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Abstract Flowering time is an important factor in plant fitness and local adaptation. Genome-wide association (GWA)
studies have allowed the identification of candidate genes in certain plant species for various traits, including flowering time.
Lotus japonicus is widely found throughout the Japanese archipelago. To obtain flowering time data with more prominent
difference as more suitable indicator of environmental adaptation, flowering time data were collected for 132 wild accessions
originating from various points across this region under shorter day length conditions than in previous studies. The results
showed latitudinal variations in flowering time, with southern accessions flowering earlier. Comparing data from four
flowering times with varying conditions revealed greater differences under a shorter day length. It is likely that day length
significantly affects flowering time in this species. GWA analyses were conducted on flowering time variation measured in
this study and the ratios between flowering time under different conditions. Candidate genes different from previous study
were detected, including orthologues of known flowering time genes in each analysis. Correlation tests between flowering
time and strongly detected single-nucleotide polymorphisms (SNPs) in the GWA analysis suggested that approximately 60%
of flowering time variation can be explained by the two main SNPs. This result suggests that the majority of the variation
could be explained by a small number of genetic factors. Considering the strong association with flowering time variation,
these candidates may be responsible for these differences and therefore can be related to local adaptation in this species.
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Introduction

Germination and flowering are two of the four stages
of plant life cycles, and the timing of these two phases
is dictated by environmental factors. Flowering time is
particularly critical for wild plants, since it is directly
linked to fitness through reproductive success (Schemske
et al. 1978). A large number of wild plant species have
intraspecific flowering time variations, many of which
are related to local adaptation, and several studies
have focused on flowering time as a factor in species
adaptation (Dittmar et al. 2014; Hall and Willis 2006;
Keller et al. 2012; Leinonen et al. 2013).

Improvements in sequencing technology have
enabled the identification of genes of many species that
are associated with various phenotypes using genome-

wide association (GWA) studies. GWA studies use a
large number of shared alleles, can detect genetic factors
that regulate natural variation among wild populations,
including adaptive phenotypic differences, and have been
used to identify genes related to diverse phenotypes,
such as in Arabidopsis thaliana (Atwell et al. 2010), rice
(Zhao et al. 2011), soybean (Zhang et al. 2015), and Lotus
japonicus (Shah et al. 2020). While previous GWA studies
have focused on agricultural varieties, recent research
has attempted to identify adaptive loci with GWA using
high-density SNPs in the conserved alleles of wild
accessions (Atwell et al. 2010; Fournier-Level et al. 2011;
Mustamin et al. 2023; Shah et al. 2020; Yu et al. 2016).
Some of these studies were directed toward possible key
candidate genes related to flowering time, as this is an
important trait for plant adaptation and reproductive
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success (Burgarella et al. 2016; Sasaki et al. 2015; Shah et
al. 2020).

The Japanese archipelago extends across a large
latitudinal range (approximately 20 degrees), which
includes numerous distinct environments. For example,
the day length differs between the most northern and
southern points by up to 4h, and other environmental
factors, such as temperature and precipitation, vary
greatly throughout the archipelago in relation to its
mountainous topology and prevailing westerly and
seasonal winds. L. japonicus is a legume model plant
that is distributed across the entire Japanese archipelago
and wild accessions from natural populations collected
in this country have exposed (Hashiguchi et al. 2012)
genome-wide polymorphisms. Previous studies have
shown that this species has intraspecific flowering time
variation (Kai et al. 2010; Kawaguchi 2000; Shah et al.
2020), and given its presence in various environments in
Japan, it is conceivable that L. japonicus can adapt to a
range of habitats. By combining genetic information and
flowering time differentiation in these wild accessions,
we can identify the genetic factors associated with local
adaptation.

Genes responsible for flowering time have been
detected in genetic and physiological studies of several
model plants, including Arabidopsis, Populus sp., and
Glycine max. Flowering time is controlled by four
major genetic pathways (temperature, photoperiod,
autonomous, and gibberellin pathways), containing
more than 100 genes (Srikanth and Schmid 2011),
and temperature and photoperiod are integral for the
determination of flowering time in wild environments
(Henderson and Dean 2004). Most of these pathways
are shared among angiosperms, while some consist of
different cascades and/or genes between phyletic groups.
Leguminosae is a family composed of a large number
of species and includes many useful plants. Common
flowering time pathways and genes have been revealed
in several legume species, and the E series genes have
been previously acknowledged, particularly in soybean;
candidate genes have also been detected in a common
bean study (Raggi et al. 2019; Tsubokura et al. 2014).
However, there are few studies that do not depend on A.
thaliana homologous genes with known flowering time.
The determination of specific flowering time pathways
and genes in legumes requires association studies with
flowering time traits and genome-wide polymorphisms.

GWA analyses for flowering time and other traits of
L. japonicus have been performed on phenotype data
collected in greenhouses with 16-h light period and
constant temperature of 20°C in Aarhus, Denmark,
and in a field in Osaki, Miyagi, Japan (38°27'36" N,
141°05'24" E) in 2017 and 2018, and several candidate
genes were revealed in the latter (Shah et al. 2020).
In 2017 and 2018 at Miyagi, the seeds were sown on
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March 30 and April 6, respectively, and transplanted to
the field on April 28 and May 8, respectively. The day
length during this period was about 14 to 15h, and the
temperature was about 0 to 30°C. However, because
the flowering time is determined by external factors,
the phenotype varies depending on the cultivation
conditions. Moreover, this species is widely distributed
in areas with shorter day length than the photoperiods
used in previous studies, and L. japonicus is a long-day
plant, therefore, it is expected that there will be more
accessions that are less likely to induce flowering under
shorter-day conditions than under longer-day conditions.
Accordingly, it is considered that the phenotypic
differences within the species will become more
prominent, and that we would be able to obtain data
that is more suitable as an indicator of environmental
adaptation. In this study, to evaluate the flowering
time under short-day conditions as an indicator of
environmental adaptation and compare responses to
different day lengths, we gathered flowering time data in
a short-day condition in Okazaki, Aichi, Japan (34°57’
N, 137°09" E) since southern accessions prosper under
this factor in wild populations. At this location, the day
length on the winter solstice is approximately 9h 50 min,
and on the summer solstice it is approximately 14 and
a half hours, making it possible to grow the plant under
short-day conditions under natural light conditions. In
addition, we conducted GWA analyses for flowering
time variation and ratios between Aichi and the results
from Miyagi in 2017 and 2018 obtained in Shah et al.
2020. Comparing flowering time of common accessions
between these different environments could return
difference of critical day length among accessions, and
GWA analysis for the ratios could detect candidate genes
related to the difference.

Flowering time variations are generally a gradual
trait and L. japonicus is not an exception, although few
studies have focused on the combination of effects of
multiple genetic factors. Along with GWA analysis,
we conducted correlation tests between flowering
time variation and the genotypes of the main SNPs
detected, considering a combination of genetic factors to
estimate the degree of variation attributable to the SNP
genotypes detected by GWA analysis. GWA analysis is
an “SNP by SNP” method, and therefore adopting these
analyses together would be effective for revealing the
mechanisms of maintenance of continuous flowering
time polymorphism in this species. Moreover, our
results would contribute to the understanding of local
adaptation through L. japonicus flowering time.

Materials and methods

Plant material and measurement of flowering time
The flowering time phenotypes of 132 wild Japanese L.



japonicus accessions (Figure 1 and Supplementary Table S1)
were collected. Seeds from 100 and 28 accessions were provided
by NBRP (Legume Base) and Aarhus University, respectively.
In addition, four accessions (Tomamae, Hakkoda, Kitsunezaki,
and Tokunoshima) previously collected and cultivated after two
generations of inbreeding by self-pollination were utilized.

Before sowing, the seed coat was partially removed with
sandpaper; 15 seeds from each accession were sown on 1.0% agar
in a 90 mm diameter, 15mm deep Petri dish, and germinated in a
growth chamber (Biotron LPH410S; NK Systems, Osaka, Japan)
under a 16h day:8h night cycle at 25°C for 1 week. Individuals
from each accession were planted in three polyethylene pots
9.0cm in diameter and 20cm in height filled with potting
compost, expanded vermiculite, and soil. The potted plants were
placed in a greenhouse (Okazaki, Aichi, 34°57" N, 137°09" E) on
January 31, 2014 and were grown under natural light conditions
of approximately 10.5-14.5h of daylight during the experimental
period, since L. japonicus behaves as a long-day plant in the wild.
To avoid temperature fluctuation effects, we set to a constant
25°C in the greenhouse. After 1 week, the plants were thinned,
leaving only the largest individual in the pot. At this stage, each
plant had three to five compound leaves.

The date when the first flower was fully opened was recorded,
and the mean of three individuals of the same accession was
used as the date for that accession. The number of days from
germination to the first flower opening was documented,
and correlations were determined between the latitude of
collection sites of wild accessions and average flowering days
in each accession, and between flowering time in Aichi and a
greenhouse in Aarhus, and a field in Miyagi in 2017 and 2018,
using the R version 3.2.0 (R Core Team 2015). The flowering time
data at Aarhus and Miyagi were obtained in Shah et al. (2020).
Regarding the pairs of Aichi and each of Miyagi in 2017 and 2018
obtained in Shah et al. (2020), cluster analysis was conducted
with k-means method using R version 3.2.0 (R Core Team
2015). Using the R package ggplot2 (Wickham 2016), plots and
histograms were drawn (Figures 1, 2, 3). Figure 3C, D show the
locality information of accessions with collection site information
drawn with colors based on the clustering results using QGIS
2.18.2 (QGIS Development Team, 2016).

Genome-wide association mapping for flowering
time

We conducted genome-wide association analyses on the
genotype data (Shah et al. 2020) using an accelerated mixed
model (AMM; Kang et al. 2010; Seren et al. 2012) with
PyGWAS v1.7.4 (https://github.com/timeu/PyGWAS). The
L. japonicus genome assembly build 3.0 (Sato et al. 2008) was
used as the genome reference, and this facilitates comparison
with the results of previous study, Shah et al. (2020). The non-
trans formed phenotype variables were used. Flowering time
phenotypes tend to be correlated with genetic structures, and
analysis by GWA is likely to detect false positives; therefore,
we adopted AMM, which is a model that considers population
clusters and structures. To set the threshold, we adopted
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permutation test with 1,000 randomized data. Each p-value
were set to have less than 5 or 10% false-positives. Manhattan
and Q-Q (quantile-quantile) plots were drawn for all analyses
using the R package qgman (Turner 2018).

Flowering time data were gathered from a greenhouse at
Aichi under the same conditions, individuals with no flowers
were removed, and 121 out of 132 wild accessions were chosen
for GWA analyses (sampling points and flowering days of used
accessions are shown in Supplementary Table S1). In order to
consider how to handle non-flowered accessions, GWA analysis
for a tentative data set in which non-flowering individuals were
assigned 250 flowering days was also conducted. As the result,
in addition to the regions detected in the analysis excluding
the non-flowering accessions, the associations in many other
SNPs were highly evaluated. Therefore, we consider that the
regions detected in this result for the tentative data contained
false positives, and adopted the flowering time result without
the non-flowered individuals for GWA analysis. Genes around
the SNPs beyond the significance threshold were selected as
possible candidates.

In addition to a single flowering time at Aichi, GWA analyses
were conducted for the ratio of the two average flowering times
to detect genetic factors for differences in critical day length
shown in the comparison of flowering time data. The ratio was
calculated with the average flowering time of common 107,
and 101 accessions at Aichi, and each of the flowering data at
Miyagi in 2017 and 2018 as previously described by Shah et
al. (2020) (flowering day ratios of accessions used are shown
in Supplementary Table S1). Genes around the SNPs beyond
the significance threshold were selected as possible candidates
because SNPs did not show lower p-values on the whole of
these analyses.

Annotation of candidate genes

The position of SNPs detected by GWA analysis allowed for
amino acid sequences of candidate genes to be determined
from the L. japonicus genome assembly build 3.0, using
bedtools2 v2.26.0 (Quinlan and Hall 2010). Genes located 10kg
base pairs (kbp) upstream or downstream (20kbp in total) of
SNPs were detected and considered in linkage disequilibrium
(Shah et al. 2020). To further annotate candidate genes, the
BLASTP function of BLAST 2.2.26 was employed (Altschul et
al. 1990) on the website (https://blast.ncbi.nlm.nih.gov/Blast.
cgi (Accessed Dec 27, 2023)). The top hit genes from BLAST
with the amino acid sequences coded by known flowering time
genes were used as a priori for L. japonicus.

Flowering time prediction with candidate SNPs

We compared flowering time at Aichi and genotype
combinations in 121 accessions to evaluate the degree of
flowering time variation contributed by genotypes of the
detected SNPs. To impute missing data in the SNP set, BEAGLE
5.1, (Browning et al. 2018) was used with default settings.
To select candidate SNPs, those on chromosome 0 were first
removed because this group contains short genome sequence
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fragments (<10kbp) that were not assembled in chromosomes
1 to 6. Next, the SNP with the lowest p-value in the GWA
analysis of each linkage SNP set was selected based on linkage
disequilibrium (LD) decay estimation (<0.5). The top ten non-
linkage SNPs were used to predict flowering time. Genotypes
of the top SNPs with low p-values in the GWA analysis were
added as possible candidates in the linear regression models;
each coefficient of determination value (R?) for multiple
regression analyses was calculated using R version 3.2.0. The
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Figure 1. Variations in flowering time of Japanese wild accessions
under four conditions across latitudes. Flowering time is shown on
the vertical axis (days), and latitude where accessions originated are
shown on the horizontal axis. Bars denote standard deviations of
flowering days in each accession. Each color indicates flowering time
measurement conditions of greenhouses at Aichi, Aarhus, and a field
at Miyagi in 2017 and 2018, in pink, deep blue, light green, and light
blue, respectively. The flowering time data at Aarhus and Miyagi were
obtained in Shah et al. (2020). Each line and gray area represents the
regression line and the 95% confidence interval, respectively.

formulae were also estimated in the linear regression analysis,
and the predicted flowering time was calculated using the
formulae. The norms of flowering time for each combination
of genotypes were shown using 1 and 2 SNPs. The genotype
distributions of the top SNPs with collection site information
were drawn by QGIS 2.18.2, with coastline data received from
the Japan Meteorological Agency.

To avoid the possibility that the results reflected the genetic
structure, permutation tests were conducted for the 1st SNP
and top two SNP combination. For the permutation of the
Ist SNP genotype and flowering time correlation, 1,000 SNPs
(minor allele frequency (MAC)=16, same as the 1st SNP) were
randomly selected from chromosome 1 to 6. Regarding the
permutation of top 2 SNPs combination, 1,000 combinations
were made from SNPs (MAC=16 and 13, same as the Ist
and 2nd SNPs) randomly selected from chromosome 1 to 6,
respectively. For all SNPs and SNP combinations, coefficients of
determination value (R?) for multiple regression analyses were
calculated and histograms were drawn using R version 3.2.0,
respectively.

Results

Flowering time variation in L. japonicus in Japan

The flowering times of 132 Japanese wild accessions are
summarized in Supplementary Table S1, along with their
original data. According to Shah et al. (2020), the first
flowering was observed in MG-105 (Miyagi; 38°27'36"
N, 141°05'24" E) on March 12, 2014, 47 days after
germination. In eight accessions (MG-9, 32, 35, 94, 95,
98, 99, and 125), no flowering occurred within 200 days
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Figure 2. Correlations and distribution of ratios between flowering time at Aichi and Aarhus and Miyagi in 2017 and 2018. A-C show the plots
for two flowering time averages. Each flowering time is shown on the vertical and horizontal axes (days). The blue line and gray area represent the
regression line and the 95% confidence interval, respectively. D-F represent distributions of flowering time ratios. The ratio is shown on horizontal
axis, and number of accessions is shown on vertical axis. *The flowering time data at Aarhus and Miyagi were obtained in Shah et al. (2020).
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Result of clustering analysis for pairs of flowering time data and geographical distribution. A and B show the plots for two flowering time

averages with colors based on the k-means clustering. Each flowering time is shown on the vertical and horizontal axes (days). The pink and blue lines
and gray area represent the regression line and the 95% confidence interval, respectively. C and D represent geographical distributions of accessions
with colors based on the k-means clustering. *The flowering time data at Miyagi were obtained in Shah et al. (2020).

(to August 22, 2014). However, these plants continued
growing and the shoots were a sufficient size for
flowering; some larger than those of the early flowering
accessions. No further studies were conducted on these
plants, and they were categorized as “not flowered” in
Supplementary Table S1. The mean flowering time of the
three individual plants in each accession was calculated,
and further analyses were conducted.

Based on the 120 accessions with flowering time
data, a broad-sense heritability of 0.89 was calculated
using ANOVA. In 115 of the 120 wild accessions (the
locality information for two accessions was lost), a
strong correlation was observed between latitude and
flowering time, as shown in Figure 1 (R=0.67, p<<0.01),
with accessions from southern Japan tending to flower
earlier. Compared to the flowering time variation
reported in the Denmark greenhouse and Miyagi field
(Shah et al. 2020), our data showed a more remarkable
difference in flowering time among accessions, and a
clear correlation between flowering time and latitude
(Figure 1). Flowering time variations under four
different conditions revealed larger differences with a
shorter day length (Figure 1). The Danish greenhouse

under constant long-day conditions showed smaller
differences in flowering time among accessions and a
weaker correlation with latitude than the others tested
(R=0.076, p<<0.05). The correlation coeflicient values for
the field at Miyagi in 2017 and 2018 between flowering
time variations, and latitude were 0.57, 0.53, respectively
(p<<0.05). Correlation tests between flowering time
variations under different conditions in Aichi and Miyagi
in both 2017 and 2018 were relatively strongly correlated
(R=0.75, 0.73, respectively, p<<0.05; Figure 2B, C). Figure
2E, F show that most accessions had ratios near 1.0,
with some greater than of 1.0. Many accessions showed
the same flowering time between pairs of conditions
and flowering of those delayed in the greenhouse at
Aichi compared with the flowering time in the field at
Miyagi. Clustering analyses showed that accessions could
be divided into two groups with the above-mentioned
tendencies (Figure 3A, B). The accessions grouped
in cluster2 were mainly originated in Northern area
containing Tohoku and Hokkaido areas (Figure 3C, D).

GWA analyses for flowering time
GWA analyses for flowering time variation in the Aichi
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Figure 4. Manhattan plots of genome-wide association analyses for flowering time variation and flowering time ratio. Manhattan plots are shown on
the left side. The vertical axis and the horizontal axis show the —log,,(p-values) and chromosome positions, respectively. The positions and —log,,(p-
values) for each single nucleotide polymorphism (SNP) were plotted. The (quantile-quantile) Q-Q plots are shown on the right side. The red and blue
lines in Manhattan plots indicate the threshold set by permutation tests with 5 and 10% false-positives. (A) The plots show the results of GWAs for
flowering time in Aichi. (B, C) Each plot shows the flowering time ratio between Aichi and each of Miyagi 2017, and 2018. *The flowering time data at

Miyagi were obtained in Shah et al. (2020).

greenhouse showed several peaks in Manhattan plots.
According to the permutation test, the thresholds were
set at —log(p-value)=6.46, 6.05 for 5 and 10% false-
positives, respectively (Supplementary Figure SI1A).
Figure 4A shows the result of 124 921 SNPs (MAF=0.1),
which included 4 and 10 peaks beyond the threshold of
5 and 10% false-positives, respectively. These peaks were
located on chromosomes 0, 2, 4, 5 and 6, respectively.
Based on linkage disequilibrium of 10kbp, 36 genes
were found around the detected 12 SNPs; 14 were NULL
or repeat genes that serve no function, and 22 protein-
coding genes were identified by BLAST (Table 1).

GWA analyses for the flowering time ratio presented
peaks in Manhattan plots beyond the thresholds.
Figure 4B, C relate the results for flowering time ratio
between Aichi and Miyagi in 2017 and 2018 with
126 576, 124 022 SNPs (MAF=0.1), respectively. The
ratio of two flowering time data are further presented
as “Aichi/Miyagi2017”, and “Aichi/Miyagi2018”. By
the permutation test for Aichi/Miyagi2017 and Aichi/
Miyagi2018, the thresholds were set at —log(p-
value)=6.47, 6.0, and 6.43, 5.91 for 5 and 10% false-
positives, respectively (Supplementary Figure S1B, C). In
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the analyses for flowering time ratio of Aichi/Miyagi2017
and 2018, 6 and 9 peaks were detected beyond the
threshold of 10% false-positives, respectively, with each
23 protein-coding genes located around them (Figure
4B, C and Supplementary Table S2). Two regions on
chromosome 4 and 6, and one region on chromosome
0 detected in the analysis for Aichi/Miyagi2017 and
2018, respectively, overlapped with those from Aichi
(Supplementary Table S2). Nine and two of the candidate
genes were present in these regions (Supplementary
Table S2). The remaining candidate genes were uniquely
detected in each analysis.

Gene annotation of candidate genes

Gene annotation with peptide sequences was conducted
for protein-coding candidate genes associated with
flowering time at Aichi, flowering time ratio, and
two environmental factors. Table 1 shows the results
for candidate genes associated with flowering time
variations in Aichi. Although these candidates had
several orthologues of unknown genes or those with no
hit results, there were also two orthologues of known
flowering time genes (Table 1), which were coded for



T. Wakabayashi et al.

Table 1. The result of gene annotation for the candidate genes on the basis of the GWA analysis for flowering time in Aichi.

Linkage Detected SNP* —log, . Gene IP Description® Prgteln ID Query cover Identity Reference
group (p-value) L. japonicus A. thalianalG. max (%) (%)
168288660" 607 Ljogavosazse o hits o N -
. v
178 factor Xa inhibitor BuXI CAA0332735.1 88 3867
RING/U-box superfamily protein NP_001330419.1 100 38.95
Chro 170744966" 6.10 Lj0g3v0326649  probable E3 ubiquitin-protein ligase RHG1A XP_006578031.1 100 76.89
isoform X2
basic helix-loop-helix (b(HLH) DNA-binding NP_200279.1 100 72.92
189080529" 6.19 Ljog3v0359189 superfamily protein
Transcription factor ILR3 KAH1247754.1 100 90.43
. unnamed protein product CAD5315980.1 93 30.75
8439786 7.24 Lj2g3v0621090 i i
hypothetical protein GYH30_025268 KAH1043336.1 99 66.23
Ligvoea1zo o RS - - -
v
18 No hits — — —
8482295 7.05
Ligavoea1iap oDl B - B
v
)8 No hits — — —
eukaryotic release factor 1-3 NP_189295.3 99 90.30
Lj2g3v0621310  eukaryotic peptide chain release factor subunit ~ XP_006587430.1 100 96.34
1-3
Chr2 8548374" 6.37
forever young oxidoreductase AAG44120.1 99 69.62
Lj2g3v0621320  dehydrogenase/reductase SDR family member ~ XP_003534088.1 98 83.71
FEY
. No hits — — —
8569194 6.57 Lj2g3v0621330 .
No hits — — —
. unnamed protein product CAA0278661.1 99 33.56
Lj2g3v0621350 . ) B
8569194, . kinase-interacting family protein-like isoform 1~ NP_001401645.1 100 78.17
8580319 : A No hits _ _ _
Lj2g3v0621360 )
No hits — — —
. small nuclear ribonucleoprotein, putative AAM63846.1 100 81.06 Swaraz etal. 2011
Lj4g3v2785700 i i i
Small nuclear ribonucleoprotein SmD3b-like NP_001237722.1 100 93.94
. Nucleotide-sugar transporter family protein NP_001328903.1 99 78.49
Lj4g3v2785710
UDP-rhamnose/UDP-galactose transporter 4 XP_006585315.1 99 92.44
Chr4 37258674, 724 mediator of RNA polymerase II transcription NP_190854.1 87 68.47
37258719 . subunit-like protein
Lj4g3v2785730 i L
mediator of RNA polymerase II transcription XP_003525092.1 100 88.89
subunit 28
. alkaline/neutral invertase NP_001332722.1 74 87.42 Wang et al. 2022
Lj4g3v2785740 i ) )
Alkaline/neutral invertase E, chloroplastic KAH1237155.1 100 86.69
. WPP1 0A090978.1 78 57.89
Lj5g3v0296260
MFP1 attachment factor 1 XP_003544478.1 89 59.84
Chr5 2762060" 6.12
X No hits — — —
1j5g3v0296280 )
CLE11 protein ADW77265.1 100 63.22
. ARM repeat superfamily protein NP_194494.2 100 78.93
Lj6g3v2274460 . .
importin-4 isoform X2 XP_003547537.1 100 92.85 Kevei et al. 2007
. senescence associated gene 18 NP_177275.1 100 70.03
Lj6g3v2274470 . ;
uncharacterized protein LOC100816173 XP_003547538.1 100 84.72
. potassium transport 2/3 OAQ098451.1 99 66.79 Held et al. 2011
Chré6 264761407 6.41 Lj6g3v2274490 . .
potassium channel AKT2/3 isoform X1 XP_003532990.1 99 84.30
. unnamed protein product CAA0340358.1 96 48.85
Lj6g3v2274500 | )
uncharacterized protein LOC100818401 XP_003539403.2 100 85.99
. unnamed protein product VYS46852.1 96 46.71
Lj6g3v2274510 R K
uncharacterized protein LOC100811367 XP_006586379.2 100 78.62

The E-values for all of these results were under 1.0e-4. *SNPs in bold were included in seleced 10 SNPs for calculation of coefficient of determination. *If there are multiple, indicate
the highest value. “The upper and bottom descriptions show results for Arabidopsis thaliana and Glycine max. *SNPs below 5% FDR threshold and beyond 10% FDR threshold.
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Figure 5. Correlation between flowering time variation and combination of detected SNPs by genome-wide association analysis for flowering
time. (A) The vertical axis and the horizontal axis show the coefficient of determination and the number of single nucleotide polymorphisms (SNPs)
contained in the SNP combinations, respectively. (B, C) The vertical axis and the horizontal axis show flowering time (days) and predicted flowering
time for cases with the 1st and 2nd genotypes, respectively. Plots denote flowering time and predicted flowering time for each accession. Predicted

flowering time was calculated by the estimated formula shown in each figure.

the protein sequences small nuclear ribonucleoprotein-
like (SmD3b-like; Swaraz et al. 2011) and potassium
channel AKT2/3 (AKT2/3; Held et al. 2011). The known
flowering time genes showed altered flowering time
phenotypes in their mutant lines in all previous studies
(Held et al. 2011; Swaraz et al. 2011). In addition,
although no references show a direct relation, candidate
genes contained another orthologue that might be related
to flowering time regulation, importin-4 (Kevei et al.
2007). In addition to these genes, the mediator of RNA
polymerase II transcription subunit 28 (MED28) is a gene
family that contains several flowering time-related genes,
for example MEDS8, MED12, MED13, MEDI15, MEDI6,
MEDI17, MEDI18, MED20a, and MED25 (Buendia-
Monreal and Gillmor 2016; Yao et al. 2019). These
mediator subunit gene mutants exhibit a late-flowering
phenotype. All of the detected protein-coding genes on
chromosome 4, including the orthologues of SmD3b-
like and MED28, were located in the 20kbp region
around the SNPs of 37 258 719bp and 37 258 674bp,
which were the most strongly associated with flowering
time variation. In particular, for MED28, both SNPs
were located in the gene region, whereas AKT2/3 and
importin-4 were located in a region around the SNP of
26 476 140bp on chromosome 6.

Regarding the results for flowering time ratio, known
flowering time genes were contained in the candidate
genes (Supplementary Table S2). Candidate genes for
Aichi/Miyagi2017 and Aichi/Miyagi2018 shared nine
and one genes with the candidates for flowering time
variation in Aichi (Supplementary Table S2), respectively.
These genes contained known flowering time genes,
SmD3b-like, and AKT2/3. Apart from the shared genes
mentioned, there was one other orthologue of known
flowering time gene in the results for Aichi/Miyagi2018,
which were located on chromosome 4. The gene was
orthologue of WDR5A (Jiang et al. 2009). It has been
reported that WDR5A is an activator which mediates
Flowering Lotus C (FLC) upregulation by FRIGIDA (FRI)
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and related to flowering time regulation in A. thaliana
(Jiang et al. 2009). Besides these orthologues of flowering
time related genes, several genes which belong to the
protein families containing flowering time related ones
were detected (Supplementary Table S2). One of them is
an orthologue coding alpha/beta-Hydrolases superfamily
protein on chromosome 0 and it is known that one of
the family members negatively regulated salt tolerance
but promotes flowering in rice (Xiang et al. 2022). Other
than this candidate, an orthologue coding NAD(P)-
binding Rossmann-fold superfamily protein which was
located on chromosome 3. According to Xing et al.
(2014), SDR6 gene contains a NAD(P)-binding domain
and sdr6 mutants displayed later flowering time than wild
type in A. thaliana. On the basis of expression levels of
the key genes, it is suggested that SDR6 may be involved
in the autonomous flowering pathway (Xing et al. 2014).

Modeling of flowering time with SNPs that had
lower p-values in the genome-wide association
analysis for flowering time

Based on the result of GWA analysis for flowering
time variation at Aichi, the 10 selected SNPs are listed
in Supplementary Table S3. The most strongly detected
SNP, 37 258 719bp on chromosome 4 showed an R*-
value was 0.391. With the addition of the top 2 SNPs,
the value reached 0.567 (Figure 5A and Supplementary
Table S3). In both cases, all added SNPs were significantly
selected as explanatory variables for flowering time
variation (p<<0.001). According to the results of
permutation tests, with top 5%, R* values were 0.167
and 0.18 with randomly selected SNP and two SNPs
combination with same allele frequencies as the detected
top 2 SNPs, respectively (Supplementary Figure S2).
Figure 5B, C shows the plots for flowering time and
predicted flowering time for the top 1 and 2 genotypes,
respectively. The predicted flowering time was calculated
using the estimated formula shown in Figure 5B, C.
Furthermore, the R*-value reached approximately 0.66,
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Figure 6. Genotype distribution for selected SNPs in correlation test with flowering time variation. Each color of the circles denotes the locations of
accessions with genotypes of single nucleotide polymorphisms (SNPs) selected by correlation with flowering time variation. The genotype distribution
in which the top two SNPs were taken into account is shown in A. Red and blue circles show early- and late-flowering genotypes, respectively.
Green circles show accessions in which one of the two SNPs was fixed in the early flowering stage and the other had the late-flowering genotype.
Yellow circles show accessions in which one of the two SNPs had the hetero genotype and the other had the early flowering genotype. The genotype
distributions of the 1st and 2nd SNPs, Chr4 37258719 and Chr2 8439786, are shown in B and C, respectively. Red and blue circles indicate early- and

late-flowering genotypes, respectively. Green circles indicate heterotypes.

using the top 5 SNPs (Figure 5A), and the values leveled
off at 0.66-0.67, with more than 5 SNPs, in which case
the 1st, 2nd, and 5th SNPs were selected as significant
explanatory variables. Genotype distributions for each
of 1st and 2nd SNPs are shown in Figure 6B, C, and the
accumulation of the top 2 SNPs is shown in Figure 6A,
which indicates that there were geographic tendencies
in each SNP distribution. For both of these SNPs, the
genotypes shared by the late-flowering accessions were
distributed in areas north of the Hokuriku region. In
Shah et al. (2020), wild accessions originating from
Japan were clustered based on genome-wide nucleotide
polymorphism information, and one of the three groups,
subpopulation 3, included accessions north of the Kanto
and Hokuriku regions. Within this subpopulation
3, which contains genetically more closely related
accessions, we examined whether there were differences
in flowering time between the genotypes of the top 2
SNPs to verify the effects of these SNPs and the detected
candidate genes on the phenotype. Comparing flowering
time between genotypes of the 1st and 2nd SNPs in
subpopulation 3 shown in Shah et al. (2020), accessions
with the alternative genotype flowered significantly
later than accessions with the reference genotype at the
2nd SNP (Supplementary Figure S3). In addition, there
were 4 and 1 protein-coding genes around these SNPs,
respectively (Table 1), one of which around the 1st
SNP was the SmD3b-like orthologue, which is a known

flowering time-related gene.

Discussion

Flowering time measurements in this study showed
substantial differences in L. japonicus under a shorter
day length than in a previous study (Shah et al. 2020).
Flowering time variation may be associated with
environmental factors that vary by latitude, such as
temperature and day length, and accessions may be
able to adapt to the different habitats through flowering
time. Previous studies have revealed that flowering time
is generally controlled by external factors such as day
length and temperature (Andrés and Coupland 2012;
Song et al. 2013). In this study, we obtained new data on
flowering time under shorter day length conditions and
compared the correlations observed between flowering
time variations and sampled latitudes, demonstrating
that there were larger differences and stronger
correlations under shorter day lengths. For example,
the differences in flowering time in Aichi and Aarhus
in averages between the earliest and latest flowering
accessions were 146.67 and 45.5 days, respectively.
Considering that L. japonicus is a long-day plant, the
variance difference suggests that the extremely long-day
conditions in Aarhus uniformly promoted flowering
in this species, even in late flowering accessions under
shorter day lengths; therefore, flowering time and latitude
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were not correlated with flowering variation in this
region. In Miyagi, although correlations existed between
the flowering time variations and latitude, the differences
in average flowering time between the earliest and latest
flowering accessions were 52.4 and 31.5 days, in 2017 and
2018, respectively; this is considerably shorter than the
results from Aichi, of 146.67 days. By comparing the data
newly obtained in this study under shorter day length
with data under long day conditions obtained in the
previous study, it was suggested that day length was one
of the most important signals for L. japonicus flowering
time control. Regarding the 2 years of data in Miyagi,
obtained in Shah et al. (2020) , the observed correlations
showed almost the same level, while a vertical difference
of several days in the two regression lines implies that a
gap in the planting season between the two experiments
might affect flowering days. Despite the fact that sowing
and planting were performed 3 and 2 weeks earlier,
respectively, in 2018, and that this experiment started
under longer day length conditions than 2017, shorter
flowering days were observed in 2018. However, if there
are other conceivable reasons than a gap in planting
seasons, temperature can be a factor. There were 1.6
and 4.4°C differences in the average and maximum
temperatures, respectively, in June between these years,
according to data from the Japan Meteorological Agency.
Day length is suggested to be a significant factor for
degrees of flowering time differences among accessions,
based on comparisons of several conditions, and
differences between years in Miyagi imply that day length
and/or temperature possibly affected the flowering days.

The broad-sense heritability for flowering time
variation in this study reached 0.89 for all flowered
individuals in 120 out of 132 accessions, as calculated by
analysis of variance, and this variation was considered
to be largely due to genetic factors. Large geographic
distances between wild populations, the wide variations
in flowering time, and the occurrence of non-flowering
accessions for more than 200 days, indicate that
intraspecific differentiation occurs among Japanese
L. japonicus. There is a possibility of reproductive
isolation because these factors could preclude crossing
opportunities between some ecotypes of this species.
The flowering time variations showed continuous values,
which suggested that it was regulated by several factors.
Genetic control of flowering time in plant species is
complex, and genetic factors that induce flowering time
variation could contain genetic heterogeneities or allelic
heterogeneities. In this study, the results of GWA analyses
for flowering time variation showed several peaks, which
implies that there may be numerous genetic factors and/
or genetic or allelic heterogeneities in the flowering time
pathway for this species.

GWA analyses for flowering time in Aichi detected
candidate genes containing orthologues of known
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flowering time genes. Compared to the GWA analysis
results for flowering time variations in a previous
study (Shah et al. 2020), our analysis detected different
candidate genes. In the previous study, there were
peaks for each flowering time variation, however, these
regions were different from those detected in this study.
In particular, the regions detected in this study showed
stronger associations with flowering time variation at
Aichi than the analyses for the flowering time under
longer day length in previous study. This could relate to
differences in flowering time tendencies or the accessions
used for the analysis. Sixteen protein-coding genes were
detected, two being orthologues of known flowering
time genes (Figure 4A and Table 1), coding SmD3b-
like and AKT2/3 (Held et al. 2011) which have been
shown to have functions associated with flowering time
phenotypes in other species, particularly AKT2/3, an
orthologue in the common bean that has been associated
with flowering time (Raggi et al. 2019) that could be
influential in maintaining flowering time variation. In
addition to these two genes, there were two others that
could be related to flowering time regulation, depending
on their functions. One of the genes, Lj6g3v2274460, is
an orthologue of importin-4 (Table 1); this gene is known
to be involved in targeting photoreceptors (Kevei et al.
2007) and may also regulate flowering time. The other is
Lj4g3v2785730, an orthologue of MED28, which encodes
one of the mediator subunits, and certain mediator
subunit mutants of Arabidopsis thaliana showed late
flowering phenotypes (Buendia-Monreal and Gillmor
2016; Yao et al. 2019). Candidate genes, especially the
above genes and orthologues of known flowering time
genes, could contribute to the regulation of flowering
time in this species and may even promote intraspecific
differentiation and local adaptation via flowering time
alterations. Among other legumes, there are no previous
studies on the interactions between these genes and
flowering time control. In future studies, we plan to
conduct experiments with mutant or transformation
lines to reveal the relationships between these genes and
flowering time control in this species and possibly in
legumes.

Besides flowering time under the shorter day length, in
this study, we conducted GWA analyses using flowering
time ratio as a new attempt. Orthologues of known
flowering time genes were detected by GWA analyses
for the ratio between flowering time in Aichi and Miyagi
in 2017. Compared with the results for flowering time
in Aichi, a few peaks were emphasized and exceeded
the threshold with the ratios of flowering time data.
This implies that these ratio analyses could reflect the
differences in flowering time phenotypes between
conditions and the candidate genes related to these
differences. Common candidates, including SmD3b-like
and AKT2/3, would be more likely candidates because



these genes were detected universally in the analyses
of both single flowering time data and ratios. With
regard to the ratio between flowering time at Aichi and
Miyagi in 2017 and 2018 (Figure 2E, F), we found that
flowering time in the greenhouse at Aichi differed among
the accessions that showed comparable phenotypes
in the field at Miyagi (Figure 2B, C). In addition, this
tendency was particularly prevalent in certain accessions
derived from northern habitats. This result implies that
other factors affect flowering time control in northern
varieties, such as adequate vegetative growth terms for
each accession. With adequate growth, it is likely that L.
japonicus from the northern part of Japan has adapted to
the environment with severe cold in winter and a short
summer, which is suitable for this species to bloom.
In GWA analyses for these ratios, Aichi/Miyagi2017
and Aichi/Miyagi2018, candidate genes would reflect
the relationships with vegetative growth. Under the
assumption that a longer vegetative growth term would
be required for some of the accessions, specific candidate
genes for these ratios, including orthologue of WDR5A
may affect vegetative growth term length and flowering
time control in L. japonicus. In A. thaliana, it has been
reported that the WDR5A gene plays a role in association
with H3K4 methyltransferases as a core component of
COMPASS-like complex and related to control floral
transition and plant development (Jiang et al. 2011). By
using the ratio of flowering time data under different
cultivation conditions, in this study we obtained
candidate genes that may be involved in vegetative
growth, including WDR5A. In a future study, it may be
advantageous to focus on the growth term length to aid
in the understanding the mechanisms of maintaining
flowering time variation in this species.

In A. thaliana, FRIGIDA greatly affected the latitudinal
change in flowering time (Stinchcombe et al. 2004).
However, it is possible that there may be more than
one gene that contributes to flowering time variation
in a single species, and that they work in an additive
manner. In addition, genetic factors for intraspecific
flowering time variation could be species specific. The
assessment of correlations between flowering time
variation and combinations of the top detected SNPs in
GWA analysis showed that adding the Ist to 2nd SNPs
resulted in a large increase in the R*-value (Figure 5A).
The results of the permutation test also show that this
value is unlikely to occur by chance (Supplementary
Figure S2). This result suggests that the variation in the
flowering time of L. japonicus could be explained mainly
by a small number of genetic factors. The top two SNPs,
37 258 719bp on chromosome 4 and 8 439 786bp on
chromosome 2, were selected as significant variables for
flowering time variation. The genotype distributions of
each SNP of the genetic factors were along the latitude
(Figure 6B, C). In addition, in subpopulation 3 presented
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in Shah et al. (2020), the alternative genotype of the
2nd SNP showed a significant delay in flowering time,
and the alternative genotype of the 1st SNP also showed
a tendency of late flowering time (Supplementary
Figure S3), suggesting that the genes detected around
these SNPs may contain genetic factors that contribute
to the flowering time polymorphism in this species.
Furthermore, the genotype of a combination of the two
SNPs showed a gradual distribution along the latitude
(Figure 6A). This implies that the variation in clinal
flowering time in this species might be caused by a
combination of multiple genes. The genes around these
two SNPs included an orthologue of a known flowering
time gene, SmD3b-like (Table 1). However, on the
protein-coding genes located around these two SNPs,
there were no non-synonymous changes in the SNP
dataset used in this study. Since the SNP dataset was used
as a marker to detect associated regions for variables,
it is possible that this SNP set did not contain all of the
mutations conserved among these accessions. Therefore,
the observed gene expressions and our results suggest
that some of these genes could be related to flowering
time variation in this species. Moreover, flowering time
variation may manifest due to the accumulation of
small effects from many genetic factors. To understand
the mechanisms of local adaptation and intraspecific
differentiation in this species, it is therefore necessary in
future studies to identify the genetic factors that induce
these small effects.
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Description of Supplementary Files

Supplementary Table S1. Locality of accessions with collection
site information and flowering days of each individual, imputed
genotypes of top 10 SNPs of each accession. Flowering days
for each individual and average of these at Aichi are shown in
flowering time (Days) and average column, respectively. Imputed
genotype column shows genotypes of each accession in top 10
SNP sites. 0 and 1, 2 mean reference homozygote and reference/
alternative heterozygote, and alternative homozygote, respectively.
Supplementary Table S2. The result of gene annotation for the
candidate genes on the basis of the GWA analysis for ratio of
flowering time. Top hit annotation results are shown for each
detected gene.

Supplementary Table S3. The coefficient of determination values for
the most strongly detected 10 SNPs in GWA analysis for flowering
time. The coefficient of determination values (R?) were calculated
with flowering days at Aichi by adding the most strongly detected
10 SNPs in order.

Supplementary Figure S1. Histograms of permutation of GWAS
analyses for flowering time and the ratio of flowering time at
Okazaki Aichi and OsakiMiyagi.

Supplementary Figure S2. Histograms of permutation of model
estimation.

Supplementary Figure S3. Boxplot of flowering time for each
genotype of the top 2 SNPs in subpopulation 3 shown in Shah et
al. (2020).
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