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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 consumption and livestock fodder. Soybean flowering time is beneficial
to the improvement of soybean yield. Therefore, finding new QTLs and further identifying candidate
genes associated with various flowering time are fundamental approaches in enhancing the yield of
soybean. In this study, a set of 120 recombinant inbred lines (RILs) which developed from a cross of two
soybean cultivars, Suinong4 (SN4) and ZK168, were genotyped by genotyping-by-sequencing (GBS)
approach and phenotyped to expand the cognitive of flowering time (R1) by Quantitative Trait Loci (QTL)
analysis. Eventually, we detected three stable QTLs related to R1 separately located on chromosome 14,
18, and 19 under long-day conditions. The candidate genes of the three QTLs were predicted, and
association analysis of the candidate genes related to flowering time was carried out. Moreover, a
transient transfection assay was performed and showed that a candidate gene of the QTL on
chromosome 19, GmNF-YA21 (Nuclear factor YA27), might affect flowering by suppressing the
expression of GmFTs. QTLs detected in this study will provide fundamental resources for finding
candidate genes and clarify the mechanisms of flowering which would be helpful for breeding novel high-
yield soybean cultivars.

Introduction

Soybean is a major legume crop in the world for its use as edible oil and a main source of high-quality
protein for humans (Hoeck et al., 2003). Breeding high-yield soybean cultivar is an ongoing aim of
breeders (Yin et al., 2018). An appropriate flowering time is important for increasing yield in soybean, thus
identifying flowering related genes are beneficial to increase soybean yield. Time of flowering is also
critical to accommodate to different latitudes in plants. In many a crop plants, breeders have explored
genetic variations in photoperiod sensitivity and flowering time to adapt crops to a wide range of
latitudes (Thakare et al., 2010). Therefore, identification of photoperiod insensitive genes and
improvement of cultivars with a flowering response adapted to the different regions is an important
subject for broad adaptation of soybean (Zhao et al., 2018).

Soybean is a typical photoperiod sensitive plant, daylength greatly influence its flowering time and
reproductively agronomic character (Tasma et al., 2001), soybean can be grown over a wide latitude
range, mainly depending on the regulation of photoperiod related genes. Up to now, 14 major genes or
loci correlated to flowering time and maturity [E7 (Bernard, 1971; Xia et al., 2012) and E2 (Bernard, 1971,
Watanabe et al., 2011), E3 (Buzzell, 1971; Watanabe et al., 2009), £4 (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), E8 (Cober et al., 2010), £9 (Kong et al., 2014; Zhao et al., 2016), E70
(Samanfaret al., 2016), E77 (Wang et al,, 2019), J (Ray et al., 1995; Lu et al., 2017), Tof77 and Tof72(Lu
et al., 2020)] have been reported in soybean. E7, E2, E3, E4, E8 and ET70 delay flowering while promote
early flowering in their recessive alleles (Zhang et al., 2007; Langewisch et al., 2014; Langewisch et al.,
2017; Bernard et al., 1971; Xia et al., 2012; Cober et al., 2001; Watanabe et al., 2011; Buzzell et al., 1980;
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Watanabe et al., 2009; Xu et al.,, 2013; Samanfar et al., 2016; Lin et al., 2020). Various allelic
combinations of E7-E4 genes are the foundation of adaptability of soybean in high latitude region (Jiang
et al., 2014). Although E7-E4 have been widely used in breeding at different latitudes, latitude adaptability
is not entirely explained and new latitude adaptation genes remain to be explored. Two long juvenile
traits, £6 and J has been identified to extend vegetative growth under short day environments (Hartwig et
al., 1979; Ray et al., 1995; Lu et al., 2017; Li et al., 2017; Fang et al., 2020;). Tof77 and Tof712 suppress FT
genes expression and inhibit flowering under LD (Long day) conditions. The geographic distribution of
Tof11 and Tof12 alleles variation enrichment shows compactly associated with increased latitude,
suggesting that it may allow for gradual expansion and improvement of the northern limits of early
soybean cultivation (Lu et al., 2020).

In addition to these genes, there are many genes also play vital roles in soybean flowering, such as the
FLOWERING LOCUS T (FT), CONSTANS (CO), APETALAT (AP1), SUPPRESSOR OF OVEREXPRESSION OF
CO17 (S0C1). Among these genes, FT gene family, a major gene family of flowering time control
integration has been extensively researched (Takeshima et al 2016; Ogiso-Tanaka et al., 2019; Sun et al.,
2019). GmFT2a and GmFTb5a are considered as the major functional members in FT family and GmFT2a
was identified as the causal gene for the E9locus (Kong et al., 2010; Kong et al., 2014; Zhao et al., 2016).
NF-Yis a category of highly conserved transcription factors, which was composed of the NF-YA, NF-YB,
and NF-YC subunits (Sinha et al., 1995; Sinha et al.,, 1996). Original reports indicated that NF-YA can
negatively regulate flowering due to some NF-YA genes overexpression plants caused late flowering
(Wenkel et al., 2006; Xu et al., 2014). Subsequently, some studies have been conducted to confirm that
NF-YA can positively regulate flowering by directly combined to the FT promoter in the photoperiod-
dependent flowering pathway (Siriwardana et al., 2016). In addition to the factors mentioned above,
soybean stem growth habit is also a key adaptation and agronomic trait that directly affects flowering
time, node production and ultimately affects soybean yield (Bernard, 1972; Specht et al., 2001; Heatherly
and Smith, 2004). It has been confirmed by previous study that GmTFL7bis a candidate for Dt7 by
Mapping analysis (Liu et al., 2010). More recently, Dt7 has been identified to interact with a bZIP
transcription factor FDc7 to repress AP7 expressions, thereby to regulate flowering (Yue et al., 2021).
Although plentiful research has been hurled to understand the molecular mechanism of photoperiod
regulation of soybean flowering pathway, soybean flowering mechanism has not been completely
understood, many genes related to flowering remain to be uncovered (Kong et al., 2018).

In this study, two soybean cultivars (SN4 and ZK168) with the same E7, E2, E3, E4 and Dt1, Dt2 genotypes
were selected for hybridization to generate population, excluding the influence of known major genes on
flowering time. Providing conditions for us to further discover new genes that regulate flowering time. We
here used the GBS approach to construct genetic map of the RIL population, and finally three stable QTLs
were detected by the ICIM method of flowering time. In addition, we presumed the most possible
candidate genes of these QTLs and briefly analyzed the geographic distributions of the candidate genes.
Moreover, we considered the candidate gene on chromosome 19 as GmNF-YA21 (Nuclear factor YA2T), a
homologous gene of Arabidopsis NF-YA70. Transient transformation assays were used to detect the
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regulation relationship between GmNF-YA21 and GmFT2a/ GmFT5a, and we investigated that GmNF-
YA21 might regulate flowering by inhibiting the expression of GmFTs.

Materials And Methods

Plant materials

S4-168, the F4.g RIL population, consisting of 120 progenies was used in this study. The S4-168 RIL
population was developed by the single-seed descent method and derived from a cross between two
soybean cultivars SN4 (e7-as/e2/e3/E4/Dt1/dt2) and ZK168 (eT-as/e2/e3/E4/Dt1/dt2). SN4 is a breed in
north, China and ZK168 is a e3-NIL (near isogenic line) of Harosoy.

Plant cultivation

The F6:7 RIL and two parents were sown in the experimental field in Harbin (45°43'N, 126°45'E), China, in
May, 2018 while the F7:8 RIL and two parents were sown in the same field in May, 2019. Both two years
RIL population and the parental lines seeds were separately sown with the length of 4 m a row, row
spacing of 60 cm, and a space of 20 cm between each plant. We sowed about 15 plants on each row.
The data on the developmental stages, including Ve (emergence), R1 stage (beginning bloom) (Fehr et al.,
1971), were recorded.

DNA extraction

A piece of fresh trifoliate leaf was collected from each parental and RIL individual at the V2 stage and the
samples were stored in the -80 degrees refrigerator. Genomic DNA was extracted from these leaf samples
using the NuClean PlantGen DNA Kit (CWBIO, Beijing, China). The quality of sample DNA were tested by
one percent concentration agarose gel electrophoresis and the concentrations of these DNA were
measured using NanoDrop 2000 instrument (ThermoScientific, Wilmington, DE, United States).

Genotyping by high-throughput sequencing

Extracting genomic DNA from each leaf sample for resequencing, and sequencing libraries are based on
the method reported in Cheng et al (2015). GBS technology was used for the S4-168 population
resequencing. High-coverage sequencing was used to SN4 and ZK168, while low-coverage sequencing
was applied to identify the genotypes of SNPs of the RIL population according to the reference
polymorphic loci of two parents (Huang et al., 2009; Davey et al., 2013s).

Genetic map construction

The selected polymorphic SNP markers were assigned to different chromosomes by alignment against
the reference genome (http://phytozome.jgi.doe.gov). SNPs analysis to detect segregation distortion
using the Chi-square (x2) test. Markers were distributed in 20 linkage groups (or chromosomes) based on
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the physical position. The genetic distances between each marker were estimated to construct the high-
density genetic map.

QTL analysis

The ICIM mapping method in the QTL IciMapping software (Meng et al., 2015) was used to detect QTLs
for each year. Permutation test (PT) was used for the calculation of LOD thresholds at a significance level
of P <0.05, N=1,000. The QTL was considered as a significant QTL when its LOD score was higher than
the threshold in two years. In addition, we also recorded QTLs which LOD score values between 2.5 and
the LOD thresholds.

Candidate gene identification

Soybean genomic data and the reference genome sequences of Wm82.a2.v1 (Schmutz et al., 2010) were
downloaded from the Phytozome website (http://phytozome.jgi.doe.gov). The candidate genes in QTL
intervals were categorized using Gene Ontology (GO) analysis. Gene ontology (GO;
http://geneontology.org/) databases and WE GO (http://wego.genomics.org.cn) were used 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 two years and selected
the most likely candidate genes within variations 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 424 accessions phenotypic data of
flowering time used in this study were obtained from Lu et al (2020). VCF files processing using the
VCFtools software (v.0.1.16) (Danecek et al., 2011). The significance of association analysis was
calculated by IBM SPSS software 20 (https://www.ibm.com/analytics/spss-statistics-software) with
Ducan’s multiple range test.

RNA extraction

Ultrapure RNA Kit (CWBIO, China) was used for extracting total RNA from the ternately compound leaf of
SN4 and ZK168. PrimeScript RT Reagent Kit (Takara, Japan) was used for the cDNA Synthesis.
Concentrations of these cDNA were measured using NanoDrop 2000 instrument (ThermoScientific,
Wilmington, DE, United States).

Transient transfection assays

Around 3 kb promoter sequences of FT2a and FT5a were amplified from the cDNA extracted from leaves
of Williams82 and introduced into pGreen0800-LUC/REN to generate the pFT2a-LUC/REN and pFT 5a-
LUC/REN reporters. NF-YA21 coding regions were amplified from the cDNA extracted from leaves of SN4
and ZK168. p35S:NFYA21-Flag (GmNFYA21-SN4-type and GmNFYA21-ZK168-type) and p35S: Flag were
used as the effectors. All the reporters and effectors were transformed into A. tumefaciens strains
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GV3101, respectively. The transformed effector proteins were mixed with A. tumefaciens containing the
reporter structure and co-permeated into leaves. Each combination used at least three leaves from
individual N. benthamiana. Renilla Luciferase Assay System (Promega)was used to measure the
quantitative values of LUC and REN activities. The primers used for amplification are listed in
Supplementary Table 14.

Results

Phenotype variation in parents and the RIL population

The trait of flowering time of each RIL population individual and two parents were all recorded in two
years (Harbin in 2018 and 2019) (Supplementary Fig. 1 and Supplementary Table 1). As shown in
Supplementary Fig. 1, a transgressive segregation was observed in this population, which indicates the
polygenic control of the soybean flowering time. Correlation analysis was conducted on the two-year data
of all traits recorded of the RIL population, the result shows that R1 were significantly correlated in two
years. The absolute value of skewness of the mean value of R1 trait in the RIL population across each
year was <1, indicating an approximately normal distribution. Therefore, the R1 data of these two years
were trustingly used to detect QTLs.

Analysis of sequencing data and construction of a genetic linkage map

Both of the parental cultivar 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 ZK168, a total
of 16,182,987,000 and 8,878,524,900 bases were identified, individually. 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 2). Finally, a total of 2942 polymorphic SNP markers were obtained and used in
linkage map construction of 20 Chromosomes (Supplementary Figure 2). The genetic distance between
the markers was estimated in cM using the QTL IciMapping software (Supplementary Table 3).

QTL mapping of flowering time

We proceeded QTL identification with the two-year phenotypic data of the RIL population. The threshold
of the LOD scores for evaluating the statistical significance of QTL effects is 3.43 and 3.56 of two year,
respectively. Three QTLs were detected by the ICIM method named as gR7-L, gR7-G and qR7-B2 (Fig.1
and Supplementary Table 4). Within these QTLs, gR7-L was located on chromosome 19, physical length
from 45,564,991 to 48,271,467 of the reference genome Wm82.a2.v1. The LOD scores of gR7-L were 6.72
and 4.10 for each year, could explain 12.1-17.36% of the observed PV (phenotype contribution). grR7-G
was located on chromosome 18 with physical length from 56,210,047 to 57,296,740. The LOD scores of
gR7-Granged from 2.78 to 3.65, could explain 4.6% —8.52% of the observed PV. gR7-B2 was located on
chromosome 14, physical length from 34,291,536 to 39,844,217. The LOD scores of gR7-B2 ranged from
3.57 10 4.39. The LOD of gR7-L and gR7-B2 were higher than the LOD threshold in both two year whereas
the LOD of gR7-G was only greater than the LOD threshold in 2019. The LOD value of gR7-Gin 2018 was
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2.78, not exceeds the threshold, but due to the LOD value was higher than 2.5, we also considered it as a
credible QTL. In addition, two major QTLs of R1 trait with the max LOD score of 6.12 and 8.57,
respectively, on chromosome 4 were also detected, since these QTLs only could be detected in 2019 but
could not detected in 2018, we considered them as unstable QTLs without further analyze the candidate
genes of them (Supplementary Table 5).

Candidate Gene Prediction of gR7-G

gR1-G within the physical interval of 56,210,047 - 57,296,740 on chromosome 18. The position interval of
the QTL involved 83 genes could be functionally annotated by GO analysis (Supplementary Table 6).
Among them, 49, 18 and 79 were functionally annotated to the categories of cellular components,
molecular functions and biological processes, individually (Supplementary Figure 3). A single gene
Glyma.18G281400 was found to be related with transcription regulation activity. In addition, we found
that the interval includes 15 genes with nonsynonymous mutations between parents based on the
resequencing data (Supplementary Table 7). All the 15 genes functional annotations were shown on
Supplementary Table 8. Especially, Glyma.18G287400 not only has variation between the parents but
also the single gene related to transcription regulation activity.

Glyma.18G2817400is an AP2-EREBP (ethylene-responsive element-binding protein) transcription factor.
EREBPs with the AP2 domain play a role in the regulation of plant development (Zhao et al., 2006; Wang
et al,, 2014; Kuluev et al., 2015). Previous research has found that two AP2 domain-encoding genes,
SCHLAFMUTZE and SCHNARCHZAPFEN, repress flowering in Arabidopsis thaliana (Schmid et al., 2003).
Therefore, Glyma.18G2817400 was considered as a candidate gene for gR7-G and was conducted the
correlation analysis of flowering time. At first, we analyze the variation in the Glyma.18G287400 coding
sequence using the 1295-accession panel, then defined seven haplotypes with three disparate
nonsynonymous variation alleles. However, the variation existence in two parents of Glyma.18G287400
was rare in the natural variations (Fig. 2a and Supplementary Table 7), while, H3 (Haplotype 3) with nine
bases inserted after the 665" bp and a SNP (Single nucleotide polymorphism) at the 430t bp of coding
region was associated with flowering time (Fig. 2). The 424-accession panel flowering time analysis
between H3 and H7 showed no significant difference in Guangzhou 2019, while there were significant
differences in the other regions (Harbin 2019, Wuhan 2019, Zhengzhou 2019, Zhengzhou 2018, Hefei
2018) (Fig. 2b-g). This suggests that Glyma.18G287400 may be associated with flowering time in the
high latitude and middle latitude rather than the low latitude regions in China.

Candidate Gene Prediction of gR7-B2

gR1-B2 within the physical interval of 34,291,536 - 39,844,217 was located on chromosome 14. We
compared coding sequence between the parents in the QTL interval and found 23 genes have differences
on the exons (Supplementary Table 9). Among them, 20 genes were annotated genes, and GO analysis
was carried out of these genes (supplementary table 10). 5 were functionally annotated to the categories
of cellular components, 18 were functionally annotated to molecular functions and 14 were functionally
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annotated to biological processes (Supplementary Figure 4). Three genes of them were related to
transcription regulation activity, namely, Glyma.14G159400, Glyma.14G160600 and Glyma.14G1617900.
Among these genes, Glyma.14G159400is a transcription factor encoding a jumoniji (jmjC) domain-
containing protein. Previous report has elaborated that a jmjc domain-containing protein encoding gene,
Se14, plays a key role under long-day suppression of flowering in rice (Takayuki et al., 2014). Therefore,
we presumed the Glyma.14G159400 as a candidate gene of gR7-B2.

In order to verify whether the gene Glyma.14G159400 is responsible for gR7-B2, we conducted a
correlation analysis between the genotypes and flowering time phenotypes. There are nine haplotypes in
Glyma.14G159400 of soybean 1295-accession panel, and we found that the allele of Glyma.14G159400
from SN4 (3206 bp-T) was also consist in generally natural varieties (Fig. 3a). The origins of haplotypes
of Glyma.14G 159400 were analyzed, the most common haplotype H9 (3206™ bp-C type) was possibly
originated from H6 (3206 bp-T type), and the proportion of wild was greatly reduced in the transform
from H6 to H9. Then the wild type fade away in the process of further differentiation from H9 (Fig. 3b).
Additionally, in all the six locations, 3206 bp-T type subgroup showed significantly later flowering time
than 3206 bp-C type (Fig. 3c-3h). These indicate that the mutation in codon 3206 bp of

Glyma.14G 159400 could lead to a variation of flowering time in soybean and implying a key role of
Glyma.14G159400 in control of flowering time across diverse genetic backgrounds and environmental
conditions.

Candidate Gene Prediction of gR7-L

gR17-L was detected within the physical interval of 45,564,991 - 48,271,467 on chromosome 19. The well-
known flowering-related gene E3 was located in this range, but sequence comparison showed that there
was no difference in the £3 gene between two parents. Meanwhile, the growth period gene Dt7, which has
been reported to regulate flowering time in soybean recently (Yue et al., 2021) was located closely to the
interval, but no sequence difference was found between the parents. There may be a new gene regulates
the variation of flowering time for gR7-L. Analysis of resequencing data revealed that, there were 131
genes with non-synonymous mutations or frameshift variations between two parental cultivars
(Supplementary Table 11). Among them, 87 genes have been annotated by GO (Supplementary Table
12). The result of GO analysis showed that, 24 were functionally annotated to the categories of cellular
components, 78 were functionally annotated to molecular functions and 47 were functionally annotated
to biological processes (Supplementary Fig. 5). Thereinto, Glyma.79G200800, named GmNF-YA21, was
the only one gene related to transcription regulation activity by GO analysis. GmNF-YA2T1 is a
homologous gene of Arabidopsis NF-YA70, previous reports have demonstrated that NF-YA can regulate
flowering time in Arabidopsis (Wenkel et al., 2006; Xu et al., 2014; Siriwardana et al., 2016). Consequently,
we presumed the GmNF-YAZ21 as the candidate gene of gR7-L.

Analysis of variation in the GmNF-YA27 coding sequence using the 1295-accession panel defined eight
GmNF-YA21 haplotypes, including five distinct nonsynonymous variation alleles (Fig. 4a). In the eight
haplotypes, the non-synonymous mutation caused by the G-T mutation at the 202"9 base was consisted
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with the parent variation of the population. Thereafter, we compared the GmNF-YA21 proteins to find it
homologous genes in soybean, Arabidopsis thaliana (https://phytozome.jgi.doe.gov/pz/portal.html) as
well as several legumes (https://www.legumeinfo.org), and further reproduced the phylogenetic tree
(Supplementary Fig. 6). Four GmNF-YA10 genes were clustered into the clade, which was further
subdivided into two groups (Supplementary Fig. 6a). The nonsynonymous variation (the 68t Amino acid
changes from Ala to Ser) caused by the 202"9 bp mutation was compared in the GmNF-YA21
homologous genes, and the result shows that the locus was all S (Ser) in the homologous genes of
different legumes, soybean and Arabidopsis thaliana while A (Ala) merely in the GmNF-YA21
(Supplementary Fig. 6b). 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 (Supplementary Fig. 6b and Fig. 4b). Subsequently, we examined the
variations of GmNF-YA21 associated with flowering time in soybean 424-accession panel at six field sites
in different latitudes in China (Lu et al., 2020). Significant associations were identified between the 202"
base allele variation in the coding region in flowering time (Fig. 4d-j). The result shows that GmNF-YA21 is
related to flowering time and the 202"9-G allele leads to early flowering while the 202"9-T allele
contributes to late flowering phenotype. Given that GmNF-YAT70is presumed to be a flowering related
gene.

We next examined how the distributions of the major GmNF-YA10 alleles within the subset of Chinese
accessions in different geographic latitudes. Within both landraces and improved cultivars, the proportion
of the early flowering allele 202"9-G gradually increased from low latitude to high latitude (Fig. 4c). We
further conducted analysis for the 202"9-G type and 202"9-T type in wilds, landraces as well as cultivars
using the 1295-accession panel data. The result shows that early flowering allele 202"9-G gradually
increased from wild to improve cultivars, indicating strongly favored in landraces and subsequently
widely utilized in modern breeding (Fig. 4d). Taken together, these results mainly suggested that GmNF-
YAT10is definitely a latitudinal adaption gene, and the early flowering allele (202nd-G allele) of GmNF-
YAZ21 is already been used in north region breeding.

Previous study has identified that NF-YA can directly bind the distal CCAAT box in the FT promoter and
are positive regulators of flowering in Arabidopsis thaliana (Siriwardana et al., 2016). In order to further
verify the gene function of GmNF-YAZ217 in soybean, we performed transient transfection assays to
experimental verify the relationship between GmNF-YA27 and GmFT2a/GmFT5a. The result shows that
the LUC activity driven by GmFT2a/GmFT5a promoter was suppressed by both GmNF-YA27-SN4 type
and GmNF-YA21-ZK168 type, indicating that GmNF-YAZ21 possesses the ability to repress
GmFT2a/GmFT5a expression (Fig. 5). Even though both SN4 and ZK168 type can inhibit the expression
of GmFT2a/GmFT 5a, there are significant differences in the inhibition degree of GmFT2a/GmFTb5a
between the two types (Fig 5b and Fig.5d). The inhibition effect of SN4-type was stronger than that of
ZK168-type, which was also consistent with 424 accessions flowering time association analysis (Fig. 5
and Fig. 4e-4j). The result suggested that, although a fine-mapping is still need, GmNF-YA21 is the most
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likely candidate gene responsible for gR7-L. Furthermore, GmNF-YAZ21 affects flowering by inhibiting the
expressing of two florigen genes, GmFT2a and GmFT5a.

Discussion

Soybean plays a key role in global food security and agricultural sustainability. The discovery of new
agronomic trait genes is helpful to increase soybean yield (Zhang et al., 2004). Flowering time is an
important element affecting the length of the whole growth period of soybean and a key factor for
breeding varieties with wider geographical adaptability in soybean. Researching polymorphism of
flowering variation is not only a signature of artificial selection breeding, but also possess great
significance for domestication, diversity and improvement of soybean (Zhao et al., 2008).

Molecular Markers, applied to find QTLs and performed numerous molecular biology experiments, are
widely used in plant (Sonah et al., 2013; Semagn et al., 2006). Among the various marker types in
utilization, single nucleotide polymorphisms (SNPs) are enriched in the genome, hence more appropriate
for application (Rafalski, 2002). However, it is relatively lengthy and costly for the high-throughput
genotyping of a mass of SNPs (Sonah et al., 2013). To improve the inadequacies, next generation
sequencing (NGS) technologies have emerged (Pareek et al., 2011). Among multitudinous NGS
technologies, GBS method which provides a greatly simplified library production, is more suitable for
sequencing a large number of individuals or lines (Elshire et al., 2011). Because of the advantages of
speedy and economical, GBS is now widely used in sequencing the genomes of plants, including
soybean. In this study, the effective GBS approach were also used to detect QTLs of flowering time. We
detected a total of three QTLs related to R1 named gR7-L, gR7-G and gR7-B2 on chromosome 19, 18, 14,
respectively. The adjacent regions of these QTLs have been reported (Supplementary Table 13), yet the
candidate genes of them have not been identified. Therefore, we predicted the candidate genes
responsible for these QTLs and performed briefly functional verification to a candidate gene of gR7-L.

In the QTL interval of gR7-G, 15 genes were detected with nonsynonymous mutations between parents
based on the resequencing data (Supplementary Table 8). Thereinto, Glyma.18G281400 not only had
variation between the parents but also had relation with transcription regulation activity, maybe a
candidate gene of gR7-G. Glyma.18G2817400 contains an AP2-EREBP domain which belongs to a
superfamily of plant specific transcription factors and certain genes have been identified to be related
with flowering in Arabidopsis (Weigel, 1995; Okamuro et al., 1997; Schmid et al., 2003). Combined with
the results of association analysis of flowering time in 424-accession panel, we further proved the
possibility of the candidate gene for Glyma.18G287400 (Fig. 2). The same analytical methods were
applied to gR7-B2 and gR17-L, and two probable candidate genes, Glyma.14G159400 and
Glyma.19G200800 (GmNF-YAZ2T), were detected, respectively.

Nuclear factor Y (NF-Y), also known as CCAAT binding factor (CBF), is composed of three subunits: NF-
YA, NF-YB and NF-YC, has been reported specifically binding the evolutionarily conserved CCAAT motifs
(Hou et al., 2014; Mantovani et al., 1999; Kusnetsov et al., 1999). FT protein, containing a CCAAT box, is a
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main mobile hormone that perceives the photoperiod signal in leaves, and then transfers to the shoot
apex to promote the floral transition (Lin et al., 2007; Corbesier et al., 2007; Mathieu et al., 2007). NF-YA
(NF-YA2) have been proved can directly bind the distal CCAAT box of the FT promoter in complex with NF-
YB/NF-YC, and positively regulate flowering in Arabidopsis (Siriwardana et al., 2016). Two homologous
genes of FT, GmFT2a and GmFTb5a were identified coordinately regulate flowering in soybean (Kong et
al., 2010). Here we provide evidence, in the form of transient transfection assays, that GmNF-YA27 act to
inhibit the expression of GmFT2a and GmFT5a under LD conditions in soybean (Fig. 5). Previously, NF-
YA70 and it homologous genes were researched mainly focused on salinity stress (Ma et al., 2015; Zhang
et al., 2020), drought stress (Ma et al., 2015; Yu et al., 2020) and leaf growth (Zhang et al., 2017), the
result of our research provides a potential research basis to study the function of NF-YA70in soybean
flowering.

The ancestors of most flowering plants tended to double their genomes (Masterston, 1994). The
frequency of polyploid formation in flowering plants is 1 in 100,000 individuals, and about 2-4% of
speciation events are associated with polyploid formation. Therefore, many plants, especially
domesticated crop species, are polyploid (Blanc and Wolfe, 2004; Cui et al., 2006). As a flowering plant,
soybean developed numerous homologous genes during the progress of genomic replication. However,
functional differentiation and weakening may occur among the homologous genes. There is great mass
of NF-Y homologous genes in soybean. Although the function of these genes in Arabidopsis has been
confirmed, the actual function of GmNF-YA21 (Glyma.19G200800) in soybean remains to be studied, and
it is still unknown whether it is a functional or silenced gene covered by its homologous genes. In this
study, we confirmed that the GmNF-YA21 protein can negatively regulate GmFT, and the detection of this
QTL also proved that GmNF-YA21 may be a real functional gene. At the same time, it also provides the
foundation for the further study of this gene.

We found that GmNF-YA2T7 may be a latitude adaptation gene by geographical latitude analysis. The
geographic distribution of the 202nd -G allele of GmNF-YA21 coding region shows enrichment in high
latitudes (Fig. 4b), suggesting that GmNF-YA21 was selected as a latitude adaptation gene. This
character of GmNF-YAZ21 can be utilized in high latitude breeding to broaden adaptation and increase
yield. In addition, the allele of the early flowering 202nd-G extensively increased from soja to landraces
and improved cultivar (Fig. 4b and 4c), indicating that this allele has been selected during the breeding
process. Together with the character of its latitude adaptation, the observations provide an opportunity
for further breeding of high latitude in soybean.

In conclusion, we detected three QTLs related to flowering time and predicted their candidate genes. In
particularly, the candidate gene of gR7-L, GmNF-YAZ21, as a latitude adaptability gene, might regulate
soybean flowering by affecting the expression of FT genes. These results provide theories basis for
further understand soybean flowering regulation network and materials for breeding adaptive cultivars in
high-latitude.
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Figure 1

Quantitative trait locus (QTL) mapping by ICIM. a, QTLs of flowering time (R1) in 2018. b, QTLs of
flowering time (R1) in 2019. Chr, chromosome. The dotted read lines indicate the threshold of each year.
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Figure 2

Haplotypes and correlation analysis of Glyma.18G281400. a, Haplotypes of Glyma.18G281400. b-g,
Flowering time of Glyma.18G281400 H3 type and H10 type in landraces and improved cultivars in 424
sub-accessions. Flowering time in different regions: b, Harbin, 2019 ¢, Zhengzhou, 2019 d, Wuhan, 2019 e,
Guangzhou, 2019 f, Zhengzhou, 2018 g, Hefei, 2018. Haplotypes was extracted from the 1295 panel of
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146 wild soybeans, 575 landraces and 574 improved cultivars. A student's t-test was used to generate the
P values.
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Figure 3

Haplotypes, origins and correlation analysis of Glyma.14G159400. a, Haplotypes of Glyma.14G159400.
b, Haplotype 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

Page 21/24



regions: ¢, Harbin, 2019 d, Zhengzhou, 2019 e, Wuhan, 2019 f, Guangzhou, 2019 g, Zhengzhou, 2018 h,
Hefei, 2018. Haplotypes was extracted from the 1295 panel of 146 wild soybeans, 575 landraces and 574
improved cultivars. Red color represented the wild soybeans, green color represented the landraces, blue

color represented the improved cultivars in haplotype origins analysis. A student's t-test was used to
generate the P values.
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Haplotypes, origins, latitude distribution and correlation analysis of GmNFYA21. a, Haplotypes of
GmMNFYAZ21. b, Haplotype origins of GmNFYA21. ¢, Geographic distributions of GmNFYA21 202nd-G type
and GmNFYA21 202nd-T type in landraces and improved cultivars of Chinese landraces and cultivars
according to region of origin. d, Allelic distributions of GmNFYA21 in subsets of wilds, landraces and
cultivars. e+, Flowering time of GmNFYA21 202-G type and GmNFYA21 202-T type in landraces and
improved cultivars in 424 sub-accessions. Flowering time in different regions: e, Harbin, 2019 f,
Zhengzhou, 2019 g, Wuhan, 2019 h, Guangzhou, 2019 i, Zhengzhou, 2018 j, Hefei, 2018. Haplotypes was
extracted from the 1295 panel of 146 wild soybeans, 575 landraces and 574 improved cultivars. Red
color represented the wild soybeans, green color represented the landraces, blue color represented the
improved cultivars in haplotype origins analysis. Geographic distributions were extracted from the 1295
panel of 146 wild soybeans, 575 landraces and 574 improved cultivars. The horizontal line indicates the
median value. A student's t-test was used to generate the P values. LL, Low latitude; ML, Middle latitude;
HL, High latitude. W, wild accessions in the 1295 panel; L, landrace accessions in the 1295 panel; C,
improved cultivar accessions in the 1295 panel.
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Figure 5

GmMNFYA-21 inhibit the expression of GmFT2a/GmFT5a. a, Constructs used for the transient transfection
assay of GmNF-YA21 and GmFT2a. b, Luciferase activity under control of GmFT2a promoter regulated by
different GmNF-YA21 alleles. ¢, Constructs used for the transient transfection assay of GmNF-YA21 and
GmFT5a. d, Luciferase activity under control of GmFT5a promoter regulated by different GmNF-YA21
alleles. Mean values (+SD) were obtained from three independent replications and the value of each
replication was represented by a dot. Duncan'’s test was used for test of significance of the difference
between mean values. Different alphabets indicate significant differences between means.
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