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Abstract Soybean (Glycine max (L.) Merrill) is
one of the most important crop plants in the world as
an important source of protein for both human con-
sumption and livestock fodder. As flowering time
contributes to yield, finding new QTLs and further
identifying candidate genes associated with various
flowering time are fundamental to enhancing soy-
bean yield. In this study, a set of 120 recombinant
inbred lines (RILs) which was developed from a
cross of two soybean cultivars, Suinong4 (SN4) and
ZK168, were genotyped by genotyping-by-sequenc-
ing (GBS) approach and phenotyped to expand the
cognitive of flowering time by quantitative trait loci
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(QTL) analysis. Eventually, three stable QTLs related
to flowering time which were detected separately
located on chromosome 14, 18, and 19 under long-
day (LD) conditions. We predicted candidate genes
for each QTL and carried out association analyses
between the putative causal alleles and flowering
time. Moreover, a transient transfection assay was
performed and showed that NUCLEAR FACTOR YA
1b (GmNF-YAID) as a strong candidate for the QTL
on chromosome 19 might affect flowering time by
suppressing the expression of FLOWERING LOCUS
T (GmFT) genes in soybean. QTLs detected in this
study would provide fundamental resources for find-
ing candidate genes and clarify the mechanisms of
flowering which would be helpful for breeding novel
high-yielding soybean cultivars.
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Introduction

Soybean is a major legume crop used worldwide as
a source of edible oil and high-quality protein for
human consumption (Hoeck et al. 2003). Breeding
high-yielding soybean cultivars is thus an ongoing
goal of modern agriculture (Yin et al. 2018). An
appropriate flowering time is important for increas-
ing yield; thus, identifying flowering-related genes
is beneficial to increase soybean yield. In addition,
the timing of flowering is also a critical factor that
restricts the latitudes at which plants may grow and
propagate. Accordingly, breeders have exploited
standing genetic variation in the photoperiod
responses and flowering times of many crop spe-
cies to expand their growth areas to a wide range of
latitudes (Thakare et al. 2010). Therefore, the iden-
tification of alleles conferring photoperiod insensi-
tivity and development of cultivars with flowering
responses adapted to distinct geographic locations
will be instrumental to improving soybean cultivars
and yield (Zhao et al. 2018a b).

Soybean is a photoperiod-sensitive plant that
flowers early when exposed to shorter photoperi-
ods; daylength thus influences its flowering time
and yield (Tasma et al. 2001). To date, 14 major
genes or loci have been reported to be associated
with flowering time and maturity in soybean: E/
(Bernard 1971; Xia et al. 2012), E2 (Bernard 1971;
Watanabe et al. 2011), E3 (Buzzell 1971; Wata-
nabe et al. 2009), E4 (Buzzell and Voldeng 1980;
Saindon et al. 1989; Liu et al. 2008), E5 (McBlain
and Bernard 1987), E6 (Bonato and Vello 1999;
Fang et al. 2020), E7 (Cober and Voldeng 2001),
ES8 (Cober et al. 2010), E9 (Kong et al. 2014; Zhao
et al. 2016), E10 (Samanfar et al. 2016), E11 (Wang
et al. 2019), J (Ray et al. 1995; Lu et al. 2017), and
TIME OF FLOWERING 11 (Tofll) and ToflI2 (Lu
et al. 2020). The dominant alleles of the genes or
loci El, E2, E3, E4, E8, and EI0 delay flowering,
while their recessive alleles promote early flow-
ering (Zhang et al. 2007; Langewisch et al. 2014;
Langewisch et al. 2017; Bernard 1971; Xia et al.
2012; Cober et al. 2010; Watanabe et al. 2011; Buz-
zell and Voldeng 1980; Watanabe et al. 2009; Xu
et al. 2013; Samanfar et al. 2016; Lin et al. 2020).

As a typical short-day plant, soybean can be
grown over a wide latitudinal range that is dictated
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by the complement of alleles for photoperiod-
related genes. Indeed, various allelic combinations
at the E1-E4 genes contribute to the adaptability of
soybean to high latitude regions (Jiang et al. 2014).
However, although genotypes at these genes have
been widely used in breeding, they do not entirely
explain adaptability to high latitudes, suggesting
that additional genes remain to be identified. Two
long juvenile traits, E6 and J, have been identified
to extend vegetative growth under short-day envi-
ronments (Hartwig and Kiihl 1979; Ray et al. 1995;
Lu et al. 2017; Li et al. 2017; Fang et al. 2020).
Additionally, Tof12 and TofI1 have been reported
to gradually contribute to higher latitude adaptation
in soybean. Tofl2 and Tofl1 undergone stepwise
selection; the loss-of-function alleles of them were
enriched in landraces, especially in the northeast
regions (Lu et al. 2020).

Additional genes also play vital roles in soybean
flowering, including FT, CONSTANS (CO), APETALA
1 (API), and SUPPRESSOR OF OVEREXPRESSION
OF CO 1 (SOCI). Among those, members of the
FT gene family have been extensively characterized
(Takeshima et al. 2016; Ogiso-Tanaka et al. 2019; Sun
et al. 2019). GmFT2a and GmFT5a are the two major
members of the soybean FT family, and GmFT2a was
identified as the causal gene for the E9 locus (Kong
et al. 2010 2014; Zhao et al. 2016). Another family of
genes with roles in flowering time is the NUCLEAR
FACTOR-Y (NF-Y) family, whose members encode
highly conserved transcription factors that form com-
plexes composed of NF-YA, NF-YB, and NF-YC subu-
nits (Sinha et al. 1995 1996). Several NF-YA genes are
negative regulators of flowering time, as evidenced by
the late flowering of plants overexpressing some NF-
YA genes (Wenkel et al. 2006; Xu et al. 2004) . Sub-
sequently, genetic and biochemical experiments also
support a positive role for NF-YA subunits in flowering
time, via its direct binding to the F7T promoter in a pho-
toperiod-dependent manner (Siriwardana et al. 2016).
The growth habit of soybean stems also constitutes a
key adaptation and agronomic trait that directly affects
flowering time, node production, and ultimately yield
(Bernard 1972; Specht et al. 2001; Heatherly and Smith
2004). The causal gene mutated in the determinate
stem 1 (dt]) mutant was shown to encode the soybean
homolog of TERMINAL FLOWER 1 (GmTFLI) (Liu
et al. 2010). More recently, Dt/ was reported to interact
with the basic leucine zipper (bZIP) transcription factor
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GmFDcl to repress the expression of GmAPI, thereby
regulating flowering (Yue et al. 2021). Although much
research has been conducted to understand the molecu-
lar basis of photoperiod-mediated regulation of soybean
flowering, the regulatory pathways leading to flowering
in soybean are far from completely understood, leaving
many related genes related yet to be uncovered (Kong
et al. 2018).

In this study, we selected two soybean cultivars
(SN4 and ZK168) with the same genotype of the E/,
E2, E3, E4, Dtl, and Dt2 to generate a recombinant
inbred line (RIL) population, thus excluding the influ-
ence of known major genes whose variation contributes
to flowering time so as to potentially unmask hidden
variation at loci not previously known to regulate flow-
ering time. We genotyped all individuals from the RIL
population by genotyping-by-sequencing (GBS) and
constructed a high-density genetic map. We here identi-
fied three stable quantitative trait loci (QTLs) for flow-
ering time by two QTL mapping methods. In addition,
we explored the candidate genes responsible for these
QTLs and briefly analyzed the geographic distributions
of their alleles. We tentatively identified the QTL map-
ping to chromosome 19 as GmNF-YA1b, a homolog of
Arabidopsis NF-YA 10, whose encoded protein may reg-
ulate flowering by binding to the promoters of GmFT2a
and GmFT5a and repressing their transcription.

Materials and methods
Plant materials

We used the Fg¢ RIL population S4-168, consisting of
120 lines. The S4-168 RIL population was developed
by single-seed descent from a cross between the two
soybean cultivars Suinong4 (SN4) (el-as/e2/e3/E4/
Dt1/dt2) and ZK168 (el-as/e2/e3/E4/Dt1/dt2). SN4 is
a major soybean variety in Northern China, and ZK168
is a e3-NIL (near-isogenic line) derived from Harosoy.

Plant cultivation

The Fg.; RILs and the two parents were sown in the
experimental field in Harbin (45°43'N, 126°45'E),
China, in May 2018. The F,¢ RILs and the two par-
ents were sown in the same field in May 2019. Each
row of plants was 4 m in length, with a space of 20 cm
between plants and a spacing of 60 cm between rows.

We sowed about 15 plants on each row and recorded
progression through developmental stages, including
the Ve (emergence) and R1 stages (beginning bloom)
(Fehr et al. 1971).

DNA extraction

Part of a fresh trifoliate leaf was collected from each
parental and RIL individual at the V2 stage and
stored at—80 °C until processing. Genomic DNA
was extracted using the NuClean PlantGen DNA Kit
(CWBIO, Beijing, China). DNA quality was ascer-
tained by electrophoresis of an aliquot on a 1% aga-
rose gel, and the DNA concentration was determined
using a NanoDrop 2000 instrument (ThermoScien-
tific, Wilmington, DE, USA).

Genotyping by high-throughput sequencing

DNA extractions from leaf samples for resequencing,
and preparation of sequencing libraries, were per-
formed according to the method reported in Cheng
et al (2015). GBS technology was used to genotype
the S4-168 population. The parents SN4 and ZK168
were sequenced at high coverage, while the RIL pop-
ulation was sequenced at low coverage to identify sin-
gle-nucleotide polymorphisms corresponding to each
parent (Huang et al. 2009; Davey et al. 2013).

Construction of the genetic map

SNPs were assigned to their chromosomes by align-
ment against the soybean reference genome (Glycine
max Wm82.a2.vl) downloaded from Phytozome
(http://phytozome.jgi.doe.gov). Segregation distor-
tion was tested using a chi-square test. Markers were
assigned to 20 linkage groups (or chromosomes)
based on their physical position, and the genetic dis-
tances were estimated when generating the genetic
map.

QTL analysis

The inclusive composite interval mapping (ICIM)
method was used to detect QTLs with the QTL Ici-
Mapping software (Meng et al. 2015), treating data
for each year as a separate phenotype. Permutation
tests (PT) were performed to calculate logarithm of
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the odds (LOD) thresholds to a significance level of
P<0.05 (N=1,000). A QTL was considered signifi-
cant when its LOD score was higher than the thresh-
old across both years. In addition, QTLs with LOD
scores higher than 2.5 but lower than the LOD thresh-
olds were retained. To validate the ICIM results, com-
posite interval mapping (CIM) was also performed
using Windows QTL Cartographer V2.5 (WinQTL,
Wang et al. 2012). The LOD threshold was set empir-
ically to 2.5.

Identification of candidate genes

The soybean reference genome and annotation files
(Schmutz et al. 2010) were downloaded from Phy-
tozome (http://phytozome.jgi.doe.gov). The can-
didate genes within the QTL intervals were catego-
rized through gene ontology analysis with the online
tools Gene Ontology (GO; http://geneontology.org/)
and WEGO (http://wego.genomics.org.cn) to obtain
detailed pathway, gene ontology, and annotation
information. We organized the functional annotation
information for all genes within the QTL interval
which had been identified in both 2 years and selected
the most likely candidate genes within variations that
exist in two parents of the GBS analysis consequence.

Haplotype calling and association analysis

Resequencing data of the 1295-accession panel, VCF
files, and the flowering time data from the 424-acces-
sion panel used in this study were obtained from Lu
et al (2020). The 1295-accession panel consisted of
146 wild soybeans, 575 landraces, and 574 improved
cultivars. The 424-accession panel comprised 78 wild
soybeans, 132 landraces, and 214 improved cultivars.
VCF files were processed using the VCFtools soft-
ware (v.0.1.16). Field evaluations were performed in
six locations spanning latitudes 23°N (Guangzhou)
to 45°N (Harbin); the significance of association was
calculated with IBM SPSS software 20 (https://www.
ibm.com/analytics/spss-statistics-software) with Stu-
dent’s t-tests, P <0.05.

RNA extraction, reverse transcription, and
quantitative PCR (RT-qPCR)

Total RNA was extracted from different SN4 and
ZK168 tissues (stem, ternate leaf, euphylla, shoot apical
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meristem, apical meristem, flower) with the Ultrapure
RNA Kit (CWBIO, China). First-strand cDNAs were
synthesized with the PrimeScript RT Reagent Kit with
genomic DNA FEraser (Takara, Japan) and their con-
centrations were determined with a NanoDrop 2000
instrument (ThermoScientific, Wilmington, DE, USA).
Quantitative PCR (RT-qPCR) was performed using a
LightCycler 480 instrument (Roche). The expression
levels of GmTubulin (Glyma.05G157300) were used as
reference for normalization. Three biological replicates
were used in all assays, and each sample was analyzed
in technical triplicate. Primer sequences used for RT-
gPCR are listed in Supplementary Table 1.

Transient transfection assays

Around 3 kb of promoter sequences from the F72a
and FT5a were PCR-amplified from genomic DNA
extracted from leaves of Williams82 and cloned
into pGreen0800-LUC/REN to generate the pFT2a-
LUC/REN and pFT5a-LUC/REN reporters. The
GmNF-YAIb coding regions were amplified from
cDNAs reverse-transcribed from total RNA extracted
from SN4 and ZK168 leaves and cloned into the
p35S: Flag vector, yielding the effector constructs
p35S:NFYAlb-Flag (GmNFYAIb-SN4-type and
GmNFYA1b-ZK168-type). All reporter and effec-
tor constructs were introduced into Agrobacterium
(Agrobacterium tumefaciens) strain GV3101. Agro-
bacteria were grown overnight and resuspended in
infiltration buffer to a final ODgyy,,, of 0.6~0.8.
Agrobacterium suspensions harboring each reporter
and effector construct were mixed and co-infiltrated
into Nicotiana benthamiana leaves. Each combina-
tion of constructs was infiltrated in at least three
leaves from individual N. benthamiana plants. The
Renilla Luciferase Assay System (Promega) was used
to measure the quantitative values of LUC and REN
activities. Three biological replicates were used in all
assays. Primer sequences used for cloning are listed
in Supplementary Table 2.

Results
Phenotypic variation in the parents and RILs

We recorded various traits associated with flower-
ing time for all RILs and the two parental cultivars
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over two consecutive years (2018 and 2019) in Har-
bin, China (Supplementary Fig. 1 and Supplemen-
tary Table 3). We observed transgressive segrega-
tion in the RIL population, indicating that flowering
time in soybean is under polygenic control. Corre-
lation analysis was conducted on the 2-year data of
all traits recorded of the RIL population; the result
shows that R1 (flowering time trait that means days
from emergence to first open flower appeared on 50%
of the plants in one line) were significantly correlated
in 2 years. The absolute value of the skewness of the
mean R1 values in the RIL population followed an
approximately normal distribution, as evidence by the
absolute skewness values below 1. We therefore used
the R1 data for both years to detect QTLs.

Construction of a high-density genetic map

Both of the parental cultivars SN4 and ZK168 were
resequenced at a higher coverage level of 14.7X and
8.1X, individually, to detect SNP markers and call
variations between parents. For SN4 and ZKI168,
a total of 16,182,987,000 and 8,878,524,900 bases
were identified, respectively. The Q30 ratio of SN4
and ZK168 was 94.66% and 91.35% while the GC
content of SN4 and ZK168 was 40.41% and 35.85%,
respectively (Supplementary Table 4). Finally, a total
of 2942 polymorphic SNP markers were obtained and
used in linkage map construction of 20 chromosomes
(Supplementary Fig. 2 and Supplementary Table 5).
The genetic distance between the markers was esti-
mated in cM using the QTL IciMapping software.

QTL mapping for flowering time

With the linkage map described above, we then
turned to the identification of QTLs for flowering
time using the inclusive composite interval mapping
(ICIM) method. The threshold of the LOD scores
for evaluating the statistical significance of QTL
effects is 3.43 and 3.56 of 2 years, respectively. Three
QTLs were detected by the ICIM method named as
gqRI-L, gRI-G, and gRI-B2 (R1: flowering time trait
that means days from emergence to first open flower
appeared on 50% of the plants in one line; L: Soy-
bean Linkage Group L; G: Soybean Linkage Group
G; B2: Soybean Linkage Group B2) (Fig. 1 and Sup-
plementary Table 6). gRI-L mapped to chromosome
19, with a confidence interval spanning the region

from bp 45,564,991 to bp 48,271,467 (using the
genomic coordinates for the Wm82.a2.v1reference
genome) with a LOD score of 6.72 in 2018 and 4.10
in 2019. The gRI-L QTL explained 12.1-17.4% of
the observed phenotypic variation, depending on
the year. gRI-G mapped to chromosome 18 in the
region from bp 56,210,047 to bp 57,696,740. qR1-G
reached significance only in 2019, with a LOD score
of 3.65, but was close to significant in 2018, with a
LOD score of 2.78. This QTL explained 4.6-8.5% of
the observed phenotypic variation. Finally, gRI-B2
mapped to chromosome 14, within an interval from
bp 34,291,536 to bp 39,844,217 and LOD scores
of 3.57 and 4.39. The LOD of gRI-L and gRI-B2
was higher than the LOD threshold in both 2 years
whereas the LOD of gR/-G was only greater than the
LOD threshold in 2019. The LOD value of gRI-G in
2018 was not exceeding the threshold, but because
the LOD value was higher than 2.5, we also consid-
ered it as a credible QTL.

In addition, we independently detected QTLs with
the WinQTL software to validate the ICIM results.
Indeed, WinQTL detected three QTLs that over-
lap with the gRI-L, gRI-G, and gRI-B2 which were
detected by ICIM (Supplementary Fig. 3 and Supple-
mentary Table 7). As the mapping interval for gRI-
B2 from WinQTL was larger than that obtained from
ICIM, we used the WinQTL confidence interval when
searching for candidate genes of gRI-B2. We also
identified several year-specific QTLs: for instance, we
noticed two strong QTLs mapping to chromosome 4
with high LOD scores of 6.12 and 8.57, respectively,
when using the ICIM method. However, these two
QTL peaks rose above significance only in 2019 and
showed LOD scores of at most 2.0 in 2018. Similarly,
WinQTL identified three QTLs mapping to chro-
mosomes 8, 9, and 20 either in 2018 or 2019. Since
these QTLs were detected only in 1 year, they were
not considered further (Supplementary Table 8). The
instability of these QTLs may be caused by different
meteorological conditions between 2018 and 2019,
including temperatures and rainfalls (Supplementary
Table 9).

Candidate gene prediction of gqR1-G
The mapping interval for the gRI/-G included 83

genes, which we characterized by Gene Ontol-
ogy (GO) analysis (Supplementary Table 10).

@ Springer
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Among them, 49, 18, and 79 were functionally
annotated to the categories of cellular compo-
nents, molecular functions, and biological pro-
cesses, individually (Supplementary Fig. 4). A
single gene, Glyma.l8G281400, was related to
transcriptional regulation. Of the 83 genes within
the mapping interval, 15 were polymorphic, with
nonsynonymous mutations between the two par-
ents (Supplementary Table 11). All the 15 genes’
functional annotations are shown in Supplementary
Table 12. Notably, Glyma.18G281400 was among
these polymorphic genes. Glyma.18G281400
encoded an APETALA2 (AP2)-EREBP (ETH-
YLENE-RESPONSIVE ELEMENT-BINDING
PROTEIN)-type transcription factor. EREBPs with
AP2 domains play a role in regulating plant devel-
opment (Zhao et al. 2006; Wang et al. 2014; Kuluev
et al. 2015). A previous research has reported that
two AP2 domain-encoding genes, SCHLAFMUTZE
and SCHNARCHZAPFEN, repressed flower-
ing in Arabidopsis thaliana (Schmid et al. 2003).

@ Springer

Therefore, Glyma.18G281400 was considered as a
candidate gene for gRI-G.

To test the association between the genotype of
Glyma.18G281400 and flowering time, we exploited
the genotype collected from the 1295-accession
panel, from which we defined seven haplotypes pro-
ducing three distinct predicted alleles. However, these
nonreference alleles were rare across all accessions
(Fig. 2a and Supplementary Table 11). However, the
haplotype 2 (H2), which carried a 9-bp insertion after
665th and a single-nucleotide polymorphism (SNP)
at 430th bp, appeared to be associated with flower-
ing time. We then turned to the 424-accession panel
and compared flowering time for accessions with
the H2 and H3-H7 (reference allele); these showed
no significant differences in the flowering time data
collected at Guangzhou in 2019, but did display con-
trasting flowering times at other locations (Harbin in
2019, Wuhan in 2019, Zhengzhou in 2018 and 2019,
and Hefei in 2018) (Fig. 2b—g). These results sug-
gest that Glyma.18G281400 may be associated with
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Fig. 2 Haplotypes and cor-
relation analysis with flow-
ering time for the candidate
gene Glyma.18G281400.

a Haplotypes of
Glyma.18G281400 in a
panel of 1295 soybean
varieties. Blue indicates the
reference allele from W82;
green indicates the poly-
morphic allele. b—g Flower-
ing times for landraces and
improved cultivars from
424-accession panel carry-
ing the Glyma.18G281400
haplotypes H2 or H3-H7, in
different regions: b Harbin
in 2019; ¢ Zhengzhou in
2019; d Wuhan in 2019;

e Guangzhou in 2019; f
Zhengzhou in 2018; g Hefei
in 2018. The numbers at the
bottom represent numbers
of individuals. Haplotypes
were extracted from the
1295-accession panel,
which comprises 146 wild
soybeans, 575 landraces,
and 574 improved culti-
vars. The horizontal lines
indicate the median values.
Statistical significance was
determined by Student’s
t-test
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flowering time at medium and high latitudes but not
at low latitudes in China. Therefore, we consider
Glyma.18G281400 to be a likely candidate gene for
gRI-G, but do not exclude the remaining 14 genes
within the interval, listed in Supplementary Table 12.

Candidate gene prediction of qR1-B2

As with gRI-G, we compared the coding sequences
of genes within the mapping interval between
the two parental cultivars and identified 49 genes
with polymorphisms in their exons (Supplemen-
tary Table 13). Among these, annotation informa-
tion was available for 35 genes, prompting us to
carry out a GO analysis (Supplementary Table 14).
Of the 35 genes, we obtained functional annota-
tions for nine genes in terms of cellular components,
31 genes for molecular functions, and 25 genes for
biological processes (Supplementary Fig. 5). We
retained all 35 genes as candidates for gR/-B2 and
their functional annotations are listed in Supple-
mentary Table 15. Three genes were related to tran-
scriptional regulation, namely Glyma.14G159400,
Glyma.14G160600, and Glyma.14G161900. Of
these genes, Glyma.14G159400 encoded a transcrip-
tion factor with a jumonji (jmjC) domain. The rice
(Oryza sativa) gene photoperiod sensitivity-14 (Sel4)
was previously shown to delay flowering under long-
day conditions and encoded a jmjc domain—con-
taining protein (Takayuki et al. 2014), pointing to
Glyma.14G159400 as a potential candidate gene for
qRI-B2.

To test this hypothesis, we conducted a correlation
analysis between the genotype of Glyma.l4G159400
and flowering time. We distinguished nine haplo-
types of Glyma.l4G159400 across the 1295-acces-
sion panel and discovered that the allele of
Glyma.14G159400 from SN4 (3206th-T) also con-
sists of generally natural varieties (Fig. 3a). We also
determined evolutionary relationships between haplo-
types, which led us to conclude that the most common
haplotype, H9, may have originated from haplotype
H6, with a concomitant marked reduction in the pro-
portion of wild varieties (Fig. 3b). We then compared
the flowering time of accessions carrying either the
C allele or the T allele at nucleotide 3206 (3206-C or
3206-T): this analysis revealed that the 3206-T allele
flowers significantly later than the 3206-C allele at
all six locations tested (Fig. 3c—h). This observation

@ Springer

indicated that the polymorphism at nucleotide 3206
in Glyma.14G159400 may lead to variation in flow-
ering time, supporting a role for Glyma.14G159400
in the control of flowering time across diverse genetic
soybean backgrounds and environmental conditions.
Therefore, we consider Glyma.14G159400 as a more
likely candidate gene for gRI-B2, but do not exclude
the remaining genes in the mapping interval, listed in
Supplementary Table 15.

Candidate gene prediction of qR1-L

gqRI-L mapped to chromosome 19, within an interval
that overlaps with the well-known flowering-related
gene E3, but sequence comparison showed no dif-
ferences at E3 between the two parents. Likewise,
the growth habit gene Dt/ recently reported to regu-
late flowering time in soybean (Yue et al. 2021), also
mapped in close proximity to the gRI-L interval, but
we detected no polymorphisms between the two par-
ents, indicating the existence of a new gene modulat-
ing flowering time defined by gRI-L. We determined
that 131 genes within the mapping interval have
nonsynonymous or frameshift mutations between
the two parental cultivars (Supplementary Table 16).
Among them, 87 genes have been annotated by GO
(Supplementary Table 17). GO analysis showed that
24 genes have functional annotation related to their
cellular components, while 78 genes were function-
ally annotated for putative molecular functions and
47 genes were functionally annotated for biologi-
cal processes (Supplementary Fig. 6). Importantly,
Glyma.19G200800, referred to as GmNF-YAIb, was
the only gene related to transcriptional regulation, as
determined by GO analysis. GmNF-YAIb is homolo-
gous to Arabidopsis NF-YAI10, which belongs to the
NF-YA family and was previously shown to regulate
flowering time in Arabidopsis (Wenkel et al. 2006;
Xu et al. 2004; Siriwardana et al. 2016). Conse-
quently, although a series of genes which were listed
in Supplementary Table 18 are all candidate genes of
gqRI-L, we consider the GmNF-YAIb as a more likely
candidate gene of the locus.

GmNF-YAT1b is involved in flowering time control
As a first step in characterizing GmNY-AIb and its

role in flowering time, we PCR-amplified the cod-
ing regions (CDS) from first-strand cDNAs prepared
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Fig. 3 Haplotypes,

origins, and correlation
analysis with flowering
time of Glyma.14G159400.
a Haplotypes of
Glyma.14G159400. b Hap-
lotype origins of
Glyma.14G159400.

c-h Flowering time

of Glyma.14G159400
3206th-C type and 3206th-T
type in landraces and
improved cultivars in 424
sub-accessions. Flowering
time in different regions:

¢ Harbin, 2019; d Zheng-
zhou, 2019; e Wuhan,
2019; f Guangzhou, 2019;

g Zhengzhou, 2018;

h Hefei, 2018. Haplotypes
were extracted from the
1295 panel of 146 wild soy-
beans, 575 landraces, and
574 improved cultivars. Red
color represented the wild
soybeans, green color rep-
resented the landraces, and
blue color represented the
improved cultivars in hap-
lotype origins analysis. The
horizontal line indicates the
median value. Statistical
significance was determined
by Student’s r-test

from SN4 and ZK168 total RNA and sequenced the
PCR products. We note here that the current pri-
mary transcript for Glyma.19G200800, as defined in
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Phytozome v12.1, contains 48 additional nucleotides
at the 5’ end of the CDS that are not included here
and may reflect alternative splicing, as previously

@ Springer



45 Page 100f 16

Mol Breeding (2021) 41: 45

reported (Schaarschmidt et al. 2013). In addition,
we observed a T-G polymorphism at nucleotide 154
(Supplementary Fig. 7), resulting in a nonsynony-
mous change of an Alanine to Serine (A52S).

NF-YA were previously shown to directly bind
the distal CCAAT box in the FT promoter and acti-
vate its transcription, thus acting as positive regu-
lators of flowering in the long-day plant species
Arabidopsis (Siriwardana et al. 2016). To assess the
function of GmNF-YA1b in soybean, we performed
transient infiltration assays in Nicotiana benthami-
ana leaves with luciferase (LUC) reporters, whereby
LUC transcription was driven by the GmFT2a or
GmFT5a promoters, either alone or co-infiltrated
with the SN4 or ZK168 alleles of GmNF-YAIb as
effectors. Expression of both GmNF-YA1lb-SN4
and GmNF-YA1b-ZK168 repressed LUC tran-
scription, as demonstrated by a reduction in LUC
activity, indicating that GmNF-YA1b can repress
GmFT2a and GmFT5a transcription (Fig. 4). How-
ever, we did notice significant differences in the
extent of transcriptional repression imparted by the
two alleles, as the SN4 allele was more effective at
repressing GmFT2a and GmFT5a transcription than

Fig. 4 GmNF-YAlb

the ZK168 allele. Therefore, although fine-mapping
is critical to identify the causal locus behind gRI-
L, we concluded that GmNF-YA1b is the most likely
candidate for this QTL, as the protein it encodes
affects flowering by repressing the expression of
two florigen genes, GmFT2a and GmFT5a.

We next investigated the expression levels of
GmNF-YAIb in the parental cultivars SN4 and
ZK168 by RT-qPCR in plants grown under long-day
(LD) conditions (16-h light/8-h dark) in a growth
chamber. GmNF-YAIb was expressed in all tissues
examined, especially in leaves and flowers (Sup-
plementary Fig. 8a). GmNF-YAIb also exhibited
a diurnal pattern in leaves, with a minor peak 8 h
after lights on (Zeitgeber time 8, ZT8) and a major
peak in the dark part of the diurnal cycle, 4 h after
lights off at ZT20 (Supplementary Fig. 9b). We also
determined the expression patterns of GmFT genes
grown in the same conditions: both GmFT2a and
GmFT5a were more highly expressed in ZK168
than in SN4 plants (Supplementary Fig. 8c and 8d),
meaning that GmFT2a and GmFT5a expression
differs between the two parental cultivars in LD
conditions.
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Haplotype analysis and geographical latitudinal
distribution of GmNF-YA1b

We defined eight GmNF-YAIb haplotypes in the
1295-accession panel, with seven polymorphisms
whose combinations generate five distinct functional
alleles (Fig. 5a). We compared the GmNF-YA1b pro-
tein sequences to find its homologous genes in soy-
bean, Arabidopsis thaliana (https://phytozome.jgi.
doe.gov/pz/portal.html), and several legumes (https://
www.legumeinfo.org), and further reproduced the
phylogenetic tree (Supplementary Fig. 9). Four NF-
YA10 homologous genes in soybean were clustered
into the clade, which was further subdivided into two
groups (Supplementary Fig. 9a). We also investigated
the frequency of the nonsynonymous variant S52A
across GmNF-YAIb homologs and established that
the serine residue is common to all legumes, soybean,
and Arabidopsis, while alanine is specific to GmNF-
YAI1b from SN4 (Supplementary Fig. 9b). Combined
with the results of protein homologous alignment
and haplotypes origin analysis, we found that all the
haplotypes originated from the H2 by a SNP and the
common H8 was differentiated from H7 (Fig. 5b).
Variant S52A also existed in a large number of nat-
ural accessions. We therefore examined the associa-
tion between the genotype at GmNF-YAIb (defined
by the S52 [bp 154-G] or A52 [bp 154-T] alleles) and
flowering time in the 424-accession panel measured
at six field sites with different latitudes in China. We
observed significant associations between the geno-
type at this position and flowering time (Fig. Se—j).
The 424 soybean accessions were mainly col-
lected from across Southern and Northern China,
as well as the Huanghuai region, and comprised 78
wild soybeans, 132 landraces, and 214 improved
cultivars. Since both parents of the RIL population
employed here were collected at high latitude, we
selected only improved cultivars from the Northeast
region (with high latitude) to further explore the cor-
relation between the two alleles at GmNF-YAIb and
flowering time. Indeed, the flowering times of cul-
tivars carrying either the 154-G or the 154-T allele
of GmNF-YAIb differed significantly for those col-
lected from middle- and high-latitude regions (Sup-
plementary Fig. 10a—10f). These results confirmed
that GmNF-YAIb affects flowering and the 154-G
allele leads to early flowering, while the 154-T
allele confers late flowering. These results further

confirm that GmNF-YAIb is related to flowering
time and the 154th-G allele leads to early flowering
while the 154th-T allele contributes to late-flowering
phenotype.

We next examined the distribution of the two major
GmNF-YA1Db alleles within the Chinese accessions of
the 1295-accession panel as a function of their lati-
tude of origin. For both landraces and improved culti-
vars, the relative representation of the early flowering
allele 154-G gradually increased from low to high lat-
itude (Fig. 5c). We then determined the relative rep-
resentation of the early flowering allele within wild
accessions, landraces, and improved cultivars: the
early flowering allele 154-G was only present in 12%
of wild varieties, but gradually increased to 71% in
improved cultivars, providing a strong indication that
it has undergone selection in landraces and has been
widely utilized in modern breeding (Fig. 5d). Taken
together, these results support the notion that GmNF-
YA 1D is a latitudinal adaptation gene and that its early
flowering allele 154-G has been widely incorporated
in past breeding efforts in Northern China.

Discussion

Soybean plays key roles in global food security and
agronomic sustainability. The discovery of new genes
controlling agronomic traits will help increase yield
(Zhang et al. 2004). Among these valuable traits,
flowering time dictates the length of the vegetative
growth period and defines the geographical range of
soybean. Therefore, deciphering the molecular basis
of variation in flowering time not only will reveal
signatures of artificial selection as a consequence of
breeding, but also holds great significance for the
domestication, diversity, and improvement of soybean
(Zhao et al. 2018).

Molecular markers are widely used in plant
research, including for the identification of QTLs
(Sonah et al. 2013; Semagn and Bjrnstad 2006).
Among the various markers available, single-nucle-
otide polymorphisms (SNPs) are highly abundant,
easier to identify than structural variants, evenly
distributed over the genome, and are hence espe-
cially appropriate for molecular applications (Rafal-
ski 2002). However, high-throughput genotyping at
a handful of markers is relatively time-consuming
(Sonah et al. 2013). Accordingly, next-generation
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Fig. 5 Haplotypes, origins,
latitude distribution, and
correlation analysis of
GmNF-YA1b. a Haplotypes
of GmNF-YAIb. b Hap-
lotype origins of GmNF-
YAIb. ¢ Distribution of
GmNF-YA1D alleles 154-G
and 154-T in landraces

and improved cultivars
according to their region

of origin. d Distribution of
GmNF-YA1D alleles across
wild varieties, landraces,
and cultivars. e—j Flower-
ing times for landraces and
improved cultivars from the
424-accession panel car-
rying the 154-G or 154-T
allele at GmNF-YAIb, in
different regions: e Harbin
in 2019; f Zhengzhou in
2019; g Wuhan in 2019;

h Guangzhou in 2019;

i Zhengzhou in 2018;

j Hefei in 2018. Haplotypes
were extracted from the
1295-accession panel. Red
indicates wild soybeans,
green indicates landraces,
and blue indicates improved
cultivars. Geographic
distributions were extracted
from the 1295-accession
panel. The horizontal line
indicates the median value.
Statistical significance was
determined by Student’s
t-test. LL, low latitude; ML,
middle latitude; HL, high
latitude. W, wild varieties;
L, landrace accessions;

C, improved cultivars; W,
L, and C were from the
1295-accession panel

sequencing (NGS) approaches have emerged to
expedite analysis and increase throughput (Pareek
et al. 2011). Among the many NGS technologies
available, genotyping by sequencing (GBS) boasts a
genome reduction step via digestion with a restriction
enzyme, followed by a simplified library production
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procedure, which enhances its suitability for sequenc-
ing many individuals (Elshire et al. 2011). Due to
its low cost and fast turnaround times, GBS is now
widely used to sequence multiple genomes, including
those of soybean. In this study, we applied the GBS
approach to genotype an RIL population and detect
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QTLs for flowering time. We detected three QTLs
for the R1 trait, which we named gRI-L, gRI-G, and
qRI-B2, that mapped to chromosomes 19, 18, and 14,
respectively. While other QTLs have been reported to
map to the same intervals (Supplementary Table 19),
none of the underlying causal genes has been iden-
tified. Here, we explored the list of candidate genes
included in the mapping intervals for these QTLs,
selected high-confidence candidates for all three
QTLs, and performed a functional validation to one
candidate gene for gRI-L.

Within the mapping interval of gRI-G, we iden-
tified 15 genes with nonsynonymous mutations
between the parents (Supplementary Table 12). One
gene, Glyma.18G281400, is related to transcriptional
regulation and was polymorphic between the par-
ents, making it a more likely candidate for gRI-G.
Glyma.18G281400 encodes a member of the AP2-
EREBP-type superfamily of transcription factors, sev-
eral of which affect flowering in Arabidopsis (Weigel
1995; Okamuro et al. 1997; Schmid et al. 2003). We
further explored the potential of Glyma.l8G281400
as a candidate gene for the underlying QTL by ana-
lyzing the distribution of its haplotypes across a soy-
bean panel (Fig. 2). We followed the same methods
for gRI-B2 and gRI-L, and identified one probable
candidate gene for each QTL: Glyma.14G159400 (for
qRI-B2) and Glyma.19G200800, which we named
GmNF-YAID (for gRI-L).

Nuclear factor Y (NF-Y), also known as CCAAT-
binding factor (CBF), is a complex composed of three
subunits, NF-YA, NF-YB, and NF-YC, that specifi-
cally binds to the evolutionarily conserved CCAAT
motif (Hou et al. 2014; Mantovani 1999; Kusnetsov
et al. 1999). The florigen FT, encoded by a gene
whose promoter includes a CCAAT box, is the main
mobile protein that responds to photoperiodic sig-
nals in leaves and then relocates to the shoot apex to
promote floral transition (Lin et al. 2007; Corbesier
et al. 2007; Mathieu et al. 2007). In Arabidopsis,
NF-YA (NF-YAZ2) directly binds to the distal CCAAT
box in the FT promoter as a complex with NF-YB/
NF-YC, to induce FT expression and thus flower-
ing (Siriwardana et al. 2016). The two soybean FT
homologs GmFT2a and GmFT5a coordinately regu-
late flowering in soybean (Kong et al. 2010). Here,
we provide evidence, in the form of transient infil-
tration assays in N. benthamiana, that GmNF-YA1b
represses GmFT2a and GmFT5a expression under

LD conditions in soybean (Fig. 4). Much of the focus
on NF-YAIO and its homologs has related to its roles
during high-salinity stress (Ma et al. 2015a b; Zhang
et al. 2020), drought stress (Ma et al. 2015a b; Yu
et al. 2020), and leaf growth (Zhang et al. 2017). Our
results add to the known functions of NF-YA10 family
members in soybean and provide a potential research
direction.

Most ancestors of flowering plants had a sim-
ple genome, but that since, angiosperms have gone
through multiple rounds of genome duplications
(Masterston 1994). Therefore, many plants, especially
domesticated crop species, are polyploid (Blanc and
Wolfe 2004; Cui et al. 2006). As a typical flowering
plant, soybean evolved numerous homologous genes
following whole-genome duplication, which is asso-
ciated with subsequent functional differentiation and
weakening between homologs. The soybean genome
encodes numerous NF-Y genes, with 21 GmNF-YA,
32 GmNF-YB, and 15 GmNF-YC genes (Quach et al.
2015). Although the function of many NF-Y genes has
been studied in Arabidopsis, the function of GmNF-
YAIb (Glyma.19G200800) in soybean remains to
be elucidated, and it is still unknown whether it is a
functional gene or a silent gene whose function can
be covered by its homologs. In this study, we con-
firmed that GmNF-YA1b protein can negatively regu-
late GmFTs, and the detection of this QTL also dem-
onstrated that GmNF-YA1b may be a real functional
gene. At the same time, it also provides the founda-
tion for the further study of this gene. We discovered
that GmNF-YAIb may be a latitude adaptation gene,
as determined by a geographical latitude analysis. The
154-G allele of GmNF-YAIb was frequent at high lati-
tudes (Fig. 5b), indicative of the selection of GmNF-
YAIb as a latitude adaptation gene. In addition, the
early flowering allele 154-G increased in frequency
from wild accessions to landraces and improved cul-
tivars (Fig. 5b and c), indicating that this allele has
been selected during breeding. This feature of GmNF-
YAIb may be harnessed for breeding varieties that
are adapted to high latitudes, broaden the geographic
range of soybean cultivation, and increase yield.

In conclusion, we detected three QTLs related to
flowering time and predicted their candidate genes.
In particular, a more likely candidate gene of gRI-L,
GmNF-YAIb, a potential latitude adaptability gene,
might regulate flowering in soybean by influencing
the expression of GmFTs. These results provide the
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theoretical basis to better understand the regulatory
network controlling flowering in soybean and gen-
erate new materials to breed cultivars that are better
adapted cultivars to high latitudes.
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