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Abstract

Modern bread wheat has a huge genetic potential to adjust its heading date with favorable conditions

that has remained largely unexplored so far. In this study, we used an association panel of in Germany

adapted cultivars that was tested in multi-location field trials across Germany over three years. The

genotypic response to climatic parameters variation depending on location and year uncovered the

implication of photoperiod in promoting transition to flowering in higher latitudes, while spring

temperature accelerates flowering in lower ones. Spring temperature overdominates other factors in

decreasing the days to heading whereas the higher amount of solar radiation is delaying it. Genome wide

scan detected a so far unknown stable locus TaHd14 on chromosome 5A. Including non-adapted

cultivars, the exotic allele TaHd119 on chromosome 3A could be identified. The later explains up to

33% of the genetic variance and accelerates heading date by 5.63 days. The response to the competition

of latitude dependent climatic variables detected fine tuning QTL responding to temperature and

photoperiod in lower and higher latitudes, respectively. A novel locus TaHd12 on chromosome 5A

showed significant epistatic interactions with 15 known operators of HD regulation when exotic

cultivars were included in the analysis.

Keywords: Wheat, heading time, environment, latitude, GWAS, stable QTL, fine tuning, epistasis
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1 INTRODUCTION

Heading date (HD), representing the initiation of flowering time, is one of the most targeted and

extensively studied traits for breeding programs that have as ultimate goal to breed performing cultivars

that fit to different climatic conditions while maintaining a high and stable yield production over years.

Plants capable to adapt to changing climatic conditions are able to avoid inappropriate stress factors

such as frost, heat and drought by adjusting its flowering time to seasonal changing conditions in order

to protect the floral organs (Fjellheim, Boden & Trevaskis 2014). Such adaptive mechanisms of

controlling the timing of starting the transition from vegetative to reproductive phase can be a tool for

selecting cultivars that match to different climates and geographical regions and even to adapt regional

cultivars to coming climate changes (Guedira et al. 2016).

Wheat (Triticum aestivum L.) is the leading food grain crop and is a staple source of nutrients for around

40% of the world’s population (FAO 2019). The adaptability of wheat to a wide climatic conditions

derived from large natural variations, which has been favored by allelic diversity in genes regulating

growth and developmental stages especially flowering time pathway (Worland, 2001). Three distinct

pathways interact to control flowering time in wheat: vernalization, photoperiod and earliness per se

(Distelfeld et al., 2009; Herndl et al., 2008; Kamran et al., 2014; Snape et al., 2001). The group of four

vernalization (VRN) genes regulates the molecular mechanisms for the requirement of vernalization and

exposure to cold in wheat (Allard et al., 2012; Distelfeld et al., 2009; Trevaskis et al., 2007). VRN1 and

its paralog VRN-D4 encode a MADS-box gene with high similarity to Arabidopsis (Arabidopsis

thaliana) meristem identity protein APETALA1 (AP1) (Kippes et al., 2015; Yan et al., 2003). VRN2

locus includes two tandemly duplicated genes ZCCT1 and ZCCT2 (Yan et al., 2004). These genes

encode proteins carrying a putative zinc finger and a CCT domain referred to CONSTANS (CO),
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CONSTANS-like (COL) and TIMING OF CAB1 (TOC1) (Putterill, Robson, Lee, Simon & Coupland

1995; Strayer et al. 2000; Robson et al. 2001). VRN3 is a homolog of the Arabidopsis photoperiod gene

FLOWERING LOCUS T (Yan et al., 2006). Natural allelic variation in one or many of VRN genes leads

to differentiate between winter and spring growth habit. The allele combination vrn1/Vrn2/vrn3 confers

the strict winter growth habit due to the dominance of VRN2 and recessiveness of VRN1 and VRN3

(Takahashi, 1970; Yan et al., 2006). Wheat is a photoperiod senstive crop and flowering after

accumulation of a critical day length has been satisfied. The day length responsive gene, Ppd-D1, is an

ortholog of pseudo-response regulator (PRR) of Arabidopsis in wheat (Turner, Beales, Faure, Dunford

& Laurie 2005; Beales, Turner, Griffiths, Snape & Laurie 2007). The semi-dominant deletion of 2,089

bp upstream from the coding region in the allele Ppd-Dla caused insensitivity to photoperiod and

accelerate flowering time (Beales et al. 2007; Shaw, Turner & Laurie 2012). Earliness per se (Eps) is

referred to the remaining earliness inducing variation in flowering time when vernalization requirements

and photoperiodic sensitivity are fulfilled (Worland, 1996; Yasuda & Shimoyama, 1965).

Latitude as complex environmental determinant plays a pivotal role in temperature regimes, photoperiod

and solar radiation fluctuations, which influence the growth and reproduction of plants (Li, Suzuki &

Hara 1998; Craufurd & Wheeler 2009). As temperature affects all growth phases, success has been

gained in using temperature-based variables for estimating dates for key development stages (Slafer &

Rawson 1995; Atkinson & Porter 1996). Thermal time or growing degree day (GDD) estimated by

different statistical models is the variable mostly used for predicting the timing in days for transition

from one phenological stage to the next (Eagles et al. 2010; Rousset et al. 2011; Allard et al. 2012; Cane

et al. 2013).

Numerous strategies have been adopted to decipher the genetic control of flowering time in wheat such

as candidate gene approach (Eagles, Cane & Vallance 2009; Eagles et al. 2010; Rousset et al. 2011,
4
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Bentley et al. 2013), and the meta-QTL analysis, which includes individual and separte QTL studies.

The leter was used firstly in maize and was conducted in wheat as well using either biparental

populations or collections of association panels (Hanocq, Laperche, Jaminon, Lainé & Le Gouis 2007;

Griffiths et al. 2009; Reif et al. 2011; Bentley et al. 2013; Kamran et al. 2014). On the other hand,

facilities gained via high-throughput genotyping and sequencing technologies beside the developement

of powerful statistical tools based on linkage disequilibrium (LD) could be exploited in genome wide

scans (Jander et al. 2002; Pletcher et al. 2004; Flint-Garcia et al. 2005; Frazer et al. 2007; Kang et al.

2008). Identification of causal genetic-interactions through epistasis analysis can decipher in better way

the genetic regulation of complex traits (Phillips 2008). The epistasis is referring to an interaction

between a pair of loci in dependent manner making that the resulting phenotype of one locus is

conditioned by the genotype at the second locus (Carlborg & Haley 2004). Therefore, many genome

wide scan studies used epistatic analysis as a complementary approach to discover more genomic

regions associated with intricate traits in different crops including maize, wheat and rapeseed (Buckler

etal., 2009; Liuetal., 2012; Steinhoff et al., 2012; Wirschum et al., 2013). Given this background, the

aim of this study was to dissect the genetic regulation of flowering time and detection of novel QTL and

epistatic interactions underlying HD in winter wheat under different environments across Germany in

respect of latitude gradient. The particular goals of the current study were (1) to assess, with high

accuracy, the interaction of flowering time with the environmental stimuli in a geographical context, (2)

to provide insights into stable and fine tuning genetic factors controlling HD, which can be exploited in

wheat breeding programs, (3) and to evaluate the contribution of epistasis in the genetic architecture of

flowering time.



112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

2 MATERIAL AND METHODS

2.1 Plant material

We used a collection set made of 213 elite bread wheat (Triticum aestivum L.) cultivars released between
1966 and 2016 (Voss-Fels et al., 2019). The set was containing 162 cultivars from Germany (winter
type), 34 from other Western European countries and 17 exotic cultivars from Mexico, India, USA,
Australia, Moldava and Chile (winter and facultative types). We used two subsets for genome wide
association studies (GWAS). Subsetl referring to the 162 wheat cultivars developed and adapted in

Germany. Subset?2 is grouping all the 213 wheat cultivars.

2.2 Experimental set-up

The experiments were conducted in three consecutive years from 2015 to 2017 at six locations across
Germany following a gradient latitude: Moosburg an der Isar 48°28’ N/11°56’E (Loc1), Klein-Altendorf
50°37°N /6°59°E (Loc2), Rauischholzhausen 50°46'N/8°53'E (Loc3), Quedlinburg 51°47'N/11°09'E
(Loc4), Hannover 52°22'N/9°44'E (Loc5) and Kiel 54°19'N/10°08'E (Loc6). In total 17 environments
were included in the study (Loc3 was analysed only in 2015 and 2016).

2.3 Scoring of heading date and measurements of environmental factors

HD was recorded according to two reference dates: the first (HD_winter), as number of days from
January 1% until the day when 75% of the ears of an observation plot are visible according to stage
BBCH58 (Biologische Bundesanstalt, Bundessortenamt und CHemische Industrie) (Meier 1997). The
second (HD_spring) was recorded from the day GDD (Growing degree days) kept being positive for at
least five consecutive days until the day of reaching BBCH58 stage (day/date of heading) in each

environment. The accumulated GDD is calculated using Peterson equation (Peterson 1965): GDD

— vn {(Tmax+Tmin

=)is1 ) - Tb}, where n = the number of days taken for the completion of a particular
2

6
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growth phase. The basic threshold temperature used for wheat is (Th) = 4.0°C (Cao & Moss 1989).
Thus, HD_winter and HD_spring refer to HD scoring starting from winter and spring, respectively. The
measurements of environmental stimuli were recorded beginning from both reference dates until the day
of heading. The daily measurements of temperatures, global solar radiation and precipitations were
obtained from local weather stations placed directly at the experimental field in each location (A
summary of these data is shown in Table S1). For temperature, the maximal (Tmax) and minimal (Tmin)
values were calculated from reference date until the day of heading for a given cultivar. For the other
factors, the accumulated values of daily measurements starting from the reference date until the day of
heading were used. Daylength, including civil twilight (h), was computed daily following Forsythe et
al. (1995).

Field trials were conducted in plots of size between 4.5 and 12 m?. The experimental sites had diverse
soil characteristics and sowing density was 330 viable seeds per m? in 2 replicates (See supplemetary
Table 3 in Voss-Fels et al., 2019).

2.4 Allelic variation analysis of flowering time known genes:

All cultivars were screened for known vernalization (VNR1, VRN2, and VRN3) and photoperiod genes
(Ppd1). The genotyping included the recessive and dominant alleles of VRN-Al(vrn-Al, Vrn-Ala, Vrn-
Alb, Vrn-Alc) (Yan et al., 2004), VRN-B1 (vrn-B1, Vrn-B1) (Chu et al. 2011), VRN-D1 (vrn-D1,Vrn-
D1la, Vrn-D1b) (Fu et al. 2005), null allele ZCCT-A1, ZCCT-B1 and ZCCT-D1 (Zhu, Tan, Cao & Yan
2011) and functional alleles ZCCT-A2, ZCCT-B2 and ZCCT-D2 of VRN2 (Distelfeld et al., 2009; Kippes
et al., 2016), VRN3 (vrn-B3, Vrn-B3a, Vrn-B3b, Vrn-B3c) (Chen et al., 2013), photoperiod-insensitive
alleles Ppd-Ala, Ppd-Bla, Ppd-Dla and sensitive alleles Ppd-Alb, Ppd-Blb and Ppd-D1b of Ppdl
(Beales et al. 2007; Nishida et al. 2013). The primers and the protocols used to amplify the target

fragments are summarized in table S2. DNA extraction was conducted following the protocol of DNeasy
7
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Plant Mini Kit (Qiagen, Hilden, Germany). The PCR amplification reactions were performed ina 25 pL
reaction volume containing 100 ng of genomic DNA, 5xTaq DNA polymerase reaction buffer, 10 uM
of forward and reverse primers, 100 uM of dNTP, and 0.5 unit of Taq DNA polymerase (NEB,
Frankfurt, Germany). The PCR were conducted in thermocycler Flex cycler (Analytik GmbH, Jena,
Germany). PCR profiles were visualized by electrophoresis on a 1 to 2% agarose gel stained with
ethidium bromide.

2.5 Phenotypic data analysis

Analysis of variance (ANOVA) was performed adopting general linear-model (Gilmour, Thompson &
Cullis 1995) in Proc Mixed procedure in SAS 9.4 (SAS Institute, 2015). Variance components of
genotypes (G), locations (L), years (Y) as well as their interactions (G*Y), (G*L*) and (G*L*Y) were
determined by the restricted maximum likelihood (REML) method assuming a random model in SAS
94.

Broad-sense heritability (H2) estimates were calculating following the method described by Holland et

_ Ve
VeE VE
VG+ E +E

al. (2003): H? = where V;;: genetic variance, Ve+: variance of genotype x environment, E:

environment, Vg: variance of error term. Hierarchical clustering analysis was performed in R using
“hclust” function, the distance (dissimilarity) between clusters is calculated with the “complete linkage”
method, and “pvclust” package was used to calculate the p-values for hierarchical clustering. Principal

component analysis (PCA) was run using the built-in R function prcomp.

2.6 QTL mapping
The diversity panel was genotyped using the map of 24,216 informative SNP markers based on Infinium
iSelect 15K chip and the 135K Axiom Exome Capture Arrays (Dadshani, Mathew, Ballvora, Mason &

Léon 2021). Principal component analysis was performed by using the prcomp core function in R (Team

8
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2013). Marker-based identical-by-state (IBS) kinship matrix was calculated with the A.mat function of
the R package rrBLUP (Endelman 2011) and the Pair-wise measures of linkage disequilibrium (LD)
between two SNP with the package PLINK version 1.9 (Chang et al. 2015). For QTL mapping a multiple
QTL model using the PROC MIXED procedure in SAS 9.4 was utilized. Iteratively, the forward
selection and backward elimination approach described in (Bauer et al. 2009) was used to reduce the
number of false-positives and endorsing the true QTL. Threshold of P-value <0.001 and false discovery
rate (FDR) was set at 5% for the iterative multi-locus approach in the QTL model (Kilpikari & Sillanpa4
2003). Further increase of accuracy for detection of true QTL was achieved by implementation of 10-
fold cross-validation procedure with 20% leave-out. QTL analysis was conducted following the linear
model: Yik = u+ M; + Ex+ M *Ex + €ijc, Where Yjy is the vector of phenotypic values, i: general mean,
M;: the fixed effect of i-th marker; Ey: the fixed effect of k-th environment (location-by-year), M; * Ey:
the fixed interaction effect of i-th marker with the k-th environment, and &;;;.: the residual. The genetic
variance explained by a single SNP marker (P®) was calculated as following: P=SQw/SQg, where SQum
is the sum of squares of i s marker and SQg was calculated as the type | sum of squares (Type | SS) of
the genotype in the ANOVA model. The total proportion of the genotypic variance Pg for each marker
was calculated by including all markers with QTL effect in the ANOVA model. While the individual

proportion of PC of a specific marker is calculated by excluding other markers from the ANOVA model.

2.7 Epistatic interactions

In PROC MIXED procedure in SAS 9.4, the two-way multilocus approach was used for epistatic
interactions involving the environment factor in the following model:
Yij=p+Mii+Mz+MiiX M+ Ep +M1iX Mo X Ey +€ij, Where Yij: the vector of phenotypic values; p:

general mean; My;: the fixed effect of .., markerl, My;: the fixed effect of j.» marker2, MyixMy;: the fixed
9
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interaction effect of i..» markerl with j..n marker2, Ey : fixed effect of «..» environment (location by year),

M1ixMyix E :fixed interaction of the i.., markerl with the j.., marker2 genotype and ., environment; &ij:

the residual. Threshold of P-value <0.001 and FDR < 5% were implemented in the model for more

accuracy in detecting true epistatic interactions. The proportion of the genotypic variance explained by

each single epistatic interaction was estimated in the same way as genetic variance for single SNP

marker.

2.8 Insilico analysis

The known vernalization VRN and photoperiod Ppd genes were mapped physically on the wheat genome
sequence using the following approach: the core sequence information of markers was blasted against
the genome sequence draft (Table S3). Further, the genes included in the flanking regions were
downloaded und their annotations were checked using the last updated version of the gene annotation
from the International Wheat Genome Sequencing Consortium and EnsemblPlants platforms. The start
position of each gene was extracted from blasting outputs and were exploited later in the QTL and
epistatic analyses. For some reported SSR markers only the primer sequences were available in
GrainGenes database (wheat.pw.usda.gov). In this case, the sequence of the primers was blasted to find
the corresponding physical positions and the same steps were followed for blasting using IWGSC

RefSeq v1.1 gene annotation platform.
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3 RESULTS

3.1 Phenotypic assessment of heading date-by-environment

To characterize the phenotypic performance, the genotypes of subsetl and subset? were tested at six
different locations for three years. The mean HD_winter across all environments ranged from 147.93
and 142.07 to 158.32 for subsetl and subset2, respectively (Table 1). The variance components of
genotype and of interactions genotype-by-year, genotype-by-location and genotype-by-location-by-year
are highly significant for subset2 compared with subsetl. Student’s t-test showed a very high significant
difference (p <0.01) between HD scorings of subsetl and subset2 (Table S4). The heritability estimation
was high by 0.89 for adapted cultivars and 0.96 by including the exotic ones. The exotic cultivars
originating from Australia, Mexico, Serbia, Moldova and USA were found in early flowering group [on
the left side of the distribution graphic (Figure 1)]. Cultivars from France are the earliest flowering ones
in the European germplasm. All latest flowering varieties originate from Germany with HD range of

10.39 days.

To better estimate the effect of environment, HD was evaluated using two reference dates for scoring.
HD_winter revealed less distinctness among environments due to overlapping of the scorings in all
locations over the three years. Exception is Loc6 (North), where HD was delayed by 14.5 days in 2015
compared to 2016 and 2017. Locl (South) recorded an advanced HD by 12.6 days in 2016 compared
with the other years (Figure 2a). According to HD_spring, an overlapping of HD scorings over years
was noticed exclusively in Loc6, while in other locations, two to three clearly distinguishable clusters
could be differentiated. In 2016, we observed a reduction of days to heading in Locl, Loc2, Loc3 and
Loc5 by 54, 59, 68 and 72 days, respectively, except in Loc6 (Figure 2b). PC analysis was conducted to

identify the combination of variables that better explained the environmental variation in Germany. The
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first two axis of the PCA accounted for ca 71% (Figure 2c). Daylength, Tmax of spring, Tmin of winter

and global radiation of spring contribute the most by 13.7%, 13.5%, 12.6% and 11.6%, respectively in

the total environment variability (Figure 2d). The genotype effect on HD variation in interaction with

environmental factors, selected by PCA, was checked via ANOVA. The location influenced the HD

variation due to the genotypic response to Tmax, daylength and global radiation by 53%, 34% and 13%,

respectively. The genetic response to “year-to-year” fluctuations of Tmax (Figure S1) explained 70% of

HD variation, while genotypic interactions with daylength and global radiation seem to be stable from

year to year and lead to very week HD alterations (Table S5). Significant hierarchical clustering (p-

value <0.05) uncovers how similar is the flowering behavior between 17 environments based on the

genetic response to the fluctuation of the most important climatic factors (based on PCA and ANOVA).

Tmax of spring lead to the most similar clustering to HD pattern given in Figure 2a, compared with

other parameters, showing high closeness between low and middle latitude in 2016 (Locl and Loc2,

r>0.9), as well as in high ones (Loc5 and Loc6, r>0.9). The global radiation of spring revealed a strong

cluster grouping over all the years in loc6 as well. HD variation based on winter reference date (Figure

2b) narrow tightly the grouping based on day length, which revealed the dissimilarity of loc1-2016 and

loc6-2015 to the other environments (Figure S2).

3.2 Effect of latitude-associated genetic response on HD variation

In order to identify the latitude-associated effect of climatic parameters on HD variation, correlation

analysis in each location was performed. For spring measurements, Tmax effect showed a high matching

with latitude gradient and reduced strongly the days to heading from the South (99% in Locl) to the

North (26% in Loc6). The impact of Tmin is following the same trend, with 98% in Loc1, 79 % in Loc2,

81% in Loc3 and continues decreasing to 0.04% in Loc6. The global radiation showed a moderate
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correlation with HD in the North but strongly positive in other locations. Using the winter reference

date, only Tmin effect on HD showed a tendency linked to latitude gradient, with less consistent

relationship to HD. The correlation between HD and the precipitations goes from strongly positive to

strongly negative for both reference dates. The rainfall in spring correlates more negatively with HD in

Loc3, Loc5, Loc6, while the positive correlation is not changing in the other locations when comparing

winter and spring counting (Figure S3). Focusing on spring records, ANOVA revealed that the genotype

response to Tmax fluctuation explained HD variation by 98.4% in the South and 10.7% in the North,

showing strong reliance to latitude gradient across locations. The response to daylength is highly

depending on latitude as well, but following the opposite trend than Tmax. The interaction genotype-

by-daylength altered very weekly HD in in the South and central regions. From Loc4, the effect of the

response to daylength increased to 89% in the North. No significant HD change could be explained by

the genotype-by-radiation interaction in all locations (Table 2).

3.3 Genotyping the population for major flowering time regulatory genes

In order to identify the growth habit of the two subsets, the genotypes were screened at the known

flowering time loci. For subsetl, the analysis based on allele specific primers using PCR revealed the

presence of three recessive alleles vrnAl, vrn-B1, vrn-D1, at locus VRNL1. The screening showed the

presence of null alleles ZCCT-Al and ZCCT-D1 as well the functional alleles ZCCT-B2 and ZCCT-D1

at VRN2, which lead to conclude that the German cultivars carry a dominant Vrn-2. The spring allele

Vrn-3B, photoperiod insensitive allele Ppd-D1a and sensitive allele Ppd-D1b could be detected too. In

total, 95% of the adapted germplasm carries the allelic combination vrn-1/Vrn-2/Vrn-3Bc/Ppd-D1b

(Figure 3). Except Vrn-3Bc (Figure S4), which is a spring allele, vrn-1/Vrn-2/Ppd-D1b is responsible

for the strict winter growth habit of the majority of the German cultivars. Only a minority (5%) harbors

13



289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

the insensitive allele Ppd-D1a beside the same VRN alleles. For subset2, VRN-D1/ Ppd-D1 appears to

be the allelic pair mostly associated with growth habit for the European cultivars. Referring to the origin

of selected cultivars, 88% of those from central Europe follow a winter growth attitude. The facultative

behavior related to Vrn-D1a/ Ppd-D1a was detected in 9 % of the south-European cultivars (France and

Serbia), while 3% of cultivars harbor Vrn-Dla/ Ppd-Dla (France). Different VRN/Ppd -1 allelic

associations identified in the non-European wheat collection were mostly spring alleles (Vrn-Al, Vrn-

B1 and Ppd-Bla).

3.4 ldentification of stable and fine tuning QTL for heading date

We aimed to identify stable genetic regions controlling HD independently of environmental factors. For

subsetl, GWA analysis resulted in 27 QTL (Figure 4a, Table S6) above the threshold of P < 0.0001.

Among them four loci mapped on chromosomes 5A and 5B were selected as highly associated to HD.

The strongest QTL TaHd14 located on 5A is peaked by marker GENE_3500_336 at 117,4Mbp and

explains 13.18% and 23.78% of the total and individual proportions of the genotypic variance,

respectively (Table 3, Table S4). By including the exotic cultivars (subset2) into GWAS, we selected

six QTL distributed on chromosomes 2B, 3A, 4A, 4B, 5B and 7B above the significance threshold of (-

log10 =15) (Figure 4b, Table S7). The strongest effect was detected by the peak marker AX-111134276

at 556,6Mbp of the QTL TaHd119, which explained 33% and 46% of the total and individual

proportions of the genetic variance, respectively. The allelic variation at TaHd119 located on

chromosome 3A is altering HD by 5.63 days (Table 3). Loci close to VRN-A1, VRN-A2, VRN-B and

VRN-D3 genes were detected by QTL TaHd218, TaHd69, TaHd71 and TaHd91, respectively (Table

S8). We identified nine QTL shared between both subsets. Altogether, they showed an increased effect

by 2 to 2.6 folds in subset2 compared to subsetl (Table S9). Looking at the allelic level, the adapted

14



311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

cultivars revealed a very high monomorphism at the six QTL identified in subset2. The ratio of the

exotic alleles present in the adapted background was less than 1.85% per each QTL.

Further, to better understand the genetic modulation or fine tuners of the transition to reproductive phase

in response to particular environmental parameters, we performed the genome-wide scan per each

environment. In total, 84 SNPs distributed across 17 environments were identified (Table S10). We

detected some shared QTL among the specific location-by-year combinations (Table S11). In 2015,

three possibly homeoelog QTL were detected at the very distal end of chromosomes 2A, 2B and 2D.

This region was shared by locations at lower latitude until middle part of Germany (Locl to Loc3),

whereas northern regions (Loc5 and Loc6) had a common QTL on the short arm of chromosome 5A.

Another QTL on the proximal of the short arm of chromosome 2B showed up in Loc4 and Loc5. The

year 2016 was the warmest among the three years of the experiment in the southern and central locations

where three loci at the distal end of chromosome 4B were shared, as well as the homeoelog locus on

chromosome 4D. The loci detected in 2017 followed no trend with latitude gradient. The overall effect

of revealed fine-tuning QTL spans from inducing early flowering time by 2.6 days (Loc5-2016) to

delaying it by 4.45 days (Loc2-2015) (Table S10).

Since all genotypes were tested in 17 environments, we were able to calculate the flowering time

response to various meteorological parameters for each genotype separately after vernalization. We

calculated the Pearson correlation coefficients between HD and the mean records of climate variables

in February, March and April and used these as new traits in GWAS. This new approach leads to the

detection of a few significant QTL. We only counted the annotated genes associated with the detected

loci and identified four QTL for temperature, seven for day length and five for radiation (Table S12).
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3.5 Identification of epistatic interactions involved in heading date control in winter wheat

To evaluate how the interaction among genetic loci affects flowering time, genome-wide epistatic
interaction analysis was performed. Using the subsetl, 32 significant epistatic interactions were
detected, and explained up to 3.8% of the genetic variance (Table S13). One locus on chromosome 5A
(marker AX-158565287) at 698,1 Mbp was involved in 14 epistatic interactions with loci located on
chromosomes 1B, 2B, 3B, 4A, 4B, 5A, 5B and 5D including the strongest QTL, TaHd14 identified in
the same subset (Table 5a). This locus located upstream (37 Mb) in close vicinity of ZCCT2, the core
protein of VRN2 gene. We detected 30 significant epistatic interactions using the subset2, which
explained up to 7.8% of the genetic variance (Table S14). Two loci mapped on chromosomes 5A and
1B at 158.2Mbp and 654.7Mbp, respectively, showed the strongest epistatic interaction in the subset2,
explaining 7.8% of the genetic variance. The combination of minor alleles of both regions induced HD
by 4.64 days earlier compared with that of major alleles. The locus TaHd12 was implicated in 15 digenic

interactions for subset2 (Table 5b)

4. DISCUSSION

4.1 Response of heading date to local and seasonal interplays of environmental factors

Heading time variation is occurring between individuals across very small temporal and spatial scales,
where local climatic conditions caused part of within-population variation ( Dahlgren, von Zeipel &
Ehrlén 2007). This explains the heading interval of 10.39 days among the adapted cultivars within
latitude range of 6°. The reduced genotypic variance of HD in subsetl compared to subset? is attributed
to the local adaptation impact of the German cultivars. The genetic response of HD is more depending

on location than on year. This indicates the importance of multi-locations trials with broad distribution
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for the genetic estimation of a highly heritable trait such as HD (Holland, Nyquist & Cervantes-Martinez
2003). On the other hand, the high variance of genotype-by-location-by-year interaction for both sets
shows that all cultivars respond very differently to the 17 environments and that the European winter
wheat contain an immense genetic potential appropriate to study complex traits like flowering time.

The interplay of climatic factors is influencing all phenological events of plants including flowering
time in barley (Jones & Thornton 2003), rice (Mall & Aggarwal 2002; Prasad, Boote, Allen Jr, Sheehy
& Thomas 2006) and wheat (Manderscheid et al., 2003; Kouchaki & Nasiri, 2008). Using an
environment specific date for counting days to heading based on GDD revealed that Tmax of spring is
the climatic parameter mostly responsible for the determination of similarity between environments
showing closer HD. This is due to high genotypic response to fluctuations of Tmax, which depends on
location and year. Furthermore, we found that Tmax and Tmin of spring dominate strongly other factors
in reducing days to heading from the lowest latitude to the middle ones. This ascertainment matches
with other studies (Menzel et al. 2006; Miller-Rushing et al. 2007; Record 2009; Moore & Lauenroth
2017). The elevated solar radiation accumulation was highly associated with delayed HD, except in the
highest latitude. The high UV-B radiation plays a crucial regulatory role in plant growth and morphology
(Bornman et al. 2015), however, many reports confirm the delay of flowering time as response to high
natural UV-B radiation in different plant species, such as maize (Saile-Mark, Tevini & Mark 1996),
roses (Terfa, Roro, Olsen & Torre 2014) and pea (Roro et al. 2016). Although other factors such as soil
conditions like moisture, and temperature could affect HD, the PCA showed that 71% of the
environmental variation was explained by the variables considered in the study, which provides

reliability and robustness to the results obtained.
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4.2 Substituted effect of latitude dependent temperature and daylength on heading date

With all the measurements performed in this study, we did not see a relationship between latitude and

HD. Nevertheless, the genotypic response to daylength in dependence on Tmax is the key factor that

should be considered to understand the HD variation in respect of latitude. Dramatic acceleration of

flowering with increasing light amount as response to daylength was observed in several annual plant

species (Tsegay et al. 2005; Opseth, Holefors, Rosnes, Lee & Olsen 2016; Chiang et al. 2018). However,

daylength and increasing light amount may have no or less effect when flowering is induced by milder

temperatures between 15°C and 22°C (King, Pate & Johnston 1996; Sgnsteby & Heide 2008). Indeed,

higher Tmax and lower Tmin in spring are recorded in the lower latitude compared with higher one and

the year-to-year thermal change is decreasing when latitude increased. By contrast, daylength is

prolonged faster during spring season in the higher latitude than in the lower one (Figure 6). This leads

to conclude that the impact of high seasonal fluctuations of temperature in the low latitude on HD seems

to be substituted by the immense daylength seasonal variation occurring in the high latitude when

moving from winter to spring. Consequently, plants are adapted to use temperature as sensor of

favorable conditions for starting HD in lower latitudes. Because of the stable year-to-year thermal

change in the higher latitudes, plants use photoperiod as more reliable indicator of the changing seasons

than temperature. This assessment is strongly supported by the genotypic response to Tmax of spring,

which is the opposite of genotypic response to daylength. Finally, as the seasonal alteration of daylength

is the only environmental input that is constant from year to year, this might explain the similar HD

behavior in the North over three years and the increased HD variation as we headed further South.
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4.3 The roles of VRN and PPD genes in flowering time control

The allele combination vrn1/Vrn2/Ppd-D1b is responsible for strict winter growth habit in the adapted
germplasm. Our results are in line with Langer et al. (2014), who reported that 82% of the European
winter wheat cultivars harbor daylength sensitive allele Ppd-D1b with 100% dominance of winter allele
vrn-1. Since the majority (95%) of the adapted cultivars carry the same allelic variation at VRN genes,
neither the HD range of 10.39 days nor the genetic variance showed by the German cultivars can be
convincingly explained by the allelic variation at Ppd-D1 locus, as only 5% of the cultivars harbor the
insensitive allele Ppd-D1a. The candidate gene approach disclosed the presence of VRN and PPD alleles
established as result of long-term adaptation to winter conditions. Nevertheless, the HD variation due to
genetic variance and interaction with environment is very likely involving more genetic regulators
responsible for HD variation after fulfillment of vernalization and photoperiod requirements. On the
other hand, spring alleles at VRN and PPD were more frequent in the exotic cultivars. The insensitive

alleles at Ppd-B reported by Nishida et al. (2013) have an equal HD inducing effect as Ppd-D1.

4.4 Novel stable QTL alleles regulating the time of heading

Studying the genetic control of HD in multi-environment trials is of great significance for detection of
QTL stably expressed in different environments. The overall effect of the four detected significant stable
QTL is with 20.63% higher compared with that of six QTL (9.5%) reported by Langer et al. (2014) that
tested more European winter wheat cultivars but in very close locations for one single year. Granted that
the size of population is a determinant factor in GWAS, the incorporation of QTL x environment
interaction, which maintains the genetic variance, may improve the power of GWAS to find relevant
and broadly adapted QTL (Cantor, Lange & Sinsheimer 2010; Thomas 2010). TaHd14 is a novel locus

regulating HD in the European germplasm and located distantly from the SSR marker Xgwm293 in the
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small arm of chromosome 5A and involved in genetic control of height in wheat (Griffiths et al. 2009)

(Figure S5). Showing high proportion of explaining the genetic variance, TaHd14 is a promising

candidate for further fine mapping approaches.

Increasing the phenotypic variance is highly required for high resolution mapping and allele mining
(Ersoz, Yu, Buckler, Varshney & Tuberosa 2007; Uchiyama et al. 2013). The strongest QTL TaHd119,
harboring exotic allele, is flanked by two previously reported SSR markers Xbarc45 (Griffiths et al.
2009) and WMC264 (Zanke et al. 2014). The known Earliness per se gene Eps-3A mapped genetically
to the distal part of chromosome 3A (Gawronski & Schnurbusch, 2012) was found far from the flanking
region of TaHd119 (Figure S5). The identification of the QTL close to VRN genes in subset2 is most
probably due to different vernalization requirements, caused by the exotic alleles, which could carry
natural variations that lead to need of shorter exposure to cold (Yan et al., 2004; Fu et al., 2005; Kippes
etal., 2015). Nevertheless, the proportions of VRN genes in explaining the genetic variance are very low
compared to the locus TaHd119. Despite of the expected differences in daylength and circadian clock
adaptations of exotic cultivars, no QTL related to Ppd-D1 could be detected. This is probably due to LD

decay in chromosome 2D and the selective sweep around the Ppd-D1 (Bentley et al. 2013).

4.5 Fine tuning QTL undergo the competition of latitude dependent climatic variables

The fine tuning QTL of specific microenvironments are matching with latitudinal competition of
environmental cues affecting HD. We found that spring temperature is a dominant regulator of HD in
lowest and middle latitudes. Consequently, the shared homeoelogs QTL in the distal region of
chromosomes 2 and 4 detected in lowest and middle latitudes are likely temperature sensitive loci.
Indeed, one of the three homeoelogs on chromosome 2D were located close to FT-interacting protein 1-

like (FTIP) involved in flowering time locus T (FT) protein transport, in response to ambient temperature
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(Liu et al., 2012). Despite their small effect, thermo-sensitive genes play an essential role for adaptation
to specific climatic conditions (Snape et al. 2001; Lewis, Faricelli, Appendino, Valarik & Dubcovsky
2008). Another locus on chromosome 5A, found to be a member of Auxin/B3 appeared exclusively in
the high latitudes, where we showed that photoperiod acts as reliable proxy for initiating the floral
transition. Auxin is promoting floral timing (Ueda et al. 2008), while transcriptional and growth
responses to auxin are modulated by circadian clock (Covington & Harmer 2007). Finally, many fine-
tuning QTL known by their role in flowering time were confirmed by exploring the correlation

coefficients between HD and each of the environmental parameters in GWAS.

4.6 Epistatic interactions

We identified one locus located in the VRN2 gene region that is implicated in 14 genetic interactions.
This strongly suggests that VRN-A2 plays a central role in the regulatory network controlling heading
time in the German germplasm. The epistatic effect of VRN loci in genetic control of flowering time in
European winter wheat was proposed by Reif et al., (2011) who reported the likely involvement of VRN-
Al in four epistatic interactions.. The identification of genes of the intervals interacting with VRN2
revealed a significant interaction between this locus and Apetala2/Ethylene (AP2/ERF) on chromosome
5A explaining 2.14% of the genetic variance. This class of AP2/ERF genes is well described in flowering
pathway in Arabidopsis for regulating the correct timing of the transition of the spikelet meristem to the
floral meristem in maize (Chuck, Meeley & Hake 1998). Similarly, we found that the other chromosomal
regions interacting with the VRN2 harbor protein families such as MATH-BTB, bHLH, WD40,
Agamous/MADSbox, DsPTP1, and PLC-C2, known to contribute in flowering time regulation in many
plant species (Hazebroek & Metzger 1990; Yanofsky et al. 1990; Sheldon et al. 1999; Georges et al.

2009; Ito et al. 2012; Chen, Bernhardt, Lee & Hellmann 2015; Jiang, Chen, Luo & Peck 2018).
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Interestingly, the novel locus TaHd12 that has a small QTL effect in adapted germplasm, showed strong

epistatic effect when adding the exotic cultivars to the analysis. Some of the 15 interacting loci were

mapped very close to key regulatory elements of flowering time, like FYPP (Kim et al. 2002), TaFT3,

Alpha-Beta hydrolase (ABH) (Sun & Ni, 2011), tRNA methyltransferase (Trm1) (Chen, Jager & Zheng

2010; Guo et al. 2019), Eps-3A, VRN-B1, and Vrn-3/FT genes on chromosomes 1A,1B, 2B, 3A, 5B, 7A,

respectively. Numerous other epistatic interactions found in this study were significant but showed small

effects in explaining the genetic variance.

5 CONCLUSION

In this study, we elucidated the latitude associated competitive effect of environmental factors on

flowering time regulation. In the light of year-to-year differential fluctuations of temperature and

seasonal change of daylength, the genetic response to climatic stimuli selects thermo-sensitive loci in

low latitudes and photoperiod susceptible loci in high ones for starting the transition to the reproductive

phase. The allele combinations of known VRN and PPD genes responsible for the winter and facultative

growth habits of adapted and exotic cultivars were determined. We were able to enrich the flowering

time pathway in Germany adapted wheat with potential QTL attributing stable effect across different

environments and exotic alleles that induce greater HD alteration. A novel locus TaHd12, detected on

chromosome 5A, gained more epistatic implications for controlling flowering time in non-adapted

winter wheat. Further, we propose a pivotal epistatic role of VRN2 based on its genetic interactions with

key regulatory elements in the adapted germplasm. Our findings can be exploited in wheat breeding

process for developing cultivars adapted to different environments, and offer new insights in

understanding the mechanisms of the genetic architecture underlying flowering time in wheat.
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830 TABLES
831  Table 1: Summary statistics for heading date for subsetl and 2.
Subsetl Subset2
Max | 158.32 158.32
Min | 147.93 142.07
Mean | 153.24 152.30
SD | 6.03 6.36
CV | 393 4.18
o2 | 1.13%** 2.54%**
O'ZG <Y 2 14*** 3.04***
o2exL | 4.99%** 6.87***
02GxLxy | 11.94%*=* 14.37***
Zerror | 2.52 2.51
H2 | 0.89 0.96
832

833 Abbreviations: Standard deviation SD. Coefficient of variation CV (in percentage). Variance components for
834 genotypic variance (¢%c), genotype-by-year variance (¢%c xv), genotype-by-location variance (6% x L) genotype-by-

835 location-by-year variance (6% xLxv). *** Significance at <0.001 probability level. Heritability H?
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854

Table 2: Percentage of the mean of squares extracted from ANOVA for the genotype interaction with

environmental variables and heading date in subsetl (adapted germplasm) including six locations

following latitude gradient.

Locl (South)

Loc2

Loc3

Loc4

Loc5

Loc6 (North)

Source of variance
Genotype*Tmax_Spr

Genotype*Daylength
Genotype*G.Rad_Spr

Error

DF
161

161
161

MQ %

MQ %

MQ %

MQ %

MQ %

MQ %

788.43 98.4**

941 1.2*%*
3.65 0.5**
0.12

696.98 85.4**
4941 6.1**
69.31 8.5**
0.13

184.67 0.96**
6.89 0.04**
0.00 0.00

0.02

546.45 0.77**
159.33 0.23**
1.06 0.00

0.10

40.35 0.11**
293.34 0.76**
50.54 0.13**
0.33

12.98 0.11**
107.61 0.89**
0.23 0.00

0.17

855
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859
860
861
862
863
864
865
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867
868
869
870
871
872
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Abbreviations: Degree of freedom DF. Mean squares MQ. ** Significance at the 0.01 probability level. Loc:

Location. Maximal temperature of spring Tmax_Spr. Global radiation of springG.Rad_Spr.
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877  Table 3: Significant QTL for flowering time detected in the winter wheat association panels of subsetl und subset2
a b itinnC i innd e f h i SNP
QTL Marker Chr Position Flanking region MAF F_Value po -Logio(P) FDR PG offect!
TaHd12 Ra_c69221 1167 5A 41,427,451 41,427,419 - 41,458,586 0.37 26.06 9.40E-07 6.03 9.00E-04 2.78 0.97
—
= TaHd14 GENE_3500_336 5A 117,495,484 110,667,048 - 117,495,484 0.47 49.3 6.14E-11 10.21 4.25E-07 13.18 -1.2
§ TaHd20 BS00022191 51 5A 476,402,782 466,013,993 - 477,546,011 0.35 28.54 3.14E-07 6.5 4.72E-04 2.46 1.05
TaHd23 BS00024829 51 5B 693,611,551 693,611,551 - 693,679,909 0.26 28.11 3.75E-07 6.43 4.72E-04 221 -1.19
TaHd109 AX-158603420 2B 720,796,133 720,796,133 - 730,190,623 0.11 120.4 2.45E-17 16.61 5.54E-19 1.54 5.09
TaHd119 AX-111134276 3A 556,662,059 556,548,610 - 564,943,896 0.10 159.69 4.25E-19 18.37 1.97E-23 33.01 5.63
N
= TaHd150 AX-158581720 4A 593,486,064 581,869,248 - 596,506,881 0.12 113.35 3.86E-16 15.41 3.45E-18 1.77 6.27
= TaHd175 Jagger_c3991_101 5B 488,820,722 478,130,002 - 490,769,429 0.08 126.61 1.14E-17 16.94 8.06E-20 1.82 6.01
w
TaHd214 AX-158601566 7B 2,944,225 2,944,225 0.09 155.01 2.68E-18 17.57 4.31E-23 7.09 5.83
TaHd216 AX-158567788 7B 416,768,820 411,058,927 - 426,859,548 0.13 111.72 1.23E-15 14.91 4.89E-18 2.77 5.25
878
879 2 The peak marker of QTL for flowering time showing the highest -Log10(P)
880 P The chromosome harboring the peak marker.
881 ¢ The physical position in bp of the peak marker
882 4 The physical interval of the most significant QTL harboring the peak marker
883  ¢The minor allele frequency set to >5%
884  "F-test statistic value
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9P value threshold set to p <0.001

" False discovery rate (FDR) set to <0.05

" Proportion of the genotypic variance explained by the QTL in %

I Effect in days of the allele substitution on flowering time
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FIGURE LEGENDS

Figure 1 Phenotypic distribution of HD_winter in mean value per country of origin of 213 cultivars

of the diversity wheat panel (subset2). The mean is based on data collected from six locations across

Germany and over three years 2015, 2016 and 2017

Figure 2 Comparison of HD variation based on winter and spring reference dates of scoring. a-for HD-

winter and b, for HD_Spring. Locations are denoted in x-axis, HD scorings are denoted in y-axis. The

colors refer to years. c:Visualization of Principal Component Analysis of the variability among the

environmental factors. The contributions of each variable to the principal components Dim1 and Dim2

is indicated by percentage and colors. d) Summary of the contribution of each variable by combining

Diml and Dim2. The red dashed line indicates the expected average contribution. The environmental

factors that are below the red threshold of the expected average contribution are considered less

important.

Figure 3 Frequency in percentage of allele combinations of VRN and PpdD1 genes detected in different

wheat germplasm according to the country of origin. For vernalization genes, dominant and recessive

alleles are designed with capital and small letters, respectively. For photoperiod genes, letter “a” designs

the insensitive allele and letter “b” indicates the sensitive one.

Figure 4 GWAS for heading date using adapted (subset1) and adapted plus non-adapted (subset2) winter

wheat cultivars. a and b Manhattan plot showing the identified QTL in the subsetl and subset?2,

respectively. The y-axes refers to the —log10 (P) values of the SNP markers. The chromosomes are

denoted on the x axes. The red dots refer to the significant SNP markers above the cut-off red line. The

SNP markers density per chromosome for each subset is shown above the x-axis. The number of SNP
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markers within 10 Mbp window size is indicated in categories and colors on the right side of Manhattan

plot.

Figure 5 Epistatic interactions detected in subsetl (a) and in subset2 (b). From outside to inside, the

layers indicate: the length of chromosomes in Mb, then the organization of chromosomes per subgenome

A, B and D, then the mapping of SNP markers used for GWAS, then the QTLs presented according to

their —log10 P values extracted from GWAS. The last inner curved lines indicate significant interactions

between SNP markers highlighted in colors. The known flowering time genes are indicated with green

arrow. The detected genes are highlighted in red. The blue color designs the QTL with epistatic effect.

Figure 6 Seasonal change of Tmax (a) and daylength (b) including three years in loc1 (Moosburg) and

in loc6 (Kiel). The mean of Tmax per month is indicated in numbers. Daylength, including civil twilight

(h), was computed daily following Forsythe et al. (1995)
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