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Abbreviations: AET, average thousand-kernel weight; AS, average seed number per spike; ASW, average seed
weight per spike; ETT, effective thermal time; GGE, genotype main effect plus genotype x environment
interactions; LIN, length of the last internode or peduncle; LSE, rapid steam elongation interval; MET, thousand-
kernel weight on the main spike; MS, grain number on the main spike; MSW, grain weight on the main spike; PH2,
average plant height measured form the base of main stem to the base of the main spike; PH3, average plant height
measured from the base of the main stem to the top of the main spike; SG, rate of rapid stem elongation; SPIK,
spikelet number on the main spike; SSP, seed number per spikelet; Z30, start of rapid stem elongation; Z31, first
node appearance at the base of the main stem; Z3130, the interval between the early part of rapid stem elongation
and first node appearance at the main spike; 23011, from germination to the start of rapid stem elongation; Z49,
spike located in the upper part of the flag-leaf sheath; Z4930, the interval between the early part of rapid stem
elongation and booting; Z4931, the interval between the first node appearance to booting; 259, spike fully emerged
from the flag-leaf sheath; 25949, the interval between booting and heading; ZSE, end of rapid stem elongation;
ZSES9, the interval from heading to the end of rapid stem elongation.

ABSTRACT

The main aim of the experiments was to demonstrate the possible correlation between developmental and
morphological traits and yield components under variable climatic conditions. For this purpose, a collection of 188
wheat (Triticum aestivum L.) genotypes with a heterogeneous gene pool was included in a 3-yr field experiment
applying normal and late sowing dates each year. Under these conditions, almost all the traits were significantly
influenced by the genotype, which had the greatest effect on the morphological traits and yield components
(explaining 20-58 and 50-60% of the phenotypic variance for the two trait groups, respectively). In the case of plant
development, however, the year effect, particularly in the late sowing treatment, was more significant than that of
the genotype. Sowing date had the strongest effect on the early developmental phases, explaining 50% of the
phenotypic variance, whereas the year had a significant influence on the late developmental phases, being
responsible for 37 to 53% of the phenotypic variance. The turning point between the two factors was during the first
phase of rapid stem elongation. The environmental driven variation in developmental patterns led to significant
variation in yield-related traits, which ranged from 4.6 (average thousand- kernel weight) to 16.3% (average seed
number) with normal sowing, and from 2.9 (average seed weight) to 29.4% (average thousand-kernel weight) under
late sowing conditions. The significance of the two intervals, from sowing to the start of rapid (intensive) stem
elongation and from the start of stem elongation to the boot stage (Z49), was most apparent in the case of yield-
related traits.

Vernalization requirement and photoperiod sensitivity are the basic components influencing
plant developmental phases in cereals grown under continental conditions. After the saturation of
these major developmental factors, there are other components that sense subsidiary
environmental signals, such as light intensity and ambient temperature. This continuous
adjustment to environmental conditions ensures the fine-tuning of adaptive plant growth
(Fornara et al., 2010). As climatic anomalies (taken here to mean weather conditions that are
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unusual at any given time of year) are increasing both in magnitude and frequency, this affects
not only fine-tuning mechanisms but also the major plant developmental responses (Porter and
Semenov, 2005). It is therefore essential to establish the extent to which disturbances in plant
developmental patterns negatively affect yield formation and to obtain detailed physiological and
genetic knowledge on the starting date and length of various plant developmental phases. This
will enable breeders to modify both the transition from the vegetative to the generative phase of
the genotypes, by changing the scale of photoperiod-sensitivity and vernalization requirements,
and the effectiveness of fine-tuning mechanisms (Gonzalez et al., 2005; Borras et al., 2009; Chen
et al., 2009, 2010).

The length of the various developmental phases is an important factor determining the extent
to which the yield potential of a genotype can be achieved under a given set of ecological
conditions (Slafer and Rawson, 1996; Araus et al., 2002; Gonzalez et al., 2005; McMaster, 2005;
Borras et al., 2009; Chen et al., 2009; Foulkes et al., 2011). One such adaptation process is a time
shift in the rapid stem elongation phase (Fischer, 1985; Slafer and Rawson, 1994; Reynolds et
al., 2009; Garcia et al., 2011). The later timing of stem elongation helps to avoid frost damage in
early spring, whereas earlier maturity helps to avoid hot dry weather during summer. Similarly,
the relative duration of any two consecutive phases can be also important in determining the
various yield components. A longer vegetative phase generates more biomass (due to the longer
nutrient storage period), and an extended stem elongation phase is required to achieve a higher
number of fertile florets or spikelets, whereas a longer grain-filling period may lead to increased
grain weight in the spikes (Kirby, 1988; Slafer and Rawson, 1996; Miralles and Richards, 2000;
Whitechurch and Slafer, 2001, 2002; Araus et al., 2002; Gonzalez et al., 2002, 2003a, 2005; Kiss
et al., 2011; Dreccer et al., 2014; Gonzalez-Navarro et al., 2015, 2016). A positive correlation
was also found between the duration of photosynthetic activity in the flag leaf and the grain yield
under optimal nutrient supplies (Gaju et al., 2011; Serrago et al., 2013; Borrill et al., 2015). The
time between first node appearance and the start of rapid stem elongation had a significant effect
on the number of reproductive tillers, and a close association was observed between the second
half of rapid stem elongation (from the boot stage to heading) and the number of spikelets per
spike (Miralles and Richards, 2000; Whitechurch and Slafer, 2001, 2002; Kiss et al., 2011,
2014). Extending the duration of phase intervals with a decisive influence on yield components
without modifying the total time to anthesis has been proposed as a promising breeding tool, but
this requires detailed knowledge of the mechanism of the genetic and environmental regulation
of the start and duration of various phases and their interactions (Chen et al., 2009, 2010).
However, variations in environmental parameters in different years under field conditions may
lead to considerable variability in phenotypic responses, often leading to contradictory results
(Snape et al., 1985; Worland, 1996; Worland et al., 1998; Kato et al., 2000). A close relationship
has also been detected between the yield potential of wheat (Triticum aestivum L.) and certain
agronomic factors, such as sowing time (Kabesh et al., 2009; Nakano and Morita, 2009). It was
observed that early sowing leads to higher yields, because a longer vegetative phase results in
more biomass, and the formation of more productive tillers. More time is also available for
storing larger quantities of nutrients, which is beneficial during grain filling (Whitechurch and
Slafer, 2001; Gonzalez et al., 2003a; Kiss et al., 2014). The importance of this research field is
also underlined by the fact that neither the changes caused by global climatic changes in local
climate conditions nor their effects on plant developmental strategies can be exactly predicted
(Kiss et al., 2011). Therefore, a more comprehensive and quantitative understanding of the
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physiological and genetic determinants of time to heading and the partitioning of time among the
phenophases of preflowering development would allow the fine-tuning of adaptation and the

optimization of development for maximum yield potential under both present and future
conditions.

Thus, it is extremely important to characterize the variation existing in cereal germplasm in
various plant developmental phases and to identify the factors that contribute to their genetic
control. The study of early plant developmental phases, however, especially changes in apex
structure and the timing of the stem elongation phase, requires the use of destructive methods
such as apex dissection or the determination of the length of the hollow stem (Jamieson et al.,
1998; Gonzalez et al., 2005; Chen et al., 2009, 2010), which is a time-consuming process
limiting the number of samples that can be examined. In addition, the destructive nature of these
examinations prevents the direct identification of associations between phenophase
characteristics and yield components (Kiss et al., 2011), thus underlining the importance of
developing and improving nondestructive methods, such as the fully automated plant
phenotyping units that are suitable for monitoring developmental processes (Golzarian et al.,
2011). These units are very costly and can only be used under controlled environmental
conditions. There are, however, nondestructive phenotyping procedures that are cost effective
and can be used efficiently even for large number of samples, not only under controlled
environmental conditions (e.g., phytotron, greenhouse), but also in the field (Large, 1954; Haun,
1973; Zadoks et al., 1974; Tottman and Makepeace, 1979; Waddington et al., 1983; Weir et al.,
1984). Among these, Zadok’s decimal method has become the most widely used evaluation
system, as it can be applied easily and accurately in both the vegetative and reproductive phases.

Growth analysis, involving the regular monitoring of changes in leaf number, is also
relatively easy to implement. In this technique, the steepness of the equation characterizing
changes as a function of chronological or thermal time, the reciprocal of which is the phyllocron,
and can be evaluated for individual cultivars (Gallagher, 1979; Bauer et al., 1984; Clerget et al.,
2008). In a similar way, the objective phenotyping method developed by Kiss et al. (2011)
allows stem elongation to be characterized by matching regression equations of regular plant
height measurement data over time, making it possible to determine the start and end of the stem
elongation phase, as well as the slope of rapid stem elongation. These methods are suitable for
studying the environment- and genotype-dependent variability of the length of each
developmental phase and for determining direct correlations between developmental phases and
yield components in a large number of genetic materials.

The application of thermal instead of chronological time can make the comparison of
experimental results more accurate over different years and environmental conditions (Weir et
al., 1984; Porter, 1993; Gouache et al., 2012; Bogard et al., 2015). However, in species having
genotypes with varying vernalization requirements and photoperiod sensitivity, such as wheat,
the calculation of standard thermal time (summation of the daily average temperatures above the
base temperature of growth) is not accurate enough when large numbers of genotypes are
involved in the analyses. Models have now been developed in which the thermal time effective
to promote plant development is modified both by the rate of saturation of the vernalization
requirement of a given genotype and by the daylength (Weir et al., 1984; Gouache et al., 2012;
Bogard et al., 2015).
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In the present work, the developmental and morphological parameters and yield components
of a large set of winter wheat cultivars with different geographic origin were examined in an
experimental setup where the effects of different years and sowing times could be maximized to
determine how plant developmental patterns changed in response to variations in climatic
components (temperature, rainfall, and solar irradiation). The aim was to determine (i) the extent
to which genotype, year, sowing time, and their interactions explained the phenotypic variance of
different developmental, morphological, and yield-related traits, and (ii) how associations
between plant developmental patterns and yield components were affected by climatic factors.

MATERIALS AND METHODS

Plant Materials and the Field Experiments

A total of 188 wheat cultivars were included in a series of field-sown experiments. These
originated from the winter wheat gene bank of Centre for Agricultural Research, Hungarian
Academy of Sciences, Martonvasar, Hungary, and were chosen to maximize phenotypic and
genotypic diversity based on the breeding location and flowering data recorded in previous
experiments (Supplemental Table S1). The field experiments were performed in three
consecutive years (2013— 2015) at the same location (Martonvasar) to allow the comparison of
seasonal and sowing time effects. In each year, two sowing times were applied: normal sowings
were performed around 10 October, and late sowings were performed around 15 November (2
d). The experimental design was the same in each year and sowing period. Due to the labor-
intensive nature of phenology examinations and the large number of wheat genotypes included in
two sowing time experiments, further doubling the time requirement of phenology examinations,
a special and standardized experimental design was applied throughout the research program. A
total of 186 wheat genotypes were sown without replication, and two cultivars (the early-heading
“Mv Toborzo’ and the medium-late-heading ‘Mv Verbunkos’) used as controls were each sown
in seven replications evenly spaced across the experimental field to provide an estimate of
experimental error. Two rows of each genotypes were sown in each 0.4-m x 2-m plot with rows
spaced 20 cm, on a chernozem soil with average N, P20s, and K20 contents of 60 kg N ha™!, 60
kg P20s ha™!, and 60 kg K20 ha! in autumn, and 60 kg N ha™! in the beginning of spring.
Standard plant protection protocols were applied throughout the experiment (three to four times
per season) to exclude the effects of diseases and pests.

Phenotypic Descriptions

Four healthy, near-uniform plants were chosen from each plot for regular measurement of plant
height (twice a week). Regression equations fitted to the plant height measurements over time
allowed the determination of the start (Z30), end (ZSE), and length (LSE) of rapid stem
elongation (Kiss et al., 2011). The steepness of the regression line (bmax) is indicative of the rate
of rapid stem elongation (1/bmax, the time required for 1 cm of stem growth). In addition, the
timing of three distinct developmental phases was also recorded based on the Zadoks scale
(Tottman and Makepeace, 1979) as Z31 (first node appearance at the base of the main stem), Z49
(spike located in the upper part of the flag-leaf sheath), and Z59 (spike fully emerged from the
flag-leaf sheath). Instead of using the standard thermal time protocol, the effective thermal time
(ETT) was calculated based on the method of Bogard et al. (2015) for all developmental phases.
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The ETT is the sum of the daily average thermal time, modified with the daylength value and the
saturation level of the average vernalization requirement of the plants: ETT = Z(TT x FV x FP),

where TT is daily average thermal time, FV is the vernalization factor (being 0 before the
saturation of the vernalization requirement), and FP is the photoperiod factor (being <1 under a
12-h photoperiod, proportional to the actual daylength).

The length of the last internode or peduncle (LIN) and the average plant height measured
from the base of the main stem to the base of the main spike (PH2) or to the top of the main
spike (PH3) were determined at the end of physiological maturity. The plants were grown to full
maturity, and the following yield components were determined on five plants from all the
genotypes in each treatment: spikelet number on the main spike (SPIK), seed number on the
main spike (MS), seed weight on the main spike (MSW), and total number and weight of seeds
per plant. Using these data, the spike density, the number of seeds per spikelet (SSP), the
thousand-kernel weight in the main spike (MET), the average seed number per spike (AS), and
the average thousand-kernel weight (AET) were calculated.

Data Analysis

The STATISTICA 6 software package (StatSoft. 2008. User’s guide: ANOVA. StatSoft Inst.,
Tulsa, OK) was used for ANOVA with all effects (genotype, year, and sowing time) considered
as random to estimate variance components (c2) and broad-sense heritability (h?) representing
the repeatability in this case. As there were no replicates available, the error term actually
contained the genotype x year x sowing time components (Gebruers et al., 2010; Shewry et al.,
2010). In addition, principal component analysis, linear and multiple regressions, and
multivariable analyses were also performed. GenStat (VSN International. 2015. User’ guide:
GGE biplot. VSN International Ltd., Hemel Hempstead, Hertfordshire) was used to apply the
GGE (genotype main effect plus genotype x environment interactions) principal biplot model
(YYan, 2001). The GGE biplot analysis was conducted on the mean best linear unbiased estimate
values of 188 wheat genotypes. The LSD values of the traits were calculated from the seven
replications of the two control cultivars (‘Mv Toborzé’ and ‘Mv Verbunkos’).

RESULTS

The basic meteorological characteristics of the three growing seasons are presented in
Supplemental Fig. S1. All three growing seasons differed notably from each other and from the
30-yr means. What was common to all three seasons was the unusually warm November
(monthly mean temperatures were 3°C higher than the 30-yr mean) and the dry April, when the
rainfall shortage was between —20 and —48 mm compared with the 30-yr mean. The temperature
conditions in 2013 were close to average with the exception of an extremely cold March. Both
2014 and 2015, however, were warmer than the 30-yr mean, but although this warm period
lasted from October to January in 2015, in 2014, the warm conditions prevailed almost
throughout the growing season, from October to April. The total amount of rainfall during the
three growing seasons was similar or close to the 30-yr mean (377 mm compared with 361 mm
in 2013, 321 mm in 2014, and 322 mm in 2015). There were anomalies, however, in the
distribution of precipitation during the seasons in all 3 yr. In 2013, a dry autumn (October—
December) was followed by a wet winter (January—March) and a close to average spring. In
2014, a dry winter (December—January) was followed by a dry early spring (March—April) and
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an unusually rainy May. In 2015, an autumn with average rainfall was followed by a wet January

and an extremely dry spring from February to April.

In summary, the weather conditions in 2013 were close to the average, whereas both 2014
and 2015 represented unusual and unique combinations of various anomalies in temperature and
precipitation. These changeable conditions had significant effects on most of the developmental
and yield-related properties of the wheat cultivars, though to various extents (Supplemental
Table S2).

Developmental Parameters

Sowing time, as a main factor, influenced the early developmental phases (Z30 and Z31) to a
great extent, explaining the majority of the phenotypic variance (48.5 and 50.2%, respectively),
whereas the individual effects of the other factors and the interactions were <20%. In later
developmental phases (249, Z59, and ZSE), however, the effect of sowing time decreased,
dropping below 20% by the end of rapid stem elongation. Parallel to this, the year and genotype
main effects increased considerably, the year effect explaining a large portion of the phenotypic
variance, with values of 42.0, 36.8, and 52.7% for Z49, Z59, and ZSE, respectively, whereas the
genotype effects were 26.2% for Z49, 29.4% for Z59, and 19.5% for ZSE (Fig. 1, Supplemental
Table S2).

The repeatability values (h?) of the developmental parameters clearly reflected the
significance of the genotype main effect in the variance components. The early developmental
phases showed lower values (0.80 and 0.70 in Z30 and Z31, respectively), whereas the late
developmental phases had higher h? values (0.96, 0.95, and 0.93 for Z49, Z59, and ZSE,
respectively) (Supplemental Table S2). There were significant differences in the developmental
phases across seasons and sowing times, as illustrated by the values for the Z31 and Z49 phases,
averaged over genotypes (Fig. 2) and by the distribution patterns of Z30, Z31, and Z49
(Supplemental Fig. S2).

The ETT values of the earlier developmental phases clearly differentiated the two sowing
time experiments, irrespective of the season, and seasonal effects were mostly apparent within
the sowing times. In the case of Z31, significantly lower ETT was required to reach Z31 in the
normal sowing time compared with late sowing, and there was no significant difference between
the values for 2013 and 2015 (Fig. 2). In contrast, in the late sowing experiments, a highly
significant difference (P < 0.001) was detected between all three seasons (Fig. 2). These trends
were clearly reflected in the GGE biplot analysis, which also revealed that the genotypic values
of Z31 measured with late sowing in 2013 and 2014 were in the closest positive correlation with
each other (Fig. 2). For the later developmental phases, the difference between the seasons
became more pronounced than that of the sowing times. For instance, significantly lower ETT
was required to reach Z49 with late sowing in 2 yr (2013 and 2015) than with normal sowing in
2014. In the GGE biplot analysis, the Z49 values of the genotypes differentiated the six
environments into two contrasting groups, with very strong similarities within each group.
Normal sowing in 2014 and late sowing in 2013 and 2014 belonged to one group, whereas
normal sowing in 2013 and 2015 and late sowing in 2015 belonged to the other (Fig. 2). Thus,
the difference in the developmental responses of the genotypes between the two sowing time
experiments was the greatest in 2013, which had a cold December and unusually cold March,
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whereas the reactions across sowing times were the most similar in 2015, which had a warm
winter and dry spring.

The correlations between the ETT values of the developmental phases in the two sowing
times were significant and positive in all three seasons (Supplemental Fig. S2). The r values
ranged from 0.505 (2013) to 0.733 (2015) for Z31, and from 0.494 (2013) to 0.614 (2014) for
Z30. There was, however, a complete lack of significant correlations of the Z31 to Z30 interval
between normal and late sowing times in all 3 yr (Supplemental Fig. S2). The Z30 to Z31
interval was the shortest in 2015 and the longest in 2013 (—33to +46 ETT and —49 to +94 ETT,
respectively) for both sowing times.

Morphological Parameters

The sowing time and the year, as principal components, had a lesser effect on the morphological
characteristics than on the developmental parameters, based on the two-way ANOVA
(Supplemental Table S2). For these traits, the genotype often played a major role in determining
the variance components, explaining from 20.2 (in the case of LSE) to 58.3% (in the case of
LIN) of the phenotypic variance. This was followed by the year, the effect of which was between
11.1% (stem growth rate [SG]) and 20.3% (PH3). Sowing time only had a significant effect on
PH2, PH3, and SG. Furthermore, no correlation was found between the sowing time and the
interval of rapid stem elongation (LSE). For almost all morphological parameters, the values
recorded in 2014 were significantly different from the mean values of 2013 and 2015. In 2014,
the plants were significantly taller with a longer last internode or peduncle (Supplemental Table
S2). In spite of this, the PH2 values showed a very strong correlation with each other at a high
level of significance in all 3 yr and for both sowing times (P < 0.001, Supplemental Fig. S2).

The characteristics of shooting differed in all 3 yr, in terms of both length and rate of rapid
stem elongation, but the values measured in 2014 were quite distinct from those in the other 2 yr
(Fig. 3). Of the 3 yr, the duration of rapid stem elongation (LSE) was the longest in 2014 and
was accompanied by the slowest SG for both sowing dates. Although the overall tendencies were
more similar in 2013 and 2015, there was a marked difference between the effects of sowing date
in these 2 yr. In 2013, all the characteristics of shooting differed to a greater extent with normal
and late sowing than in 2015. In 2014, the minimum and maximum values of the effective
thermal time based on the LSE of the wheat genotypes were in a similar range for both sowing
dates (301-541 and 301-562 ETT for normal and late sowing, respectively). In 2013, the ETT
values of LSE exhibited the narrowest range in all six environments for normal sowing (228—
415) and the widest range for late sowing (190-471). In 2015, these values were 193 to 421
(normal sowing) and 204 to 439 (late sowing).

The rate of rapid stem elongation (SG) was the slowest in 2014, with similar ETT values
required for 1 cm stem growth with both normal and late sowing, as proved by the b value being
close to 1 in the linear regression equation (0.97, significant at P < 0.001), whereas in both 2013
and 2015, the rapid stem growth was faster for normal than for late sowing (b values of 0.720
and 0.714, respectively, both significant at P < 0.001; Fig. 3). In the normal sowing date
experiment, 9.67 ETT was required for 1 cm of stem growth in 2014, whereas this value
exceeded 11 ETT for the late sowing date (11.17, Fig. 3). The maximum ETT values for SG
were 8.66 and 8.84 in 2013 and 6.84 and 7.42 in 2015, for the normal and late sowing dates,
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respectively (Fig. 3). In terms of sowing date, the average values for SG were significantly
higher in the late sowing date experiment than with normal sowing, irrespective of the year.

Yield Components

Similarly to the morphological traits, the genotype, as a main factor, had the strongest effect on
most of the yield components, explaining between 17.7 (SSP) and 60.6% (MET) of the
phenotypic variance. This variance component explained the highest portion of phenotypic
variance for both the thousand-kernel weight of the main spike (MET) and the average thousand-
kernel weight (AET), being responsible for 60.6 and 48.9% of the phenotypic variance,
respectively. The genotype was followed by the year, which had a smaller effect on these traits,
although it was significant in most cases, the only exceptions being AET and MET
(Supplemental Table S2). The year effect was the strongest for SPIK, explaining 15.9% of the
phenotypic variance. Unlike these two factors, sowing time only had a significant effect on a few
of the yield components. The only yield component where phenotypic variance was determined
to the greatest extent by sowing time was the number of grains per spikelet (SSP), the sowing
time being responsible for 40.8% of the phenotypic variance. The sowing time also contributed
>10% of the phenotypic variance in SPIK, but it had no significant effect on the average
thousand-kernel weight (AET), the grain number (MS), or the grain weight of the main spike
(MSW).

Highly significant (P < 0.001) differences in the mean values of the spikelet number on the
main spike (SPIK) were found between the sowing time experiments in all 3 yr. The genotype
had the most noticeable effect on the thousand-kernel weight, although the difference between
the 3 yr was also significant, averaged over the 188 varieties. The sowing date, on the other
hand, only resulted in different thousand-kernel weights in 1 yr. The AET was the highest (44.7
g) with normal sowing in 2014, which differed significantly (P <0.001 and P < 0.01,
respectively) from the mean values for normal sowing in 2013 and 2015 (41.3 and 42.9 g,
respectively; Fig. 4). The grain number per spike (AS) was higher (41, 44, and 38) with normal
sowing in all 3 yr, differing significantly from the mean values for late sowing (37 [P < 0.001],
41 [P <0.001], and 36 [P < 0.05] in 2013, 2014, and 2015, respectively; Fig. 4). Despite the
higher value of AS for the late sowing time in 2014, a lower thousand-kernel weight was
observed, mostly due to the high proportion of shriveled seeds. The normal and late sowing dates
were also more distinct from each other in 2014 than in the other 2 yr based on GGE biplot
analysis.

There was no significant difference among the 3 yr for the grain number per spikelet (SSP)
with normal sowing, but significant differences could be detected in the late sowing experiments
(P <0.001): SSP was the highest in 2014, followed by the late sowing of 2013 (2.8 and 2.7,
respectively), whereas in all the other environments, the values were statistically the same.

Interactive Effects of Developmental Patterns and Yield Components

To study the associations between plant development and yield components, the data of the six
environments (3 yr x 2 sowings) were pooled in two matrices along the sowing dates to make a
separate analysis of how seasonal effects influence plant development and how differences in

plant development then affect the various yield components. The two sowing dates thus served
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as distinctive conditions giving a better simulation of the possible effects of climatic anomalies.
In this context, normal sowing would represent mild and late sowing medium climatic
anomalies. The seasonal differences in the developmental phases exerted significant effects on
most of the yield components, but the rate and extent of the correlation depended greatly on the
sowing date (Fig. 5).

With normal sowing, plant development had no significant effect on the thousand-kernel
weight but significantly influenced both the seed number and the seed weight, tending to
increase towards the later developmental phases, reaching a maximum at Z59 and then declining
(Fig. 5). This tendency was true for both main and average spikes, but the magnitude was greater
for the latter. At Z59, the differences in development explained 10.9 and 5.1% of the phenotypic
variance in AS and MS, respectively, whereas these values were 7.7 and 3.3% for average seed
weight per spike (ASW) and MSW. With late sowing, however, the effect of plant development
on yield-related traits was much greater, with the exception of seed weight and the average seed
number per spike. Plant development was especially important in determining the seed number
in the main spike again with a peak at Z59. At this developmental stage, 22.9% of the phenotypic
variance was due to developmental differences between the wheat genotypes. With late sowing
the thousand-kernel weight in both the main and average spikes was significantly influenced by
plant development, with the highest values at Z30, then showing a gradual decline as
development progressed. Plant development had a much stronger effect on AET, explaining
27.4% of the phenotypic variance at Z30, compared with MET, where this value was 12.1%.

As the consecutive developmental phases are strongly related to each other, the intervals
between two consecutive phases were also included into the multivariate analysis to determine
the importance of specific phases in influencing yield components (Fig. 6, Table 1). As can be
seen in the plots of principal component analysis, the developmental phases were always placed
together, irrespective of the sowing date, forming a separate group from the other parameters
(Fig. 6). With normal sowing, all the seed parameters (number, weight, and thousand- kernel
weight) were in close grouping with each other, separated only along the main or average spike
to a smaller extent. This group included the rate of stem elongation (SG) and the number of seeds
per spikelet, which were closely correlated with the interval between booting and heading
(Z5949). The traits characterizing plant growth, such as PH2, LIN, and LSE, and the
developmental phase intervals spanning the rapid stem elongation (from first node appearance to
booting [24931], from heading to the end of rapid stem elongation [ZSE59]) were placed
relatively independently of this group. With late sowing, however, these groupings changed. This
was especially evident for the separate positioning of thousand-kernel weight and for the closer
grouping of Z5949 with SG and SPIK.

When the role of the intervals between the consecutive developmental phases was studied,
the differences in how the yield components were influenced became more evident (Table 1).
Under these circumstances, neither the length (LSE) nor the latter part (ZSE59) of rapid stem
elongation had a strong influence on any of the yield components. In the case of MS, the start
(from germination to the start of rapid stem elongation [Z3011]) and the early and middle parts
(24930 and Z5949) of rapid stem elongation played similar roles with normal sowing, but with
late sowing, the significance of the start and the early part of rapid stem elongation increased to a
greater extent. In all cases, the tendencies were similar, with longer ETT values being associated
with higher seed number (Supplemental Fig. S3). For AS, again, the start and the early part of
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rapid stem elongation were the significant components, but these were similar for both sowing
times. The seed weight was mostly influenced by the early and middle phases of rapid stem
elongation, whereas for thousand-kernel weight, the start of rapid stem elongation was the most
decisive, especially with late sowing. It is interesting to note that with normal sowing, the phase
length between first node appearance and the start of rapid stem elongation played a small, but
significant role in determining both MET and AET, the correlation being negative. The rate of
stem growth (SG) also significantly influenced most of the yield components, with the exception
of MET for normal sowing and ASW for late sowing. It had the strongest effect on the seed
number in the main spike (MS) for both sowing times and on both seed number per spikelet
(SSP) and average thousand-kernel weight (AET) for the late sowing. Slower stem growth
(larger ETT value required for 1 cm growth) correlated with larger seed number and
consequently with larger seed weight, but when SG had a significant correlation with thousand-
kernel weight, this was always negative; slower stem growth led to smaller thousand-kernel
weight.

DISCUSSION

The plant developmental patterns and yield components of 188 wheat genotypes with different
geographic origin were studied in three consecutive years at the same location to evaluate the
effects of climatic conditions on these traits, a study necessitated by the expected consequences
of global climate change. As an additional extreme climatic situation, late sowing date was
applied as well as normal sowing. The 3 yr represented unique combinations of weather
anomalies and differed to various extents from the average climatic conditions characteristic of
the region.

Given the results, almost all the traits examined were significantly influenced by the
genotype, which had the greatest effect on the morphological traits and yield components
(explaining 20-58 and 50-60% of phenotypic variance for the two trait groups, respectively). As
the experiments were implemented on the same area, not only the genotypic effect but also the
role of the two environmental factors, year and sowing date, could be analyzed in detail. Of the
two, the year generally had a more notable effect on several traits than sowing time. It had a
significant influence on the late developmental phases (being responsible for 37-53% of
phenotypic variance) but was also an important factor in determining plant height and spikelet
number. Sowing date had the greatest effect on the early developmental phases (explaining 50%
of phenotypic variance), but its contribution to seed number per spikelet and the rate of stem
growth was also important.

Many authors have dealt with the effect of the starting date and length of individual
phenophases on yield components in terms of photoperiod and temperature (Gonzalez et al.,
2002, 2003b, 2005; Whitechurch et al., 2007). By contrast, very little information is available on
possible correlations between the changeable environmental factors (photoperiod and
temperature) and yield components in field sowing experiments. The present results showed that
the application of different sowing times caused substantial differences in the growth dynamics
of the wheat genotypes, plant development patterns, and yield components. As the yield is
fundamentally determined by the quantity of assimilates produced by the plant and their
distribution among the plant organs, it is obvious that the relative lengths of the various
developmental phases have a decisive influence on the yield components (Slafer and Rawson,
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1996; Araus et al., 2002; Gonzalez et al., 2005; McMaster, 2005; Chen et al., 2009; Foulkes et
al., 2011; Kiss et al., 2011; Dreccer et al., 2014; Gonzalez-Navarro et al., 2015, 2016). This was
clearly reflected by the present findings. A substantial difference existed in the length of the
vegetative phase, expressed indirectly as the time between sowing and first node appearance and
also characterized by the cumulative and effective thermal time (Tottman and Makepeace, 1979;
Bogard et al., 2015). With respect to the classical thermal vs. effective thermal time, an inverse
relationship was observed between the two sowing time experiments. This finding highlights that
the transition from vegetative to reproductive growth is triggered by either accumulation of the
needed number of vernalization units (cold units) and/or the daylength has become long enough.
Thus, the lower values of effective thermal time measured in the normal autumn sowing time
experiments do not denote a shorter vegetative phase. The vegetative phase was longer with
normal autumn sowing, resulting in increased tillering, a larger proportion of which was
productive. By contrast, the vegetative phase was considerably shorter with late autumn sowing,
as the plants were exposed sooner to an inductive environment, so the period until the initiation
of stem elongation was shorter in terms of calendar days (Kiss et al., 2014).

Under the contrasting changes in weather conditions across the 3 yr, the year effect,
magnified by the application of late sowing date, proved to be more significant than the genotype
in determining plant development. The early developmental phases were more sensitive to
weather conditions than the later ones, the turning point being around the booting stage. The
phase between booting and heading was less influenced by the environment, but after heading
sensitivity increased again towards the final part of rapid stem elongation. It is well documented
that significant associations exist between plant development and various yield components
(Fischer, 1985; Slafer and Rawson, 1994, 1996; Miralles et al., 2000; Whitechurch and Slafer,
2001, 2002; Araus et al., 2002; Gonzalez et al., 2003a, 2003b; Reynolds et al., 2009; Garcia et
al., 2011; Dreccer et al., 2014; Gonzalez-Navarro et al., 2015, 2016). The aim of the present
work was to determine the extent to which the various phases influence yield components and
how this depends on the weather conditions. Of the early developmental phases, the effect of the
“vegetative” phase (from the seedling stage to the start of rapid stem elongation) was accentuated
by late sowing. In addition, the rate and the early phase of the rapid stem elongation (SG and
Z4930) had a significant effect on almost all the yield components studied, having the largest
influence on the grain number (MS, AS, and SSP). The relationship between the start of the rapid
stem elongation phase and first node appearance (Z3130) was also examined. Some genotypes
enter the rapid stem elongation phase without any gaps, but several were identified that needed to
collect more effective thermal time between the first node appearance and the start of rapid stem
elongation, depending on the environmental conditions. In general, genotypes with early heading
enter the rapid stem elongation phase without a transition. This phase contributed slightly but
significantly to the thousand-kernel weight with normal sowing; genotypes with smaller gaps
tended to have larger thousand-kernel weight. Investigations on this parameter could provide
valuable information for use in breeding programs. The length of the late developmental phase
(Z5949) showed a significant correlation with the seed number in the main spike and with the
grain number per average spike and per spikelet (AS and SSP), and to a lesser extent with the
spikelets per spike (SPIK). Numerous authors have demonstrated that during wheat spike
differentiation, the development of new spikelets ceases once the terminal spikelet has been
formed, indicating that the maximum number of spikelets is genetically determined, whereas no
such determination was observed for the number of flowers within the spikelets (Kirby, 1988;
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Miralles et al., 1998; Gonzalez et al., 2003a, 2005). The final number of flowers per spikelet is
determined during the rapid stem elongation phase, depending on the quantity of assimilates
accumulated as a function of the environment and plant status, whereas the fertilization rate of
the flowers determines the number of grains per spikelet (Miralles and Richards, 2000; Gonzalez
et al., 2003b, 2005). However, a significant correlation was found between the second stage of
rapid stem elongation (from booting to heading) and the number of spikelets per spike in both the
present and previous work (Kiss et al., 2014). A significant correlation was also demonstrated
with the spike density (Schuler et al., 1994), which was confirmed in the present work.

CONCLUSIONS

A set of plant developmental, morphological, and yield components and their interactions was
studied in detail on a large panel of wheat cultivars in a series of 3-yr x two-sowing-time field
experiments. These were set up at the same location using similar dates for normal and late
sowing in each year, allowing the effects of climatic factors to be analyzed in greater detail. The
climatic anomalies in the 3 yr did not include severe drought or heat stress but were
characterized more by weather conditions that were unusual at the given time of year. Climatic
factors were found to have a significant impact on the groups of traits examined, among which
plant development was influenced to the greatest extent. The changes in developmental patterns
then led to significant changes in yield components as well. The developmental changes
observed in the normal sowing date experiments caused by the mild to medium weather
anomalies led to 5 to 15% differences in various yield components, suggesting that similar yield
losses may be expected simply due to disruptions in the developmental pattern. The late sowing
time experiments simulated the effects of medium to strong weather anomalies. Under these
more adverse conditions, the yield loss due to disrupted plant developmental patterns alone could
be as high as 15 to 25%. A detailed biological and genetic analysis of plant developmental
phases of hexaploid wheat will be helpful in the various breeding programs, because the breeders
can find easier those genetic resources, which are best suited to local environmental conditions.
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variance component (c2) values for G x Y are between 0.7 and 1.7; for G x S, the values are
between 0.3 and 1.5.

Fig. 2. Boxplot of (a) the first node appearance at the base of the main stem (Z31) and (c) spike
located in the upper part of the flag-leaf sheath (Z49) in the three experimental years and two
sowing times. Principal genotype main effect plus genotype x environment interactions (GGE)
biplot analysis of the (b) Z31 and (d) Z49 developmental phases. PC, principal component.
Boxes with different letters are significantly different at P < 0.05 probability level.

Fig. 3. Linear regression between the effective thermal times for normal and late sowing in the 3
yr based on (a) the length of rapid stem elongation (LSE) and (b) the rate of rapid stem
elongation (SG).

Fig. 4. Boxplot and principal genotype main effect plus genotype x environment interactions
(GGE) biplot analysis of (a) average grain number per spike (AS) and (b) average thousand-
kernel weight (AET) in the three experimental years and two sowing dates. PC, principal
component. Boxes with different letters are significantly different at P < 0.05 probability level.

Fig. 5. Portion of phenotypic variance of different yield components explained by the
consecutive developmental phases of wheat cultivars in the normal (N) and late sowing (L)
experiments, as expressed by the R? values of regression analysis: (a) seed number in spikelets
on the main spike (SSP), seed number in the main spike (MS) and in an average spike (AS), (b)
seed weight in the main spike (MSW) and in an average spike (ASW), and (c) thousand-kernel
weight in the main spike (MET) and in an average spike (AET). All values of R? > 1 are

significant at P < 0.001 level.

Fig. 6. Principal component analysis on developmental and yield-related traits in the data
matrices of the 188 wheat cultivars grouped for (a) the normal and (b) the late sowing dates in
the 3 yr.

Table 1. Effect of developmental patterns on yield as expressed by the R? values of regression analysis
between the consecutive developmental phase lengths and various yield components in the two matrices of
188 wheat cultivars formed by the sowing dates of the 3 yr.

Developmental phaset

Traitsi Z3011 Z3130 Z4930 75949 ZSE59 SG LSE Multi R
MS_N 3.6§*** 0.9* 3.1x** 3.3%** 0.0nsY 10.3*** 1.8** 14.6%**
MS_L 16.6*** 0.6ns 12.8*** 9.1%** 0.0ns 13.9%** 9.5%x** 26.5***
AS_N 7.9%** 0.0ns 7.0%** 1.1* 0.9* 8.2%** 6.3*** 16.3***
AS_L 6.9%*** 0.6ns 6.0*** 3.0%** 0.0ns 4.3%** 3.4%xx* 11.2%**
MSW_N  0.0ns 0.0ns 2.3** 3.3%** 0.0ns 4.4%** 1.3** 8.0***
MSW_L  2.3** 2.9%** 6.6%** 5.3*** 0.0ns 4. 1%** 4.2%** 10.2%**
ASW_N  2.7%** 0.0ns 6.2%** 0.8* 0.0ns 4.6%** 2.7%** 9.1%**
ASW_L  1.8** 0.6ns 0.0ns 0.0ns 0.9* 0.0ns 0.0ns 2.9*
MET_N  1.5%* 2.1%** 0.0ns 0.0ns 0.6* 0.0ns 0.0ns 5.0%**
MET_L  12.1%** 0.7* 2.7%** 0.0ns 0.6* 3.5%xx* 1.6** 13.3***
AET_N 0.7* 1.8%* 1.0* 0.0ns 0.0ns 0.6* 0.0ns 4.6**
AET_L  27.4*** 0.0ns 9.3%** 2.4%* 2.0%** 9.4x** 8.0*** 29.4%**
SSP_N 0.0ns 0.7* 4.7%** 1.7%* 0.0ns 7.2%** 1.5%* 15.1%**
SSP_L 12.2%** 0.0ns 1.1* 1.4%* 0.0ns 13.3*** 1.6** 21.2%**
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*, *x % Significant at the 0.05, 0.01, and 0.001 probability levels, respectively.

+ 23011, from germination to the start of rapid stem elongation; 23130, from the start of rapid stem elongation to
the appearance of the first node; 24930, from first node appearance to booting; 25949, from booting to heading;
ZSES9, from heading to the end of rapid stem elongation; SG, rate of rapid stem growth; LSE, length of rapid stem
growth.

1 MS, seed number in the main spike; AS, average seed number per spike; MSW, seed weight in the main spike;
ASW, average seed weight per spike; MET, thousand-kernel weight in the main spike; AET, average thousand-
kernel weight per spike; SSP, seed number per spikelet in the main spike; N, normal sowing; L, late sowing.

§ Numbers in bold italics represent developmental phases and parameters making a significant contribution to the
multiple R?.

4| ns, not significant.
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Abbreviations: AET, average thousand-kemel weight; AS, average seed number per spike; ASW, average seed weight per spike; LIN, length of the last internode or peduncle; LSE, rapid steam elongation interval; MET,
thousand-kemel weight on the main spike; MS, grain number on the main spike; MSW, grain weight on the main spike; PH2, average plant height measured form the base of main stem to the base of the main spike; SG, rate
of rapid stem elongation; SPIK, spikelet numbar on the main spike; SSP, seed number per spikelet; Z30, start of rapid stem elongation; Z31, first node appearance at the base of the main stem; Z3130, the interval between the
early part of rapid stem elongation and first node appearance at the main spike; Z49, spike located in the upper part of the flag-leaf sheath; Z4930, the interval between the early part of rapid stem elongation and booting;
Z4931, the interval between the first node appearance to booting; Z39, spike fully emerged from the flag-leaf sheath; Z3949, the interval between booting and heading; ZSE, end of rapid stem elongation; ZSE39, the interval
from heading to theend of rapid stem elongation.

Supporting information for the article of

Comparative study of the developmental traits and yield components of bread

wheat (Triticum aestivum L.) in multi-annual field conditions using multi-

sowing time experiments

Tibor Kiss™, Judit Banyai, Krisztina Balla, Marianna Mayer, Zita Berki, Addm Horvath, Ottd Veisz, Zoltin Bedd,
I1diké Karsai

Legend of Supplemental Figures and Tables

Supplemental Table 1 Origin and heading date (measured over the average of the six environments) of the 188
wheat genotypes examined.

Supplemental Table 2 Summary of the analysis of variance and the mean values of developmental and
morphological parameters and yield components.

Supplemental Fig. 1 Mean monthly temperature (a, [Ta]) and rainfall (b, [Pa]) datasets for the growing seasons in
the field experiments, and the deviation of the two parameters from the mean of 30 years (1971-2000) (AT; AP /bar

charts/).
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Supplemental Fig. 2 Relationship between the values of Z31 (a), Z30 (b), 23031 (c) and PH final (d) measured
with normal and late sowing in the three years. Lines were fitted with linear regression.

Supplemental Fig. 3 Correlations between plant developmental phases and the seed number in the main spike with
(a) normal sowing and (b) late sowing.
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Supplemental Table 1
Origin and heading date (measured over the average of the six environments) of the 188 wheat genotypes examined.

Number Number ) o Heading (_259;
of — Pedigree Origin thermal time
samples of plots from January 1)
1 KAL3 ‘Mv Magma’ Hungary 445
2 KAL4 ‘Mv Emma’ Hungary 455
3 KALS5 ‘Mv Summa’ Hungary 425
4 KAL6 ‘Mv Palotas’ Hungary 455
5 KAL7 ‘Mv Matyo’ Hungary 465
6 KALS8 ‘Jubilejnaja 50° Ukraine 450
7 KAL9 ‘Disponent’ Germany 535
8 KAL10 ‘Aspen’ Australia 521
9 KAL11 Spada’ Italy 392
10 KAL12 ‘Mv Vilma’ Hungary 442
11 KAL13 ‘Agent’ USA 403
12 KAL14 ‘Mv Martina’ Hungary 447
13 KAL15 ‘Buratino’ Czech Republic 476
14 KAL16 ‘Mv Vekni’ Hungary 468
15 KAL17 ‘GK Héja’ Hungary 426
16 KAL18 ‘GK Szala’ Hungary 499
17 KAL19 ‘Sultan 95° Turkey 494
18 KAL20 “Viator’ Slovakia 424
19 | KAL21 ‘Brutus’ Austria 485
20 KAL22 ‘Hajdusag’ Hungary 542
21 KAL23 ‘Alamoot’ Iran 449
22 KAL24 ‘Langfang 3’ China 345
23 KAL25 ‘GK Hattyt’ Hungary 480
24 KAL26 ‘Mv17-09° Hungary 472
25 KAL27 ‘Roane’ USA 424
26 KAL28 “Yumai 10’ China 391
27 KAL29 ‘ORH010918° Turkey 451
28 | KAL30 ‘Renan’ France 485
29 KAL31 ‘NZ4321-114° USA 556
30 KAL32 ‘Glenlea’ Canada 447
31 KAL35 ‘Aura’ Romania 455
32 KAL36 ‘Mv Gorsium’ Hungary 404
33 KAL37 ‘Mv Hombar’ Hungary 440
34 KAL38 ‘Lona’ Switzerland 452
35 KAL39 ‘Vanek® Germany 474
36 KAL40 ‘Katepwa’ Canada 428
37 KAL41 ‘Salamouni’ USA 469
38 KAL42 ‘Courtot’ France 505
39 KAL43 Lupus’ Austria 444
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40 KAL44 ‘KINA9204° China 477
41 KAL45 ‘Pannonikus’ Austria 518
42 KAL46 ‘GK Fény’ Hungary 432
43 KALA47 ‘Hallam’ USA 429
44 KAL48 ‘Cubus’ Germany 533
45 KAL49 ‘Jian 155° China 360
46 KALS50 | ‘KG Kunhalom’ Hungary 498
47 KAL51 ‘Madsen’ USA 437
48 KAL52 ‘Fidelius’ Austria 476
49 KAL53 ‘Mv16-08° Hungary 400
50 KAL54 ‘Armcim’ Turkey 437
51 KAL55 ‘Bayraktar’ Turkey 388
52 KALS6 ‘Eser” Turkey 490
53 KAL57 ‘Feng You 3’ China 344
54 KAL58 [ ‘MVSW33-05 Hungary 424
55 KALS9 ‘Saroz’ Turkey 424
56 KALG60 ‘Suzen 97° Turkey 464
57 KALG61 ‘Turkmen’ Turkey 448
58 KALG62 “Yildiz? Turkey 457
59 KALG63 “Yumai 21° China 367
60 | KAL64 % Hungary 450
61 KALGB5 ‘Brea’ Czech Republic 478
62 KAL68 ‘GK Békés’ Hungary 431
63 KALG69 ‘GK Csillag’ Hungary 415
64 KAL70 ‘GK Hunyad’ Hungary 489
65 KALT1 ‘Hunor’ Hungary 461
66 KAL72 | ‘KG Bendeguz’ Hungary 490
67 KAL73 | ‘HP Pusztaszél’ Hungary 490
68 KAL74 | ‘Buck Panadero’ Argentine 410
69 KAL75 ‘Hereward’ United Kingdom 560
70 KAL76 ‘Inia Torcaza’ Argentine 442
71 KAL77 ‘Nomade’ Italy 470
72 KAL78 ‘Ornicar’ France 480
73 KAL79 ‘Mv27-07° Hungary 406
74 KALS80 ‘Rona’ Hungary 453
75 KAL81 ‘NW98S097” USA 477
76 KAL82 | 993-11-SGP1’ Italy 428
" KALS3 ‘P306” China 424
78 KAL84 ‘GK Berény’ Hungary 427
79 KAL85 ‘GK Hajnal’ Hungary 425
80 KAL86 ‘Pervitsa’ Russia 430
81 KALS87 ‘Mv23-09° Hungary 465
82 KALS88 ‘Nudakota’ USA 427
83 KAL89 ‘Abony’ Hungary 448
84 KAL90 ‘Arida’ Slovakia 435
85 KAL91 ‘Altay 2000 Turkey 501
86 KAL92 ‘Bai Huo’ China 367
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87 KAL93 ‘Balada’ Czech Republic 465
88 KAL94 ‘Balance’ France 515
89 KAL95 ‘Baletka’ Czech Republic 449
90 KAL96 ‘Bastide’ France 454
91 KAL97 ‘Beijing 0045’ China 362
92 KAL98 ‘Bilancia’ Italy 397
93 KAL101 ‘Blasco’ Italy 420
94 KAL102 ‘Biggar’ Canada 384
95 KAL103 ‘Boncap’ France 553
96 KAL104 A%o’ Argentine 420
97 KAL105 | ‘Buck Sureno’ Argentine 401
98 KAL106 ‘Caudillo’ Argentine 422
99 KAL107 ‘Chara’ Australia 410
100 KAL108 ‘Cutter® USA 484
101 KAL109 ‘Divana’ Croatia 429
102 KAL110 ‘Ellvis’ Germany 569
103 KAL111 ‘Estevan’ Germany 512
104 KAL112 ‘Feria’ Austria 461
105 KAL113 ‘Fleming’ USA 419
106 KAL114 ‘GK Goncol® Hungary 417
107 KAL115 ‘Golubica’ Croatia 431
108 |KALLG| ﬁ " Argentine 408
109 KAL117 ‘Klein Castor’ Argentine 419
110 KAL118 ‘Klein Chaja’ Argentine 420
111 KAL119 | ‘Klein Escudo’ Argentine 428
112 KAL120 | ‘Klein Flecha’ Argentine 437
113 KALI121 ‘Koreli’ France 525
114 KAL122 ‘Krasota’ Russia 485
115 KAL123 ‘Kukri’ Australia 402
116 KAL124 ‘Laura Can’ Canada 391
117 | KAL125 Wﬁ Russia 439
118 KAL126 ‘Maestra’ Italy 419
119 KAL127 ‘McNair 701° USA 425
120 KAL128 ‘Mv15-06° Hungary 505
121 KAL129 | ‘Mv Amanda’ Hungary 450
122 KAL130 ‘Mv Prizma’ Hungary 458
123 KAL131 ‘ND495” USA 396
124 KAL134 ‘Nordic’ USA 458
125 KAL135 ‘Nuo Maizi’ China 321
126 KAL136 ‘Ordeal’ United Kingdom 539
127 KAL137 | ‘PAN2001-27 S%% 500
@ || e | el g
129 KAL139 ‘Ravenna’ Italy 415
130 KAL140 ‘Récital’ France 422
131 KAL141 | ‘Red River 68’ USA 363
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132 KAL142 ‘Rigi” Switzerland 519
133 KAL143 ‘Ruzica’ Croatia 402
134 KAL144 ‘Sagittario’ Italy 407
135 KAL145 | ‘Sirban Prolifik’ Serbia 486
136 KAL146 ‘Solstice’ United Kingdom 520
137 KAL147 ‘Spartacus’ United Kingdom 426
138 KAL148 ‘Tiger’ Germany 510
139 KAL149 “Valoris’ France 450
140 KAL150 ‘Vlasta’ Czech Republic 519
141 KAL151 ‘Wenzel’ Austria 472
142 KAL 152 ‘Wildcat’ Canada 376
143 KAL153 | ‘Zhong Mai 175’ China 339
144 KAL154 | ‘Zlatna Dolina’ Croatia 414
145 KAL155 ‘Adriana’ Croatia 447
146 KAL156 ‘Babuna’ Macedonia 416
147 KAL157 ‘Briana’ Romania 352
148 KAL158 ‘Demetra OS’ Croatia 410
149 KAL159 ‘Dumbrava’ Romania 527
150 KAL160 ‘Libellula® Italy 418
151 KAL161 ‘Ludwig’ Austria 511
152 KAL 162 ‘Mv Téltos’ Hungary 482
153 KAL163 ‘NS Rana 1° Serbia 403
154 KAL164 ‘Sana’ Slovakia 450
155 KAL167 ‘San Pastore’ Italy 444
156 KAL168 ‘Simonida’ Serbia 395
157 KAL169 ‘Skopjanka’ Macedonia 460
158 KAL170 ‘Soissons’ France 441
159 KAL171 ‘“Tommi’ Germany 554
160 KAL172 ‘Ukrainka’ Ukraine 439
161 KAL173 ‘Mv Béres’ Hungary 467
162 KAL174 ‘Mv Bodri’ Hungary 407
163 KAL175 ‘Mv Csardas’ Hungary 480
164 KAL176 | ‘Mv Kokarda’ Hungary 437
165 KAL177 ‘Mv Kikelet’ Hungary 456
166 KAL178 | ‘Mv Kédmon’ Hungary 476
167 KAL179 | ‘Mv Kolompos’ Hungary 478
168 KAL 180 ‘Mv Marsall® Hungary 447
169 KAL181 | ‘Mv Mazurka’ Hungary 486
170 KAL182 ‘Mv Meniiett’ Hungary 453
171 KAL 183 ‘Mv Siiveges’ Hungary 450
172 KAL184 ‘Mv Tallér’ Hungary 416
173 KAL185 ‘Mv Toborzo’ Hungary 380
174 KAL186 ‘Mv Toldi’ Hungary 454
175 KAL187 | ‘Mv Karizma’ Hungary 428
176 KAL188 | ‘Mv Verbunkos’ Hungary 503
177 KAL189 ‘Mv Walzer’ Hungary 506
178 KAL190 “Yumai 34” China 363
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179 KAL191 | ‘APS1P-ADE’ Italy 402
180 KAL192 | ‘KWS Scirocco’ Germany 475
181 KAL193 ‘Mv213-10° Hungary 508
182 KAL194 ‘Cadenza’ United Kingdom 516
183 KAL195 ‘Marquis’ Canada 474
184 | KAL196 W Japan 513
185 KAL197 ‘Sunstar’ Australia 405
186 KAL198 ‘Amor’ Germany 522
187 KAL199 ‘Mv Lucilla’ Hungary 486
188 KAL200 ‘Geronimo’ Italy 425
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Supplemental Fig. 1 Mean monthly temperature (a, [Ta]) and rainfall (b, [Pa]) datasets for the growing seasons in
the field experiments, and the deviation of the two parameters from the mean of 30 years (1971-2000) (AT:; AP /bar

charts/).
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Supplemental Table 2
Summary of the analysis of variance and the mean values of developmental and morphological parameters and yield

components.

02 (%) Mean values
. Genotype Year Sowin ) LSD
Trait (G) ) (S) h? 2013 1 2013 2 2014 1 2014 2 2015 1 2015 2 VxS
_ | & | w7~ |weer | 485 |08 | 126 | 15 | 149 | 282 | 130 | 152 131
5
gl & s | 1L | 502 | 070 | 11 78 | 18 | 27 | 12 | w7 19
D| v ETT —_
El S zao
Sld Z8 | ge2mr | 2o | 197 | 086 | 317 sr8 | 399 | a5 334 352 83
ol o ETT
9|9 z59
gl | &5 | mew || 1 |0 | @ ms | 4e6 557 408 131 81
ZSE
ZE | gese | s27e | 132 | 093 | as 99 | 545 | ea2 | 43 461 263
_ PH2 [cm] 50.2*** 17.7*%** 13.7%** 0.96 73 63 85 74 69 65 5.22
S| 4 PHS3 fem) 49.4*** 20.3*** 12.9%** 0.97 82 71 95 84 78 75 5.57
‘S| @ EAL [cm] 44.8*** 19.8%** 0 0.94 9.4 84 104 10.8 9.6 9.4 0.95
O| H1
ol Bt | w2~ | w8 0 084 | 31 | 3w | 37 | a0 | 307 | 309 157
-§ & SG 46.5%** 11.1%** 17.8*** 0.91 4.76 5.26 5 5.9 4.6 5 0.091
2| g
> LIN [om 58.3*** 17x** 0 0.96 28 215 32.5 32.5 28 28 3.12
DEAJNS 61.2%** 2 Jx** 0,3%** w ﬁ Q 2.3 ﬂ Q 2.3 ﬂ
I AET | o 0 0 003 | 413 | a1 | a7 | 312 | 49 | a2 317
= 32.8%** 9x** 5.8%*x 0.84 41 37 44 41 38 36 4.95
o 4 METg | 6067~ | o= 03" | 004 | 442 a4 266 | 429 | 252 | 452 356
ol g s 289 | g 0 08 | & 51 56 61 53 52 826
> MSW [q] 29.7%%* 8.3*** 0 0.82 2.3 22 2.6 2.6 24 23 0.43
d  SPIK 33.8%** 1597 | 111* | 0.88 21 19 23 22 22 21 1.46
SsP 17755 | orr | a8~ | 080 | 25 27 25 28 24 25 033

1 Averaged over three years
ETT: effective thermal time
*, ** *** denote significant relationships at the P<0.05, P<0.01 and P<0.001 probability levels, respectively
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Supplemental Fig. 2 Relationship between the values of Z31 (a), Z30 (b), 23031 (c) and PH final (d) measured
with normal and late sowing in the three years. Lines were fitted with linear regression.
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Supplemental Fig. 3 Correlations between plant developmental phases and the seed number in the main spike with

(a) normal sowing and (b) late sowing.
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