptible crop, UV-B may cause
serious yield losses, and therefore breeding for new
UV-B-tolerant soybean cultivars is necessary. Thus,
identification of qUVBTI and its two flanking SNP
markers will contribute to marker-assisted selection
for UV-B-tolerant soybean cultivars. Certainly, con-
tinued gene-functional analysis for candidate genes in
mutant soybean plants and construction of near-
isogenic lines to elucidate the UV-B tolerance mech-
anism in soybean plants is required and will be the
subject of subsequent research.
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