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Genetic Factors Associated with Heading Responses

Revealed by Field Evaluation of 274 Barley
Accessions for 20 Seasons

Kazuhiro Sato,’-¢* Makoto Ishii,’ Kotaro Takahagi,”* Komaki Inoue,” Minami Shimizu,”
Yukiko Uehara-Yamaguchi,? Ryuei Nishii,* and Keiichi Mochida'-#3>

SUMMARY

Heading time is a key trait in cereals affecting the maturation period for optimal
grain filling before harvest. Here, we aimed to understand the factors controlling
heading time in barley (Hordeum vulgare). We characterized a set of 274 barley
accessions collected worldwide by planting them for 20 seasons under different
environmental conditions at the same location in Kurashiki, Japan. We examined
interactions among accessions, known genetic factors, and an environmental fac-
tor to determine the factors controlling heading response. Locally adapted acces-
sions have been selected for genetic factors that stabilize heading responses
appropriate for barley cultivation, and these accessions show stable heading re-
sponses even under varying environmental conditions. We identified vernaliza-
tion requirement and PPD-H1 haplotype as major stabilizing mechanisms of the
heading response for regional adaptation in Kurashiki.

INTRODUCTION

Heading time is the trait when spike emerges from the flag leaf sheath and one of the most important agro-
nomic traits in cereal cultivation. Heading time in barley (Hordeum vulgare) is closely related to flowering
time and is important in adjusting the maturation period for the most appropriate conditions for grain
filling before harvest. Extremely early heading is essential in high-latitude areas such as northern Scandi-
navia and Alaska, which have short seasons and marginal environments for spring barley cultivation (Faure
et al., 2012). Northern European cultivars tend to have longer maturation periods to achieve high yield un-
der longer photoperiod and cooler summer seasons (Jones et al., 2011). East Asian autumn-sown barley
cultivars have long growth periods but early heading to avoid the rainy season, which may start at the
end of maturity (Ilbrahim et al., 2018). Thus, heading time in local barley cultivars reflects adaptation for
maturing under the most appropriate conditions for achieving high yield and quality in each area.

Key genetic factors control the heading response in barley. In addition, a low-temperature requirement for
flowering, i.e., vernalization, prevents excessive growth and allows escape from cold damage in winter
barley (Saisho et al., 2011). A set of VERNALIZATION (VRN) genes have been identified in barley together
with orthologous genes in wheat (Triticum aestivum) (Saisho et al., 2011). VRN-HT encodes a MADS box
transcription factor that promotes flowering by regulating the expression of other genes and promotes
the transition from vegetative to reproductive growth (Deng et al., 2015). VRN-H2 represses flowering in
plants that have not been vernalized (Deng et al., 2015). A VRN-H1/VRN-H2 epistatic model has been pro-
posed to explain the gradation in vernalization requirements among genotypes (Comadran et al., 2012).

Photoperiod (day length) gradually changes from autumn to spring, controlling the timing of flowering in
winter-grown barley. PPD-H1 is the major determinant of the barley photoperiod response and represents
a pseudo-response regulator, a class of genes involved in circadian clock function (Turner et al., 2005).
EARLY FLOWERING3 (ELF3) is another circadian clock gene that contributes to photoperiod-dependent
flowering in plants, with loss-of-function mutants in barley flowering early under noninductive short-day
photoperiods (Boden et al., 2014). HvLUX1, an ortholog of the Arabidopsis thaliana circadian gene LUX AR-
RHYTHMO, controls photoperiod responses in barley (Campoli et al., 2013). CO1 is a barley homolog of
CONSTANS (CO), which functions in the photoperiodic regulation of flowering in Arabidopsis (Mulki
and von Korff, 2016). CEN4 is a barley homolog of CENTRORADIALIS (CEN) in Antirrhinum majus and
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regulates inflorescence architecture (Comadran et al., 2012). HvPHYC, a barley homolog of PHYTO-
CHROME C locus, is also responsible for earliness and is a key factor in controlling long-day flowering in
barley (Nishida et al., 2013). A model based on interaction between the vernalization and photoperiod
pathways has been proposed for the control of flowering (heading) in barley (Drosse et al., 2013).

Genetic factors responsible for heading may change their quantitative effects depending on plant growth
conditions. Spring barley cultivars do not require vernalization, so VRN genes may not primarily control
heading time in plants growing from spring to summer (Cuesta-Marcos et al., 2015). Day length does
not change much in areas at low latitudes; therefore a series of genes controlling photoperiod may not
contribute much in these areas (Whittal et al., 2018). Although genetic factors may control barley heading,
different environmental conditions exist in crop fields (Cho et al., 2017). Sowing time, nutrition, and mois-
ture can be partly controlled by cultivation practices, but temperature and precipitation after sowing are
mostly out of human control (Ibrahim et al., 2018). These environmental conditions may alter the heading
time of barley (Cho et al., 2017). Nevertheless, it is known that cultivars well adapted to an area show stable
heading dates even under extreme differences in environmental conditions; however, unadapted cultivars
may show large deviations from average heading behaviors.

Several methods have been employed to detect genotype-by-environment interactions in field crop per-
formance. Estimation of yield stability across regions and seasons is essential for cultivar release because
poor regional yields may restrict the recommended cultivation area, and annual performance data are
necessary to demonstrate the stability of economic yield from a cultivar. The classical regression analysis
method of Finlay and Wilkinson (1963) is still applicable for detecting deviation from average trait perfor-
mance, as Gage et al. (2017) recently demonstrated through the Genomes to Fields (G2F) Maize Genoty-
pe X Environment (G X E) project to assess the effect of selection on G X E variation and characterize ge-
netic polymorphisms associated with plasticity.

Here, we analyzed datasets of heading response in barley germplasm collected worldwide and grown
across 20 seasons at the same location in Kurashiki, Japan. We observed that some cultivars had stable
annual heading dates, whereas others showed responses that varied greatly under differing environmental
conditions. Our aim was to understand the major genetic and environmental factors controlling heading
responses in barley, based on the diverse worldwide barley collection, and to identify accessions showing
stable annual heading responses. We also sought to understand the causes of unstable/unadapted head-
ing responses in barley under the growth conditions of Kurashiki to provide information for controlling the
heading responses.

RESULTS

Genetic Diversity of Barley Accession Was Mainly Clustered by Geographic Origin

We estimated genome-wide diversity of 274 barley accessions using the skeletal set of 384 SNP markers
derived from BOPA1 (1,536 SNPs) (Close et al., 2009). Of these 384 SNPs, 232 produced marker genotypes
without missing data. The accessions had diverse geographic origins (10 areas), with the most (68) acces-
sions from Europe (Figure 1A). Bayesian clustering obtained from STRUCTURE analysis (Pritchard et al.,
2000) indicated the number of clusters as K = 7 for the 274 accessions (Figure 1B). Clusters 1 to 3 mostly
included East Asian accessions from China, the Korean Peninsula, Nepal, and Japan. Cluster 4 was
composed of Southwest Asian and North African accessions. Cluster 5 was a mixture, with the majority
of accessions from Europe. Cluster 6 was mainly composed of accessions from Europe. Cluster 7 was
composed mostly of Ethiopian accessions. A phylogenetic tree based on marker dissimilarity showed
that genetic distance and clustering partly agreed with that obtained by Bayesian clustering, indicating
that the materials used in the analysis have specific haplotypes linked to geographic origins (Figure 1C).

GeneticxEnvironment Interactions Control Heading Responses

We built linear regression models of DHS in 257 accessions observed for 20 seasons (n = 5,140) on genetic
factors, an environmental factor (season), and their interactions (Table 1). All sets of factors showed highly
significant F-values at the 0.1% level. Among the main (single) factors, accession showed the largest R?
(0.66). The best model with adjusted R?(0.89) with high F-value was obtained using accession + season (Ta-
ble 1), indicating that the interaction accession + season plays an important role in estimating DHS.
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Figure 1. Geographic Diversity and Genetic Structure of the 274 Barley Accessions
(A) Geographic distribution of the 274 barley accessions.

(B) Population structure of the 274 barley accessions based on 232 SNP markers genotyped by the BOPA SNP Chip. The
graph shows the result of Bayesian clustering obtained from a STRUCTURE analysis using K = 7. Colors for each bar

5,

indicate the probability of corresponding to a specific cluster. Accessions with the probability of belonging to a specific
cluster >50% are assigned to that cluster. Accessions with probabilities of belonging to any cluster <50% are assigned to
the Mixed group. Color codes for each geographic origin used in (A) are provided at the bottom of the graph.

(C) Phylogenetic tree of the 274 barley accessions based on 232 SNPs. The 274 accessions are colored according to their
origin (inner circle) and genetic clusters (outer circle) defined in (A) and (B), respectively. Scale bar: distance of 0.1.

Variation in Heading Response Was Different among Geographical Areas of Origin

Each accession showed variation in DHS across 20 seasons (Figure 2A). The mean DHS across 20 seasons for
each accession ranged from 137 to 175, with standard deviations ranging from 3.1 to 8.0 (Table S1). Vari-
ation in DHS was different among the geographical areas of origin (Figure 2B). Accessions from Japan and
Europe showed wide variation with a small number of accessions exhibiting extremely short or long DHS.
North American and Turkish accessions displayed longer DHS with smaller, less-extreme distributions.

To characterize the DHS response in each accession, we analyzed linear regression of DHS across 20 sea-
sons for each accession on the mean DHS of 257 accessions using the method of Finlay and Wilkinson (1963)
(Table S2 and Figure S1). The regression coefficients ranged from 0.28 (SV135) to 1.53 (SV068) (Table S2).
Coefficients of multiple determination (R?) were generally high; however, these were lower for some acces-
sions, especially those with low regression coefficients (SV135, SV167, SV136, and SV129). By contrast, ac-
cessions with high linear regression coefficients showed high R?, indicating that DHS of these accessions
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Factor d.f. (Regression) d.f. (Error) Adjusted R? F-value

Genetic Factors

Accession 256 4,883 0.66 39.4°
Origin (country of origin) 36 5,103 0.32 68.6°
Population cluster 7 5,132 0.11 91.2°
Growth habit (spring/ 1 5,138 0.01 48.5°

winter growth habit)

Kernel row (two/six row) 1 5,138 <0.01 9.1°
Environmental Factor

Season (growing season) 19 5,120 0.22 76.0°

Genetic Factor + Environmental Factor

Accession + season 275 4,864 0.89 148.4°
Origin + season 55 5,084 0.54 111.2°
Population cluster + 26 5113 0.33 97.2°
season

Growth habit + season 20 5119 0.23 76.2%
Kernel row + season 20 5,119 0.22 73.0°

Table 1. Linear Regression Analysis of Days to Heading from Sowing on Genetic and Environmental Factors
See also Figures S1-54.
*Significant at the 0.1% level.

respond well to environmental conditions. Correlation coefficients between Finlay-Wilkinson linear regres-
sion coefficients and other parameters (Table S1) were significantly high or low for standard deviation (r =
0.735), range (r = 0.524), vernalization requirement (r = —0.429), and longitude (r = —0.390). These results
suggest that the accessions with high Finlay-Wilkinson linear regression coefficients might have greater
variation and wider range of DHS. They also tended to have lower vernalization requirements (spring
growth habit) and were originated from lower-longitude areas. Many of the Japanese accessions were
included among those showing low linear regression coefficients (Figure S2), whereas a number of Ethio-
pian accessions were included among those showing high linear regression coefficients (Figure S2).

Deviated Heading across Accessions Made Disagreement from the Average Season

The mean DHS across all accessions in each season varied from 150.5 to 166.0 days with standard devia-
tions from 6.0 to 9.7 (Table S3). The phenotypic plasticity of DHS in each season is presented as pairwise
Pearson correlation coefficients (1) and mean square error (MSE) in Figure 3A. The value of r was high in
the 1997-1998 season, but most accessions showed delayed heading, except for a few accessions with
DHS close to the mean DHS (Figure 3B). The lowest MSE was observed in the 2002-2003 season when ac-
cessions headed earlier than mean (Figure 3C). The linear regression of DHS in 257 accessions in each sea-
son on the mean DHS across 20 seasons was analyzed by the method of Finlay and Wilkinson (1963) (Table
S4 and Figures S3 and S4). The linear regression coefficient ranged from 0.81 to 1.32 with R? from 0.89 to
0.96 (Table S4), indicating a high goodness of fit of DHS in each season with the seasonal mean, but with
differences among seasons (Figure S4). Correlation analysis between DHS-related parameters in Table S3
and Finlay-Wilkinson linear regression coefficients in Table S4 indicated significantly high correlation coef-
ficients for standard deviation (0.988) and range (0.805). These results indicated that the similarity of the
annual DHS to that in an average season was influenced by the variation of the DHS of accessions in
each season.

Heading-Related Genes Control Heading Response

To estimate the effects of known flowering-related genes on the heading response in barley, we genotyped
84 SNP alleles derived from eight genes or markers by amplicon sequencing-based genotyping (Table S5).
Of these, 51 alleles were identified through variable selection in a linear regression analysis using DHS data
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Figure 2. Geographic Origins Show Patterns in Heading Date across 274 Barley Accessions

(A) Boxplots show days from sowing to heading for each accession colored by its geographic origin based on the 20-
season field test at IPSR, Okayama University.

(B) Violin plot of variation for 20-season data in each region.

See also Figures S1 and S2, Tables S1 and S2.

for 234 accessions (Figure 4A). We estimated the contribution of each SNP to the heading response using
linear regression analysis (Figure 4B), with the p value of regression coefficient plotted by —log 10 (p value).
The haplotypes in Figure 4A are ordered based on the clusters (from 1 to 7) developed by the genome-wide
384-SNP genotyping platform shown in Figure 1B. Some SNPs (PHYC-#2, VRN 1-#2, and CO1-#2) showed
more than 10 -logo(P) for their contribution to heading. However, alleles of these SNPs were not concen-
trated in specific accessions, as shown in Figure 4A.

We also estimated the contribution of the 51 SNP alleles derived from the eight flowering-related genes on
the power of prediction of DHS (Figure 5). We used the 234 accessions having datasets without missing
values for DHS across 20 seasons for linear regression analysis. Predicted values based on the regression
(y = 0.8935x+16.714) were plotted against the observed values, showing a high goodness of fit with R? =
0.8935 (Figure 5A). We conducted a similar prediction using the 51 SNPs derived from eight flowering-
related genes with the linear regression (y = 0.6117x + 61.031) (Figure 5B). A moderate R? value (0.6117)
was obtained from the plots of predicted and observed values, but this was much lower than that obtained
using the observed DHS across 20 seasons (Figure 5A).

We also used the contributions of the 51 SNP alleles as independent variables in multiple regression anal-
ysis to estimate DHS as a dependent variable (Table Sé). The multiple regression coefficient R? was 0.531.
Of the 51, two SNPs from PPD-H1 (29126802 and 29126824) showed significant standardized partial regres-
sion coefficients. The recalculated coefficient of multiple determination only with these two SNPs showed
R? = 0.207 with F-value = 32.39 (p = 0.00), indicating that these SNPs significantly contributed to the acces-
sion responses to seasonal conditions.

DISCUSSION

Several models of flowering have been proposed in Arabidopsis and cereals using mutants (Béurle and
Dean, 2006; Yoshida and Nagato, 2011; Drosse et al., 2013). These models include detailed relationships
among genetic components to control flowering. However, the quantitative contribution of each
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Figure 3. Seasonal Plasticity of Heading Date Correlates with the Deviation of 274 Barley Accessions

(A) Heatmap showing pairwise Pearson correlation coefficients (r) and mean square errors (MSE) of days from sowing to heading in the 274 barley accessions

between seasons.

(B and C) Scatterplots showing distribution of days from sowing to heading in the 274 barley accessions in the (B) 1997-1998 and (C) 2002-2003 growing

seasons (green dots) compared with mean days from sowing to heading in the 20-season field test (black dots).
See also Figures S3 and S4, Tables S3 and S4.

component is not clear. Actual flowering time is influenced by environmental conditions (Cho et al., 2017,
Matsubara, 2018; Li et al., 2018), which are difficult to control by cultivation practices. Our analysis demon-
strated that repeated evaluation across multiple seasons is an efficient, albeit time-consuming, method for
estimating the contribution of genetic factors and their interactions with the environment. As shown in Ta-
ble 1, heading response was mainly affected by genetic factors, whereas environmental factors mostly
contributed through interaction with genetic factors. These factors are examined in the following sections.

Genetic Factors Affect Heading Behavior in Barley

In this study, we used data for DHS observed at one location in Kurashiki, Japan. This location has the
advantage of good growth conditions for all winter and spring habit barley accessions with early to late
growth. For this reason, we grew most of the barley materials collected worldwide in an ex situ gene
bank of barley at the Kurashiki campus of Okayama University. As shown in Figure 1A, we chose a set of
274 accessions from the barley collection at Okayama University having diverse origins and differentiated
haplotypes, which might represent the diversity of the heading responses in barley.

Of the 274 accessions used in our study, 103 accessions had winter habits. The spring/winter growth
habit showed a significant contribution in the regression analysis in Table 1. The significant correlation
coefficient (r = 0.429) between the vernalization requirement in Table S1 and the linear regression coef-
ficients in Table S2 also indicated that accessions with higher vernalization requirement tend to have sta-
ble DHS and that spring/winter growth habit might be one of the factors stabilizing the heading
response. The ancestral wild form of cultivated barley (Hordeum vulgare subsp. spontaneum) has a
winter habit, flowering in spring and maturing in early summer (von Bothmer et al., 2003). Pourkheirand-
ish et al. (2015) estimate that two domestication events occurred in this wild barley at North and South
Levant, with the resulting cultivated barleys distributed to Asia and Europe, respectively. Spring barley
has mutated from these domesticated winter barleys at the gene VRN, VRN2, or VRN3. Substitution
of a spring allele at any of the VRN loci is sufficient to eliminate the vernalization requirement
(Cuesta-Marcos et al., 2015). These spring barleys might be adapted to cultivation in high-latitude areas
where winters are too cold for winter barley to grow. The multiple mutation haplotypes VRN1/VRN3 and
VRN1/VRN2/VRN3 have also developed during the adaptation processes (von Bothmer et al., 2003).
Many of the accessions with the lowest linear regression coefficient to the season mean (Table S2)
show winter habit, e.g., SV135 (0.28) collected from western Japan. These results suggest that
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Figure 4. SNPs in Eight Flowering-Related Genes of Barley Affect Heading Date Prediction

(A) Nucleotide diversity in 51 SNPs in eight flowering-related genes among the 274 barley accessions based on sequence
comparison with the cv. Morex reference genome (Mascher et al., 2017).

(B) Scatterplot representing the significance of each SNP affecting heading date prediction. SNF2P was used for
estimating the genotype of VRN2 (Cuesta-Marcos et al., 2010). y axis shows the value of —log10-scaled p value for testing
H_0: no association between tested SNP and trait. x axis shows physical order of the SNP within genes that are separated
by different colors. See also Tables 54 and S5.

vernalization requirement is a possible factor stabilizing heading response in temperate winter barley-
growing areas, e.g., Kurashiki located in western Japan.

Many of the genes related to flowering control photoperiod responses (Brambilla et al., 2017). We
observed significant correlation coefficients between standard deviation (r = 0.735), range (r =
0.524), longitude (r = —0.390), and the Finlay-Wilkinson linear regression coefficient of DHS for
each accession on means of 20 seasons (Table S2). The 20 accessions with the highest linear regres-
sion coefficients included nine Ethiopian accessions (of the 37 Ethiopian accessions). As Ethiopia is
located close to the equator (also lower longitude), seasonal changes in day length are small and
plants may therefore not need strong photoperiodic responses. Milner et al. (2019) genotyped
22,000 world barley accessions preserved in the German gene bank and reported that Ethiopian ac-
cessions were located at a different vertex of a triangle from other European and East Asian vertices.
We also identified that the haplotype of Ethiopian accessions was different from those of North Af-
rican or South East Asian accessions (Figure 1C) and might have developed through a specific evolu-
tionary process. Many of the flowering-related genes used for SNP genotyping (Figure 4) have orthol-
ogous genes in other plant species (Higgins et al., 2010). As barley shows the widest worldwide
distribution among cereal crops, some of the distribution and adaptation processes of barley might
be independent from those of other crops. Particularly, the ancestral haplotypes of domesticated
barley might be quite different from those of rice or maize, with the place of domestication and culti-
vation conditions during the distribution process causing specific selection pressures (Pankin et al.,
2018). Barley distribution to Ethiopia was a man-made event because no direct domestication
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Figure 5. Flowering-Related Genes Predict Part of the Phenotypes for Heading Date in the Barley Accessions
(A and B) Scatterplots show the results of linear regression analysis of observed and predicted days to heading from
sowing for 234 accessions without missing values across 20 seasons based on the model of (A) accession and growth
season (R? = 0.8935; y = 0.8935x + 16.714) and (B) 51 SNPs from eight flowering-related genes and growth season (R® =
0.6117; y = 0.6117x + 61.031). See also Tables S2-Sé.

occurred in the area and accessions from other parts of the world show no haplotype similarity due to
a long period of isolation from Ethiopian landraces (Orabi et al., 2007).

GeneticXEnvironment Interactions Influence Heading Behavior in Barley

DHS in most seasons showed high correlation (r) with mean DHS values across 20 seasons (Figure 3 and Table
S4). However, linear regression coefficients for DHS in each season against the mean DHS from 20 seasons varied
from 0.81 (2005-2006) to 1.32 (2009-2010) (Table S4). Detailed observation of plots in 2005-2006 showed that
early-heading accessions headed earlier than mean but late-heading accessions headed at the expected
time (Figures S3 and S4). In 2009-2010, early-heading accessions headed at the expected time but late-heading
accessions headed later than mean. If we apply the range of mean DHS across 20 seasons (137-175 days), the
linear regressions of y = 0.81x+31.68 (2005-2006) and y = 1.32x-45.79 (2009-2010) in Table S4 result in ranges of
143-173 and 135-185 days, respectively, indicating that the range of 2005-2006 is 20 days shorter than that in
2009-2010. These two extreme seasons indicate that environmental conditions may influence the heading dates
in accessions; however, a group of accessions with close heading dates respond similarly. These results and the
significant main effect of the environmental factor (season) shown in Table 1 indicate that the environmental fac-
tor influenced unadapted accessions, causing deviations from mean season; however, DHS in adapted acces-
sions did not change much from that in the mean season. Overall, the deviated seasonal responses of DHS
were mainly caused by the accessions from alien origins.

Key Genetic Factors Showing Specific Contribution to Heading Behavior in Temperate
Winter Barley-Growing Areas

We used 51 SNPs from eight flowering-related genes to estimate their contributions to DHS stability in
western Japan, although these were not the only candidates for controlling heading, as is apparent from
the comparison of Figure 5A (Accessions + Growing seasons) with Figure 5B (51SNPs + Growing seasons).
Multiple regression analysis (Table Sé) revealed that two of the SNPs from PPD-H1 made a significant
contribution to DHS stability. These results indicate that PPD-H1 is a major factor contributing to DHS sta-
bility in Kurashiki, located in western Japan. Combining all the above information, the stability of heading in
Kurashiki is mainly achieved by the combination of vernalization requirement and PPD-H1 haplotypes. We
assume that barley haplotypes without these two genetic components may show deviations from the mean
DHS of all barley accessions in the temperate winter barley cultivation areas like Kurashiki. Thus, higher
levels of vernalization requirement (winter type) and 29126802 (C/T) and 29126824 (G/C) SNP genotypes
of PPD-H1 gene may give lower Finlay-Wilkinson linear regression and give higher stability of heading
response in Kurashiki. The information obtained in this study may contribute to select the haplotypes
adapted for the growing area and provide useful information for the candidate genetic factors to control
heading responses in barley breeding programs.
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Limitations of the Study

The present study has been conducted in one location in Japan, and the application of the results may be
restricted to the temperate winter barley-growing regions. We identified two key genetic factors stabilize
the barley heading reaction. However, there may be other genetic factors that are not included in the pre-
sent study. The situation may be different especially in other growing conditions, e.g., long day length
spring-sown barley areas like Scandinavian countries.
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Figure S1. Linear regression fit between means of DHS for the 257
accessions on means of DHS for each of the 20 seasons, Related to
Table 1 and Figure 2.
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Figure S2. Linear regression fit between means of DHS for the accessions
on means of DHS for each of the 20 seasons faceted in geographic origins
of the accessions, related to Table 1 and Figure 2.
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Figure S3. Linear regression fit between means of DHS for each season on
the accession means of DHS across the 20 seasons, Related to Table 1

and Figure 3.
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Figure S4. Linear regression fit between means of DHS for each season on

the accession means of DHS across the 20 seasons faceted in each
season, Related to Table 1 and Figure 3.



Table S3: Basic statistics on the years for the mesurements of days to heading,
Related to Figures 3 and 5.

Season Average SD CV n Earliest Latest Range

1996-1997 150.8 6.5 0.04 273 132 168 36
1997-1998 150.5 6.9 0.05 271 129 171 42
1998-1999 154.4 6.8 0.04 274 133 173 40
1999-2000 158.5 6.5 0.04 272 142 176 34
2000-2001 157.7 7.0 0.04 274 143 177 34
2001-2002 154.9 7.7 0.05 274 132 175 43
2002-2003 166.0 7.0 0.04 266 148 187 39
2003-2004 154.4 7.7 0.05 273 128 174 46
2004-2005 158.4 7.3 0.05 273 137 183 46
2005-2006 159.8 6.0 0.04 274 137 177 40
2006-2007 151.8 8.5 0.06 274 123 171 48
2007-2008 157.5 6.6 0.04 274 139 177 38
2008-2009 153.4 7.6 0.05 274 126 174 48
2009-2010 162.3 9.7 0.06 274 136 189 53
2010-2011 158.8 6.4 0.04 274 140 175 35
2011-2012 162.4 7.4 0.05 274 137 180 43
2012-2013 158.6 7.7 0.05 274 135 177 42
2013-2014 161.0 8.0 0.05 274 137 177 40
2014-2015 157.4 7.8 0.05 274 132 175 43
2015-2016 156.5 9.7 0.06 271 131 178 47




Table S4: Linear regression of days to heading in 257
accessions each season against the mean days to heading
across 20 seasons, Related to Figures 3 and 5.

Season Intercept  Coefficient correla'lt\i/lc?r:tlcp;gfficient
1996-1997 11.11 0.89 0.95
1997-1998 2.71 0.94 0.95
1998-1999 5.14 0.95 0.95
1999-2000 22.53 0.86 0.93
2000-2001 8.58 0.95 0.95
2001-2002 -3.74 1.01 0.91
2002-2003 22.42 0.91 0.92
2003-2004 -5.41 1.02 0.93
2004-2005 0.98 1.00 0.96
2005-2006 31.68 0.81 0.94
2006-2007 -30.35 1.16 0.95
2007-2008 16.94 0.89 0.95
2008-2009 -6.60 1.02 0.95
2009-2010 -45.79 1.32 0.95
2010-2011 20.92 0.88 0.95
2011-2012 8.61 0.98 0.92
2012-2013 -6.42 1.05 0.95
2013-2014 -5.43 1.06 0.92
2014-2015 -9.53 1.06 0.95

2015-2016 -38.36 1.24 0.89




Table S5: PCR primers used for amplicon sequencing-based genotyping, Related to Figures 4 and 5.

Genes

Forward primer F (Oligo DNA seqeucne 5'->3")

Reverse primer (Oligo DNA seqeunce 5'—3’)

Reference

VRN-H1

PPD-H1
ELF3
LUX1
CEN
PhyC
PhyC
Cco1
Cco1
CEN

BM5A

BMB5A (Strider)
BM5A (Maskin)
BM5A (Albacete)
BM5A (Morex)
BM5A (OWB-D)
BM5A (Triumph)
HVPRR7
HVELF3

HvLUX

HvCEN
HvPHYC
HvPHYC
HvCO1

HvCO1

HvCEN

BMS5.09F (TGGCGAGAAAAAATGATTTGGGGA)
BMS5.42F (GAAAGCTCTACGAGTTCTCCAC)
BMS5.09F (TGGCGAGAAAAAATGATTTGGGGA)
BMS5.42F (GAAAGCTCTACGAGTTCTCCAC)
BMS5.42F (GAAAGCTCTACGAGTTCTCCAC)
BMS5.42F (GAAAGCTCTACGAGTTCTCCAC)
BMS5.42F (GAAAGCTCTACGAGTTCTCCAC)
HVPRR7.05F (GATGGATTCAAAGGCAAGGAG)
ELF3.01F (TGTCAGAGAAAGGCCTAAGAGA)
LUXL.F (GCTCGATTGGTGTTGCTAGG)

CEN.F (TCCTCTCATCTCCAGCCATC)
Exlseq_1f (CCCGTCCTTCTCCACAAAAG)
Exlseq_2f (ACTACCCGGCAACTGACATC)
HVCO1_F1 (TCCAACGGCACCGTTTATGA)
HVCO1_F4 (TTGGTGCAAGTGAAAGTGTGAA)
CEN_F1 (TTTGGAAGGGAGGTGGTGAG)

BM5.94R (CGTCCTAACCCTTCCACTTG)
BM5.95R (CTAGACCGACAACACATGCAAG)
BMS5.67R (CTACGCCGAGCACAGAAAGC)
BM5.59R (CAGAGATGTGGTTTTCACGTTAG)
BMS5.59R (CAGAGATGTGGTTTTCACGTTAG)
BM5.86R (TCCCCCATTCTCGTCAAAAAGC)
BMS5.43R (TTCTGCATAAGAGTAGCGCTCAT)
HVPRR7.08R (CGAGCTCCCAATGATCCATG)
ELF3.02R (GCTCAAACACTTGGACAGCA)
LUX1.R (GAGCAGAGAGCAGAGCATCC)
CEN.R (TGCACGTACACTGGTTCACA)
Exlseq_lr (GAGCCACAGAGGCTGATAGG)
Exlseq_2r (ACAGAATCACCCTCCACGAG)
HvCO1_R2 (CGACGTTTCACACTTTCACTTGC)
HVCO1_R3 (TGTCAGATAGGGCCGCAGTT)
CEN_R1 (GAAGTAGACGGCAGCGACAG)

Arifuzzaman et al. 2016

Pankin et al. 2014

Stracke et al. 2008

Comadran et al. 2012




Table S6: Multiple regression analysis of Finlay-Wilkinson linear

regression coefficients in Table S3 on 51 SNPs from flowering related
genes. A total of 234 accessions without missing data were used, Related
to Figures 4 and 5.

Standardized

Flowering SNP (independent
related gene valuable) . F P
regression
ELF3 556902172 0.1859  0.0990 0.7533
ELF3 556902247 -0.0500 0.0825  0.7742
ELF3 556902476 -0.1078  0.6005  0.4394
ELF3 556902526 0.0109  0.0031  0.9560
ELF3 556902533 -0.0196  0.0058  0.9394
ELF3 556902615 0.2580 0.2501  0.6176
ELF3 556902667 0.7670  2.8000  0.0960
ELF3 556902676 -0.5451 3.5050 0.0628
ELF3 556902751 -0.0236  0.0554  0.8142
PPD-H1 29126139 -0.3034  3.8308  0.0518
PPD-H1 29126143 0.4809 1.6798  0.1966
PPD-H1 29126332 0.4810 0.6327  0.4274
PPD-H1 29126335 -0.2708 1.6508  0.2005
PPD-H1 29126530 0.2743  2.2701  0.1336
PPD-H1 29126622 0.3175 0.7773  0.3791
PPD-H1 29126627 -0.1067 0.1989  0.6561
PPD-H1 29126640 0.0574 0.1716 0.6791
PPD-H1 29126657 -0.5611 1.1107 0.2933
PPD-H1 29126792 -0.0190 0.0301  0.8624
PPD-H1 29126802 -0.2414  7.0434  0.0087 **
PPD-H1 29126820 -0.0081 0.0157  0.9004
PPD-H1 29126824 0.7001 3.9791  0.0476 *
PPD-H1 29126843 0.0774 0.1852  0.6675
PPD-H1 29127002 -0.3712 1.6175 0.2051
PPD-H1 29127021 0.4579 1.2188 0.2710
PPD-H1 29127102 0.0411 0.0261  0.8719
PPD-H1 29127381 -0.0513  0.0492  0.8247
PPD-H1 29127414 -0.4671 2.1859 0.1410
CEN4 523378047 0.0173  0.0268  0.8700
CEN4 523378213 -0.0667 0.0623  0.8032
CEN4 523378374 0.1002 0.1285  0.7204
CEN4 523378515 -0.1085  0.2310 0.6313
CEN4 523378669 0.0399 0.0161  0.8992
LUX1 692191611 -0.2457 3.5047  0.0628
LUX1 692191942 0.0509 0.3521  0.5537
VRN2(SNF2P) 640595614 -0.0389  0.0629  0.8022
VRN2(SNF2P) 640595615 0.0468  0.2290 0.6329
VRN2(SNF2P) 640595653 0.2651 0.3068  0.5803
VRN2(SNF2P) 640595662 -0.1569  0.1572  0.6922
VRN2(SNF2P) 640595698 -0.3095  0.4470  0.5046
VRN2(SNF2P) 640595703 -0.0354  0.0043  0.9479
PHYC 598559120 0.0800 1.2057 0.2736
PHYC 598560653 -0.0404  0.4266  0.5145
PHYC 598560884 0.0685  0.7988  0.3726
VRNH1 599132630 -0.0263  0.1594  0.6902
VRNH1 599132721 -0.0056  0.0061  0.9376
CO1 127677476 0.0286  0.1380  0.7107
CO1 127677509 0.0301 0.2296  0.6324
CO1 127677980 -0.0403  0.3640  0.5470
CO1 127678241 0.0307 0.2760  0.5999
CO1 127678393 0.0552 0.4705  0.4936
Constant 0.0335 0.8549

** *: Significant at the 1% and 5% levels, respectively.



TRANSPARENT METHODS

Plant materials and growth conditions

A total of 274 accessions (Table S1) were selected from the barley worldwide collection preserved at
Okayama University (Barley DB: http://earth.nig.ac.jp/~dclust/cgi-bin/index.cgi) to include geographical
diversity of collected regions. A set of 274 accessions was sown in fall of 1996-2015; days to heading
from sowing (DHS) was scored in the spring of the following years (1997—2016) at the experimental field
in Kurashiki, Japan (34°35'N and 133°46'E). Ten plants of each accession were grown in a single row.
Rows were 90 cm apart. Within-row spacing was 4 cm. DHS was scored when more than half of the

plants in a plot headed.

DNA extraction and marker genotyping

To genotype the 274 accessions, genomic DNA was extracted using a GENE PREP STAR PI-480
(KURABO, Osaka, Japan) according to the manufacturer’'s protocol (PLANT version 1). After quality
check, DNA samples were genotyped via an lllumina GoldenGate® assay using a 384 single nucleotide
polymorphism (SNP) platform developed from BOPAL (barley oligonucleotide pooled assay 1) based
on the genetic map position of Close et al. (2009) to avoid duplicate markers (harvest.ucr.edu). All SNP

genotyping data were analyzed using GenomesStudio software (lllumina, USA).

Population structure analysis

The population structure of accessions was estimated from the SNP genotyping data using
STRUCTURE version 2.3.4 (Prichard et al., 2000) with an Admixture Model and Markov chain Monte
Carlo chain length of 40,000 following a burn-in period of 20,000. Heterozygous alleles identified in the
lllumina GoldenGate® assay were eliminated from the analysis. Markers with less than 5% minor allele
frequency and genotyping less than 90% of accessions were also eliminated from the analysis. The
appropriate number of ancestral population groups (Q) was estimated by calculating AK (Evanno et al.,
2005). A phylogenetic tree of 274 accessions was reconstructed by the neighbor-joining method in
MEGAY with 1,000 bootstrap replications (Kumar et al., 2016) and visualized on the iTOL web service
(https://itol.embl.de/ Letunic and Bork, 2019).

Genotype analysis of genes related to heading

Genomic regions harboring or flanking the eight flowering-related genes or markers ELF3, PPD-H1,
CEN4, LUX1, SNF2P (a marker linked to VRNZ2; Cuesta-Marcos et al., 2010), PHYC, VRN1, and CO1
were genotyped in the 274 accessions by PCR amplicon sequencing. Primer sequences are listed in
Table S5. Multiplexed PCR and preparation of amplicon libraries were performed as described
previously (Onda et al., 2018). Briefly, a Multiplex PCR assay kit (version 2; TaKaRa, Kusatsu, Japan)
was used with 20 ng of genomic DNA (5 ng/uL) as template and 100 uM of each of the primers. Thermo-
cycling conditions comprised preheating at 94°C for 1 min, 30 cycles of 94°C for 30 s and 60°C for 4

min, and a final extension at 72°C for 10 min. Purified PCR products were used for library preparation



with a SPARK DNA sample prep kit for lon Torrent (Enzymatics, Beverly, MA, USA) and an lon Xpress
Barcode Adapters 1-96 kit (Thermo Fisher Scientific K.K., Japan). The amplicon libraries were
sequenced using the lon Proton System with lon Pl Chip and an lon PI Hi-Q Sequencing 200 kit (Life
Technologies, Japan). The amplicon sequencing reads were mapped to the reference genome
sequence of H. vulgare cv. Morex (Mascher et al., 2017) retrieved from Phytozome (Hvulgare_462_r1)
using the BWA-MEM algorithm of the BWA software (v0.7.17) (Li & Durbin, 2010). Sequence
polymorphisms were called using the mpileup command and bcftools of samtools software (0.1.19)
(Danecek and McCarthy, 2017).

Regression analysis

Linear regression models of heading date on genetic and environmental factors

A linear regression analysis was conducted to determine the genetic and environmental factors
controlling DHS in barley using the Im function of R software (R Core Team, 2020). A dataset comprising
257 accessions without missing values across 20 growing seasons (years) was used to build linear
regression models with genetic factors (accession, country of origin, population cluster, spring/ winter
growth habit and kernel two/six-row) and an environmental factor (growing season) as the explanatory
variables. Days to heading from sowing (DHS) was used as the objective variable. Degree of freedom,
adjusted R? and F-statistics were calculated by the Im function of R software. Regression models for
interactions between genetic and environmental factors were also built.

Linear regression model of heading date on allelic variation of known flowering-related genes

Linear regression models were also built using the Im function of R software to examine allelic
combinations of well-known flowering-related genes in barley to estimate DHS. A heading date dataset
comprising 234 accessions without missing values for both amplicon sequencing-based genotype data
and heading date across 20 seasons was used to build the linear regression models. Based on the
amplicon-sequencing-based SNPs, we identified a set of 51 linearly independent SNPs on the genomic
regions of eight flowering genes. These SNPs and an environmental factor (growing season) were used
as the explanatory variables. DHS was used as the objective variable. The p-value against the null
hypothesis the regression coefficient is zero, degree of freedom, adjusted R? and F-statistics were
calculated by the Im function of R.

Finlay-Wilkinson linear regression analysis of accessions and seasons

To assess phenotypic plasticity of the 257 accessions across different seasons, linear regression of
DHS for each accession on means of 20 growing seasons were analyzed by the method of Finlay and
Wilkinson (1963) using the Im function of R software. The method of Finlay-Wilkinson measures
accession responses to seasons, e.g. accessions with low linear regression coefficients change less
DHS but those with high coefficients change more DHS according to the different growing conditions of
20 seasons. The linear regression analysis of Finlay-Wilkinson was also applied to characterize each
season on means of 257 accessions to estimate the plasticity of each season. Correlation coefficients
between Finlay-Wilkinson linear regression coefficients and other parameters were calculated to

estimate contributions of these parameters for the stability of DHS.



Multiple regression analysis of heading response on SNPs in flowering genes

To estimate the contribution of the flowering genes to the heading response of the barley accessions, a
multiple regression analysis of the Finlay-Wilkinson linear regression coefficient of DHS (dependent
variable) on SNPs in the eight flowering genes (independent variables) was performed using the

package BellCurve for Excel.
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