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Abstract

Plant height is an important architectural trait that affects crop growth, yield, and stress resistance. Tremendous efforts
have been dedicated to revealing the genetic basis or regulatory mechanism; however, the underlying molecular mechanism
remains largely unknown primarily due to the lack of controlling genes. In this study, we conducted a single-nucleotide
resolution genome-wide association study (GWAS) of plant height using a diverse soybean panel collected worldwide with
6.7 million genome-wide variants (SNPs and Indels). The GWAS of plant height identified three QTLs on chromosomes
10, 18, and 19, of which the one on chromosome 19 precisely co-localized with Dz], known as a major stem growth habit-
controlling gene. Other loci without reported genes for plant height were regarded to be new. A close investigation within
QTL intervals proposed nine genes that were likely involved in the regulation of plant height according to the expression
specificity in developing shoot tip meristems. VRNI-2 underlies the significant QTL on chromosome 10 was prioritized as
the most promising candidate gene. VRNI-2 shows higher expression in Williams 82 with indeterminate growth habit than
Dongnong50 with semi-determinate growth habit across vegetative (V2, V3) and reproductive (R1) growth stages. VRNI-2
carries non-synonymous variants in the coding region that were significantly associated with plant height variation. The GT
allele conferring short plant height was likely subjected to artificial selection during domestication. These results provide
a source of new loci and genes for further elaborating the regulatory mechanism of plant height and the key variants would
facilitate soybean molecular breeding.

Introduction

Soybean (Glycine max L. Merr.) is a major plant-based pro-
tein provider since its seed is rich in protein, essential amino
acids, and edible oil. It has become the most cultivated oil-
seed crop that provides nearly half of the oil and protein
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enhanced grain yield. The major genes that are responsible
for plant height greatly contribute to the Green Revolution,
such as reduced height (Rht-B1b) in wheat and the semi-
dwarf 1 (sdl) in rice (Peng et al. 1999; Sasaki et al. 2002).
sdl and Rht-B1b encode GA20 oxidase and DELLA, respec-
tively, which are key components in the gibberellin biosyn-
thesis pathway, and the mutation alleles reduced gibberel-
lin abundance or response by which reduced plant height.
Other participants in the GA pathway regulated plant height
were also identified in plant species (Fu et al. 2016; Teng
et al. 2013; Zhang et al. 2008; Xue et al. 2022; Ford et al.
2018), strongly suggesting that the GA pathway functioned
importantly in regulating plant height. Compared with the
significant increase in cereals’ yield due to reduced height,
it lags largely behind in soybean (Liu et al. 2020a), despite
an estimated 14-fold increase in soybean production from
1961 to 2023 (nass.usda.gov). It is challenging to simply
apply the aforementioned semi-dwarf controlling genes in
soybeans because of the dramatic differences in plant height
factors between soybeans and cereals. Whether those men-
tioned genes are involved in soybean plant height control
remains to be elaborated.

Plant height is one of essential plant architecture traits in
soybean that is tightly associated with the number of pods
per plant, the number of nodes in the main stem, and the
plant density, which are all critical to yield (Chang et al.
2018; Li et al. 2020a). Therefore, plant height is a key com-
ponent of ideal plant architecture contributing to higher
yield likely through improved resistance to lodging. Like
semi-dwarf cultivars in wheat and rice with a great improve-
ment in yield (Hedden 2003; Peng et al. 1999), semi-dwarf
soybean cultivars were also developed to increase yield, such
as Hobbit87, Apex, and Charleston with increased yield
than the controls (Cooper et al. 1995, 2003). Short plants
also greatly contributed to the high-density cultivation of
soybean, particularly in the high latitude areas with short
growth periods, such as Northeast China or Canada. There-
fore, the plant height for soybean is of great importance
while its molecular mechanism has yet to be fully exploited
for breeding high-yielding cultivars.

Plant height in soybean is a multi-gene controlled trait.
Thus far, over 200 quantitative trait loci (QTLs) across
20 chromosomes were identified to be associated with
plant height according to SoyBase (https://soybase.org).
The majority of studies investigate plant height using bi-
parent segregating population (Zhang et al. 2018; Liu et al.
2022; Cao et al. 2019; Lee et al. 2015; Li et al. 2020b;
Wang et al. 2022b), some QTLs were specific to a certain
population, and the intervals were quite large which is
challenging to reveal the underlying genes in a short time.
On the other hand, whether the variation as revealed in
linkage mapping is representative of the soybean popula-
tion remains to be further determined. As an alternative
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to linkage mapping in discovering genes, a genome-wide
association study (GWAS) was demonstrated to be a help-
ful approach in investigating the genetic architecture of
quantitative traits as it takes nearly all variations that
occur in the evolutionary process within a population into
account and thereby the variation as revealed by GWAS
is usually representative of the population. With GWAS,
some QTLs associated with plant height were identified at
the population scale and candidate genes including genes
known to control flowering such as E2 were proposed
(Wang et al. 2022b; Yang et al. 2021a; Yu et al. 2023;
Zhang et al. 2021), however, these studies use different sets
of panels consisting 133—455 diverse individuals and only
a few of the QTLs were overlapped (Chang et al. 2018),
suggesting that QTLs identified were largely dependent
on the population composition, scale, and likely environ-
ment (Yang et al. 2021a). However, rare of the QTLs was
cloned. Therefore, a large representative population with
a saturated resolution of genome-wide variants might be
helpful in gene discovery for plant height.

Indeterminate growth 1 (Dtl) is identified to be a key
gene affecting plant height through and yielding its regula-
tion of determinate growth traits, it is a homolog of Arabi-
dopsis Terminal Flower 1 (TFL1), a key regulator of flower-
ing time and the development of the inflorescence meristem
in Arabidopsis (Liu et al. 2020a; Tian et al. 2010; Hanano
and Goto 2011). Other genes involved in GA biosynthesis
or flowering time were also identified to affect soybean plant
height, such as PH24 (Zhang et al. 2015), GmTOE4a (Zhao
et al. 2015), E2 (Watanabe et al. 2011), GmAPI (Chen et al.
2020), GmGAMYB (Yang et al. 2021b), and GmIAA27 (Su
et al. 2022), suggesting that the GA pathway and/or flow-
ering time is also likely a role in controlling plant height.
Despite progress, the majority of the genes have yet to be
cloned or discovered, thus the underlying mechanism is still
largely unknown. It is needed to continue the investigation of
plant height to further understand the regulatory mechanism.

Here, we report a high-resolution GWAS for plant height
using a genome-sequenced diverse panel that is more diverse
and enhanced mapping resolution than those in previous
studies (Yu et al. 2023; Wang et al. 2022a; Yang et al. 2021a;
Zhang et al. 2021; Han et al. 2021). This collection of USDA
germplasm has successfully identified two major QTLs con-
trolling high protein in soybean (Goettel et al. 2022; Zhang
et al. 2020), whereas has not been used in investigating plant
height. We precisely detected the previously identified Dt/
locus and further determined several QTLs that have yet to
be revealed for plant height. The high resolution permitted
the identification of candidates that were likely involved in
the regulation of plant height. The results reported herein
provide a comprehensive genetic architecture of plant height
in soybean that is likely to be of interest to researchers inter-
ested in elaborating the underlying mechanism with the
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candidate genes or leveraging them to develop high-yield
soybean varieties.

Material and methods
Plant materials

The soybean accessions used in this study came from the
USDA soybean germplasm collection (Song et al. 2015).
The collection consists of 1008 soybean accessions, includ-
ing modern soybean varieties, landrace (G. max), and wild
soybean (G. soja). The accessions with both plant height
phenotypic values and the availability of genome-sequencing
data were obtained from GRIN (USDA-ARS Germplasm
Resources Information Network (GRIN) (ars-grin.gov))
for association study. The phenotype data were originally
obtained from field conditions that were performed in mul-
tiple locations in the USA across several years. Details for
the phenotyping of plant height can be found in the USDA-
GRIN database. The phenotypic data was collected in two
repeats, and the average value of two repeats for each acces-
sion was used for GWAS. The data was unadjusted. Addi-
tional information for the accessions including locations,
country of origin, and accession numbers could be found in
the GRIN database (Table S1).

Genome-sequencing data analysis

The soybean accessions with values of plant height were
used for searching the availability of genome resequencing
data at the NCBI SRA database, and the sequencing data
were mainly from previously published literature (Zhou et al.
2015; Valliyodan et al. 2021; Liu et al. 2020b; Fang et al.
2017). Raw sequencing data were aligned to the soybean
reference genome of Glycine max Wm82.a2.v1 (https://phyto
zome-next.jgi.doe.gov/) with BWA using the default param-
eters (Li and Durbin 2009). After the removal of duplicated
reads with the Picard package (http://broadinstitute.github.
io/picard), the Genome Analysis Toolkit (GATK, version
3.70) was used for SNP and indel discovery and genotyping
across all the accessions according to GATK Best Practices
recommendations (McKenna et al. 2010).

Genome-wide association analysis

GWAS for the plant height was carried out using the
TASSEL 5.0 pipeline command line (Bradbury et al.
2007). In the analysis, SNPs with minor allele frequency
(MAF) >0.01 and missing rate <0.1 in the population
were used in the GWAS. A principal component analysis
(PCA) of the population was carried out using the TAS-
SEL with a reduced amount of genome-wide SNPs (20 k

between adjacent SNPs) using VCFtools (Danecek et al.
2011), and the first five PCs were used as the covariance
to control the population structure. The Bonferroni thresh-
old was used with a = 0.05 (0.05/6895529 =7.25e-09),
which is equivalent to a -log10P score of 8.15. An SNP
that is above the score is considered a significant SNP,
and those SNPs that were physically close within 5 Mb
were regarded as one QTL (Zhang et al. 2019). The GWAS
result was visualized using a Manhattan plot using the R
package ggman, and the threshold was highlighted.

Candidate gene search

Based on a previously identified linkage disequilibrium
(LD) decay distance at an average of 200 kb, any gene
models that fall within the 200 kb region on either side
of the significant SNPs were collected as the source of
candidate genes. The annotation file for the well-annotated
genome Glycine max Wm82.a2.vl was downloaded from
the database Phytozome 12 (https://phytozome-next.jgi.
doe.gov/). Sequence variation analysis for the promising
candidate genes was also investigated using the panel for
GWAS, and only those carrying unambiguous variations
in the regions of interest were presented. Raw sequencing
reads for 28 tissues of developing soybean plants (Fang
et al. 2017) were downloaded from the NCBI SRA data-
base (https://www.ncbi.nlm.nih.gov/sra) and re-analyzed
using RNA-Seq analysis pipeline comprising read aligner
STAR followed by differential expression analysis with
EdgeR (Dobin et al. 2013; Robinson et al. 2010). The
expression abundance for each gene across the 28 tissues
was used to investigate the expression pattern for the can-
didate genes.

Quantitative real-time PCR

Total RNA was isolated from soybean roots, stems, leaves,
and shoot apical meristem using TRIzol reagent (Invitrogen,
China) according to the manufacturer’s protocol, and gPCR
analysis was performed on a LightCycler 96 instrument
(Roche, Switzerland) with a real-time PCR kit (Vazyme,
China). The housekeeping gene of soybean GmTUB4 (Gen-
Bank accession no. NM_001252709) was used as the inter-
nal control (Table S2). The reaction conditions consisted of
an initial 5 min pre-incubation at 94 °C, 40 cycles at 94 °C
for 30 s, 59 °C for 30 s, and 72 °C for 40 s, followed by a
melting-curve analysis from 55 °C to 100 °C with a final
cooling for 10 min at 72 °C. The relative transcript abun-
dance of each target gene was calculated using the 274A¢T
method. Three biological replicates were tested for each line
in each analysis.
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Phylogenetic analysis

The homologous protein sequences were retrieved from the
NCBI database using BLASTp with the full-length VRN1-2
protein as query. Phylogenetic reconstruction was conducted
in MEGA11 through the neighbor-joining method, and the
reliability of the tree branches was assessed using the boot-
strap method with 1000 replicates.

Results

The soybean collection showed a wide variation
in plant height

A total of 1008 accessions with both the values of plant
height and genome resequencing data were collected in this
study to make the association panel. The panel comprises all
of the three subspecies of soybean, including 315 cultivars,
635 landraces, and 58 wild soybeans. A close investigation
of the panel revealed that the collection comprised diverse
germplasm from a total of 23 countries worldwide, with
63.10% (636) of which from China, followed by 14.09%
(142) from the Korean Peninsula, 11.51% (116) from the
USA, 4.96% (50) from Japan, and less than 5% in Russia
(21) and Canada (10). The remaining accessions were from
other 16 countries each with 1-4 accessions. Therefore,
the panel is expected to contain a high level of diversity in
genome and phenotypes including plant height.
Phenotypic investigation reveals a wide range of vari-
ation in plant height in the collection, ranging from 33 to
235 cm, with a mean of 91.8 cm (Fig. 1A, B). Significant
differences in plant height among the three subspecies were
also observed, which is expected and also revealed in other
studies (Lu et al. 2022; Zhou et al. 2015). In the panel, the
average plant height for cultivars is 89.2 cm, which is sig-
nificantly lower (p =0.01) than that of landraces (94.1 cm),
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consistent with a breeding goal for shorter varieties. It is
unexpected that, despite large variation (SD=26.3 cm), the
average value for wild soybean is 79.5 cm. The analyses
indicate that the association panel is a diverse collection
with a large variation in plant height, which is appropriate
for conducting GWAS analysis.

High-resolution GWAS identified significant QTLs

Analysis of the resequencing data reveals a total of
6,895,529 variations (MAF >0.01 and missing rate <0.1);
this allows the examination of the variation-trait association
at the resolution of 1 SNP/140 bp. With such high-resolution
variation, the association mapping identified a total of 106
significant SNPs with a threshold of 8.15. The significant
SNPs were identified on three chromosomes including 10,
18, and 19 (Fig. 2). The significant SNPs include one SNP
on chromosome 10, 14 SNPs on chromosome 18, and 50
SNPs on chromosome 19. The QTLs explain 29.76-30.64%
of the phenotypic variance for plant height.

A search of literature or previously identified plant
height-associated QTLs in SoyBase revealed co-localized
QTLs (Table 1). The major associated QTL detected on
chromosome 19 contains a cluster of SNPs in the 89.5-kb
interval of chr19: 45,132,143- 45,221,712, with the lead
SNP at chr19:45,158,536. The lead SNP is 24.8 kb away
from previously identified Dt (Glyma.19G194300) which
is located at Chr19: 45,183,356-45,185,175 (Tian et al.
2010; Liu et al. 2010). This QTL was also co-localized with
previously identified QTLs, plant height 13-8, plant height
4-2, and plant height 4-4 (Lee et al. 1996). The significant
region on chromosome 18 was found to overlap with plant
height-associated QTLs, such as gPH-007 (Yao et al. 2015;
Kabelka et al. 2004; Sun et al. 2006), while the candidate
genes remain unknown. No known plant height-associated
QTLs were detected overlapping with the significant SNPs

63.10% 636 China

14.09% 142 Korea Peninsula
11.51% 116 United States
4.96% 50 Japan

2.08% 21 Russian Federation
0.99% 10 Canada

0.60% 6 Unknown

2.68% 27 Others

OCNEREEDN

Total=1008

Fig. 1 Statistics of the plant height in the population. A Distribution of plant height in the population. B Comparison of the plant height among
cultivar, landrace, and wild soybeans. C Percentage of the origin of the accessions in the panel
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Fig.2 Manbhattan plots of the GWAS of plant height in soybean

Table 1 Information for the significant SNPs identified in GWAS

E)Béerved —log1o(p)
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Expected —logo(p)

Significant SNPs Chr Position P. value MAF (%) R* (%) Adjusted P-values Co-localized plant height QTLs
Chr10_49993502 10 49,993,502 3.11E-12 19 30.64 1.16E-06

Chr18_4351572 18 4,351,572 2.56E-10 13 29.76 0.000112 mgqPlant height-007
Chr19_45158536 19 45,158,536 1.56E-10 32 29.86 2.56E-05 Plant height 13-8, Plant height

4-2, Plant height 4—4

on chromosome 10 (lead SNP at 50.0 Mb), which were
regarded as a new QTL.

Candidate genes associated with plant height

The prominent clustered SNPs at the chr19 QTL span an
86-kb genomic region (45,132,143-45,221,712), and it co-
harbors the Dz1 gene (Chr19:45,183,356-45,185,175) with
a demonstrated role in plant growth habit that is tightly
associated with plant height (Liu et al. 2010; Tian et al.
2010), demonstrating the robustness of the GWAS study in
determining plant height associations and candidate genes.
This result urges us to predict candidate genes associated
with plant height in other QTLs. In total, within the flanking
genomic region centered with each of the significant SNPs,
a total of 135 predicted gene models were identified within
the region according to the annotation of the Wm82.a2.v1
reference genome. Dt1, a major QTL gene controlling soy-
bean stem growth habit (Tian et al. 2010; Liu et al. 2010), is
among the 51 gene models within the QTL region on chro-
mosome 19. Thus it is regarded to be the best candidate gene
at this locus. Other than D¢/, we also observed several genes
that likely play roles associated with plant height, thereby
we proposed in this study (Table 2).

We next examined the candidacy of the gene models
associated with plant height primarily based on litera-
ture, annotations, and expression patterns in 28 develop-
ing tissues in soybean. Among the genes (Table S2),
three genes (Glyma.10G272300, Glyma.10G273000,
Glyma.10G276100) with the Arabidopsis orthologs involved
in gibberellic acid (GA) biosynthesis and signaling were
nominated the promising candidate for the identified QTL

on chrl0 since the demonstrated role of GA pathway in
the regulation of plant height (Wang and Wang 2022). For
example, Glyma.10G273000 is an ortholog of AtMYB62, and
overexpression of AtMYB62 resulted in GA deficiency symp-
toms such as delayed bolting and senescence, and smaller
plants, which could be partially reversed by exogenous GA
application (Devaiah et al. 2009); Glyma.10G276100 is
an ortholog of PAN that is involved in GI involved flow-
ering pathway and connected to the shoot apical meristem
(SAM) regulatory network (Maier et al. 2011). In addition,
three tandem AP2/B3-like transcriptional factor family pro-
teins (Glyma.10G281100 (VRN1-1), Glyma.10G281200
(VRN1I-2), Glyma.10G281300 (VRNI-3), spanning chr10:
50,240,905-50,252,837), also known as REDUCED VER-
NALIZATION RESPONSE 1 (VRNI) that are involved in
flowering, growth habit, spike determinacy in several plant
species (Konopatskaia et al. 2016; Li et al. 2019; Lu et al.
2015). These genes were located within the QTL region
on chromosome 10 (chrl0: 49,566,600- 50,700,770).
Other genes with annotations were associated with shoot
development, auxin responsiveness, and associated light
signaling such as Glyma.05G064600 (VAP27-4) and
Glyma.10G286700 (CIP8) (DeCook et al. 2006; Nawkar
et al. 2017).

Expression patterns of selected candidate genes

In addition to the aforementioned genes with functions
involved in plant height, we also examined whether many of
the genes expressing in shoot meristem, which play impor-
tant roles in plant height determination. To do this, we ana-
lyzed genes’ expression in 28 developing tissues including

@ Springer



84 Page 6 of 11

Theoretical and Applied Genetics

(2025) 138:84

Table 2 Selected candidate genes and the annotation

Lead SNPs

Chr SNP position Candidate gene

Gene position

Ara ortholog

TAIR10_symbol

TAIR10_name

Chr10_49993502 10 49,993,502

Chr18_4351572 18 4,351,572
Chr19_45158536 19 45,158,536

Glyma.10G272300

Glyma.10G273000

Glyma.10G276100

Glyma.10G278200

Glyma.10G281100

Glyma.10G281200

Glyma.10G281300

Glyma.10G286700

Unknown
Glyma.19G194300

Chr10:49,452,028-  AT1G68360.1 C2H2 and C2HC zinc
49453400 fingers superfamily
protein
Chr10:49,546,836- AT1G68320.1 AtMYB62 myb domain protein
49,548,462 62
Chr10:49,857,795- AT1G68640.1 PAN bZIP transcription
49,863,059 factor family protein
Chr10:50,022,810-  AT5G05010.1 GIS3 (GLABROUS clathrin adaptor
50029454 INFLORES- complexes medium
CENCE STEMS subunit family
3) protein
Chr10:50,240,905-  AT3G18990.1 REM39,VRNI1 AP2/B3-like tran-
50243956 scriptional factor
family protein
Chr10:50,246,998-  AT3G18990.1 REM39,VRN1 AP2/B3-like tran-
50249746 scriptional factor
family protein
Chr10:50,251,156- AT3G18990.1 REM39,VRN1 AP2/B3-like tran-
50252837 scriptional factor
family protein
Chr10:50,629,654-  AT5G64920.1 CIP8 COP1-interacting
50631072 protein 8
Chr19:45,183,356- AT5G03840.1 TFL-1,TFL1 PEBP (phosphatidy-

45,185,175

lethanolamine-bind-

ing protein) family
protein

roots, cotyledon, shoot meristem, and different stages of
leaves, leaf buds, flowers, seeds, pod seeds, and pods (Fang
et al. 2017). We revealed that 40 of 135 genes (11.6%) were
expressed in shoot meristem at different abundance levels
(Fig. 3, Table S2). Genes with expression in specific tissues
deserve more attention. For example, Glyma.l10G278200
shows relatively stronger expression in early flower and
shoot meristem compared with other tested tissues, suggest-
ing the possible specific roles associated with plant height.

We were particularly interested in the three VRNI
homologs (VRNI-1, VRNI-2, VRNI-3,) on chromosome 10
and evaluated the relative expressions in different tissues
(roots, stems, leaves, and shoot apical meristem (SAM))
across multiple stages (V1, V2, V3, R1) using qRT-PCR
(Fig. 4). The result indicates that, of the three VRNI-like
genes, VRN1-2 was dramatically higher than the other
two in the testing tissues (roots, stem, leaves, and SAM)
in both vegetable growth stage 1 (V1) and reproductiv-
ity growth stage 1 (R1). In contrast, VRNI-2 and VRNI-3
were barely expressed in the testing tissues in both V1
and R1 (Fig. 4A). We next examined the expression of
VRNI-2 in stem and SAM tissues in two representa-
tive soybean cultivars Willimas 82 (W82, indeterminate
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growth habit) and Dongnong50 (DNS50, semi-determinate
growth habit) showing different determination growth hab-
its and plant heights in Harbin, China, where Willimas 82
was 97.85+7.24 cm, in average, which is 36.32% higher
than DN50 (71.78 +2.44 cm) (Fig. 4B, ), The comparison
showed that the expression of VRNI-2 was significantly
higher in both stem and SAM tissues in W82 than DN50,
in both V2, V3 and R1 stages. We further investigated the
amino acids for VRN1-2, and it contains three B3 domains
(Fig. S1). In addition to the expression patterns, we also
construct a phylogenetic tree using full-length protein
sequences of VRN1-2 and its homologues from diverse
species (Fig. S2), it appears that the three soybean VRN
proteins (VRN1-1, VRN1-2, VRN1-3) were spited into
two clusters, while VRN1-2 is phylogenetically closer
to VRN-like proteins from Vigna unguiculata, Phaseo-
lus acutifolius, and P. vulgaris than the other two VRNS,
suggesting a functional difference between VRN1-2 from
VRNI1-2 and VRN1-3. These results suggest that, among
the three VRNI homologs in soybean, VRN-2 might play
a role associated with plant growth and development,
and it might contribute to the difference in plant height
between W82 and DNS50.
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VRN1-2 haplotype association with plant height
variation

To evaluate if VRNI-2 contains variation that is associated
with plant height, we analyzed the sequence variation in
VRNI-2 in 806 germplasms, a subset of the association
panel. The sequence analysis reveals two major variants
(G/A at 50,248,210, T/C at 50,248,523) in the CDS region
(exonl and exon2) (Fig. SA). The two variants were non-
synonymous which results in amino acid changes from R to
K for G/A variation and F to S for T/C variation. To evaluate
the genetic effects of the haplotypes, we also include the key
variation of C/T (K/R) in Dt (Tian et al. 2010). The combi-
nation analysis defined four haplotypes (Hap1l-Hap4). The
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phenotypic comparison showed that soybean lines carrying
AC (Hapl) were significantly higher by 3.72cm, on aver-
age, than those (Hap2) carrying GT in D¢/-C background
(Fig. 5B); in contrast, there is no significant difference
in plant height for those lines (Hap3 and Hap4) in Dt/-T
background. Further, we calculated the allelic frequency in
cultivated soybeans and wild soybeans. The results show a
dramatic difference in the allelic frequency between wild
and cultivated soybeans (Fig. 5C). For example, the wild
soybean population contains approximately 22% GT of
VRN1-2, whereas the frequency is much higher in cultivated
soybeans (71%), suggesting that GT was likely subjected to
artificial selection during domestication, which is rational
since the GT-C haplotype (Hap2) is statistically, on average,
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Fig.4 Expression patterns and comparison of three VRN genes in
different tissues and genotypes. A Expression levels of three VRNI
genes (VRNI-1, VRNI-2, and VRNI-3) in soybean roots, stems,
leaves, and SAM tissues of W82. B The expression of VRNI-2 in

lower than other three haplotypes (Hap1, Hap3, and Hap4),
which is rational because preferential selection for GT might
contribute to reduced plant height, which is one of the goals
in high-yield breeding.

Discussion

Plant height has been an important trait that has been inves-
tigated in various crop species for decades. It has been dem-
onstrated that a reduction in plant height may allow logging
resistance and high-density planting to achieve production
increase. As such, short plant height without penalty of seed
production per plant would be an ideal architecture trait in
soybean. However, the molecular mechanism of plant height
in soybean is largely unknown, mainly due to the lack of
information on height-controlling genes. There are a number
of QTLs associated with plant height identified in soybean,
while uncovering the underlying genes remains challenging
because of large intervals of many QTLs or low-resolution
genome-wide variation (Han et al. 2021; Lee et al. 2015;

@ Springer

—
kK% skk k%
kK
. KoKk
sk I—| *kk
I = L L §L o pL I_|
0.0- T = T T T T T T

R1-stem R1-leaf

C

0.0004— == DN50

* * %
- W82
=
o *
‘% 0.0003- ns | |
@ i |
g
3
% 0.0002-
Q
=
=
5 0.0001
[]
o
0.0000-

Vi-sam V2-sam V3-sam R1-sam

stems between DN50 and W82 during V1, V2, V3, and R1 stages. C
The expression of VRNI-2 in SAM tissues between DN50 and W82
during V1, V2, V3, and R1 stages

Li et al. 2020b; Wang et al. 2022a; Yu et al. 2023; Zhang
et al. 2021). The purpose of this study was to identify SNPs
and candidate genes that are associated with plant height
using a larger, more diverse soybean population with higher
resolution of genome-wide variations. We are specifically
interested in whether we might discover QTLs that have yet
to be identified previously using either linkage mapping or
GWAS. The variation used in this study includes both SNPs
and Indels, and the amount of the variants permits the sur-
vey of variation-trait associations at single-nucleotide reso-
lution. By using the high-resolution GWAS, we were able
to identify associations for the plant height, one of which
precisely co-localized with previously identified D¢/ with
demonstrated role regulating growth habit trait (Liu et al.
2010; Tian et al. 2010), whereas others appeared to be novel.
Dt (Chr19:45,183,356-45,185,175) resided within the QTL
region (Chr19: 45,132,143-45,221,712) and is 24.8 kb away
from the lead SNP (Chr19_45158536). This result demon-
strates the robustness of our GWAS analysis in uncovering
QTLs, and it urges us to predict genes for other QTLs that
have yet to be cloned.
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VRNI was identified for its role in Arabidopsis vernali-
zation, which is also an essential physiological process for
many crops to flower (Lu et al. 2015; Konopatskaia et al.
2016; Deng et al. 2015; Levy et al. 2002), for example, over-
expression of VRNI resulted in early flowering (Levy et al.
2002; Lu et al. 2015). It is also demonstrated that VRN has
much broader roles. For example, it was identified to regu-
late spikelet development and spike determinacy in wheat,
suggesting that it is likely involved in the regulation of plant
height in other crop species which needs further experimen-
tal determination. It might also be involved in cold toler-
ance and hormone metabolism based on the detection of
its targeting sequences (Deng et al. 2015). In soybean, a
VRNI homolog on chromosome 11 was recently identified
to be involved in the regulation of flowering when expressed
in Arabidopsis thaliana (Lu et al. 2015), suggesting that it
might be a conserved role for VRNI in the regulation of
flowering between dicot and monocot plant species (Levy
et al. 2002; Konopatskaia et al. 2016). Further, VRN in
wheat has been demonstrated to regulate spring growth
habit (Konopatskaia et al. 2016). Here, we identified tan-
dem VRNI genes in soybean genome and the locus resides
on the QTL associated with plant height on chromosome 10.
The expression and sequence phenotype correlation analysis
demonstrated that VRNI-2 was likely associated with soy-
bean plant height. It is likely that VRNI-2 functioning in the

regulation of plant height is tightly associated with Dt1-C
since the observation of plant height difference between
Hap1 and Hap2, but not between Hap3 and Hap4. The Hap2
is likely subjected to artificial selection mainly because of
the dramatic increase in the frequency for GT of VRNI-2 in
G. max than G. soja. Continuous use of this locus might be
useful for soybean breeding for short soybean plants that
allow compact planting in high latitudes.

A potential concern of our analysis is that the pheno-
typic values were collected from the USDA Soybean germ-
plasm collection, and the values were obtained in multiple
fields across different years in past decades. Recent studies
demonstrated that there is a minor difference in identifying
major QTLs associated with complex traits using GRIN-
derived unadjusted and adjusted phenotypic data (Bandillo
et al. 2015; Goettel et al. 2022; Zhang et al. 2020). Precise
identification of D¢/ in this study is supportive that the plant
height values in this panel were appropriate for uncover-
ing associated SNPs and revealing candidate genes, which
would be a useful resource, in addition to previous findings,
for further investigation and continued genetic improvement.
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