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Abstract
Flowering-date stability is crucial for global adaptability of wheat to sustain a high grain yield within
broad temperature ranges; however, the response mechanism of such stability to climate change remains
unclear. Here, we developed a multi-locus genotype based (MLG-based) ecophysiological model to predict
wheat-�owering date that allowed for the linkage of key photoperiod (Ppd) and vernalization (Vrn) genes
to wheat �owering. The MLG-based model was then applied to reveal the responses of wheat-�owering-
date stability to different allelic combinations under projected climatic conditions across the Northern
China winter wheat Region. The results showed that the stability of the �owering date for wheat could be
enhanced under projected RCP4.5 and RCP8.5 global warming scenarios with allelic combinations of
major Vrn and Ppd genes. Our �ndings highlight the potential of introducing allelic combinations of the
winter allele vrn-D1 and photoperiod-insensitive genes (Ppd-D1a) into currently-cultivated varieties in
order to maintain a more stable �owering date, especially under future climate conditions.

Introduction
Ensuring food security requires development of climate-resilient crops with phenology that is stable under
variable climates. The global spread of hexaploid wheat (Triticum aestivum L.) cultivation from the
Middle East to the rest of the world was facilitated by the development of adapted wheat varieties,
utilizing genetic variability for timing of �owering phenology under favorable environmental conditions1,2.
During the adaptation process, a stable match between wheat development (i.e. phenology) and the local
environment determines the time that wheat can use climatic resources, which is a prerequisite for high-
yield potential3,4. 

Developing wheat varieties capable of maintaining a similar �owering calendar under a selected sowing
window and accounting for the various seasonal temperature �uctuation (stability of wheat-�owering
date) is a common strategy to help plants adapt to heat and cold and, thus, avoid damage caused by
concomitant drought and cold stress5,6. Maintenance of a stable �owering date is a key factor for wheat
to enable buffering to the developmental changes biotic and abiotic stress factors can cause and enables
a wheat crop to produce a high grain yield for a wide range of temperature regimes7,8. Wheat producers
and plant breeders invest substantial resources to select/manipulate the �owering date to maximize the
use of local climatic resources, as well as grain yield under current climate conditions9,10. However, the
ambient temperature has increased in recent decades, especially compared with the evolutionary scale
during which plants evolved11,12, resulting in potential mismatches between growth stages and extreme
weather events13. Nevertheless, little attention has been directed toward revealing the response
mechanism of �owering-date stability (variation in �owering date for a large range of sowing dates and
climate conditions) to climate change.

            Wheat adaptability to a wide range of environmental conditions is mainly contributed by allelic
diversity within genes controlling vernalization requirements (Vrn) and photoperiod sensitivity (Ppd)7. The
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�owering date of wheat is mainly controlled by the responses of three groups of genes (i.e. Vrn, Ppd, and
earliness per se (Eps))14, with the �rst two groups as environment-dependent genes15,16. Therefore, wheat
adaptability under different agroclimates is mainly in�uenced by these two major gene groups and their
interactions with emerging temperature regimes17. Numerous studies have explored the effects of the Vrn
and Ppd families on the phenological growth stages of wheat for different regions of the world18-20, as
well as their responses to climate change21. Additionally, to elucidate the potential impact of climate
change on wheat phenology and yield, several studies highlighted the importance of changes in plant
growth and development under warmer temperatures8,22,23. However, the directions and magnitude of the
potential effect of climate change on the stability of the �owering date of wheat remain uncertain.
Furthermore, although Vrn and Ppd are associated with plant development, there are few reports on the
developmental stability of wheat. 

            Quanti�cation of the effects of climate change and different allelic combinations of Vrn and Ppd
genes present in multi-locus genotypes (MLGs) could help to reveal fundamental response mechanism of
the stability of the �owering date to climate change and facilitate developing wheat varieties with a
higher phenotypic resilience. However, determining the effects of climate change on the stability of the
�owering date of wheat is di�cult due to the limited amount of integrated information available on
weather conditions, genetic characteristics, and their interaction related to the stability of wheat �owering.
Process-based ecophysiological models integrate the effects of environment, crop management, and
genetic characteristics of varieties to predict crop growth and development24. Such modeling has proven
important to support plant breeding since the 1990s25,26. Moreover, wheat-�owering date in response to
temperature (development rate and Vrn requirement), Ppd (day length), and their interaction has been
simulated under the assumption that it is driven by temperature and photoperiod24,27. However,
conventional process-based ecophysiological models lack the connection between model parameters
and genetic information, which limits their application to extrapolate wheat phenology in response to the
genotype according to climate-change interaction28,29. In this regard, some pilot studies have replaced
some parameters with data for genetic information to overcome the problems inherent in use of cultivar-
speci�c model parameters30-34.

            In this study, we collected and identi�ed a total of 100 adapted wheat varieties and landraces
(Supplementary Table 1) from the Northern China winter wheat region (NCWWR) (Fig. 1a) to develop an
MLG-based ecophysiological model and estimate �owering-date stability under climate change by 2050
(2036–2065) using an ensemble of �ve climate models (CanESM2, CCSM4, CSIRO-Mk3-6-0, HadGEM2-
ES, MIROC-ESM-CHEM) under two greenhouse gas-emissions scenarios [Representative Concentration
Pathways (RCPs): RCP4.5 and RCP8.5)35. As an example of implication, the wheat production in the
NCWWR is essential for local food security, and the region is projected to become warmer in the
future36,37. Increasing temperatures have substantial effects on wheat phenology and could continue to
in�uence wheat-growth cycles under the projected climate-change scenario in the NCWWR38. In all 16
study locations, the model represented positive effects of climate change on wheat-�owering-date
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stability (a higher stability less change in �owering date for a large range in sowing date39; Methods),
despite the variability of growing season temperature increases under warming climates (Fig. 1b).
Furthermore, the varieties bearing photoperiod-insensitive alleles (Ppd-A1a and Ppd-D1a) and appropriate
vrn-D1 winter alleles will contribute to the increasing stability of the wheat-�owering date in
the NCWWR under current and projected climate-change scenarios (Fig. 4). These �ndings enhance our
understanding of the responses of Vrn and Ppd allelic combinations to climate change and, in turn, could
guide wheat selection and facilitate the development of wheat production systems with a higher
resilience against sustained global warming.

Results
Genotyping key Ppd and Vrn genes of 100 wheat varieties

We tested a panel of 100 adapted wheat varieties, including landrace varieties, commercial varieties, and
newly bred varieties, collected from the NCWWR, that require a high level of winter hardiness when sown
before winter. Because there were no polymorphisms identi�ed in the Vrn-A1, Vrn-B3, or Ppd-B1 alleles,
and allele Vrn-B1 harbored a polymorphism in only one variety, we focused on Vrn-D1, Ppd-A1, and Ppd-
D1 (Supplementary Table 1). The varieties were clustered into seven possible homozygous MLGs for the
three genes in our datasets (Vrn-D1, Ppd-A1, and Ppd-D1; Table 1). Most lines were in two MLGs: 58 lines
with Ppd-A1b+Ppd-D1a+vrn-D1 and 20 for Ppd-A1b+Ppd-D1b+vrn-D1 (Fig. 1c). The A3B1 and A3B2 MLGs
that carry the Ppd-insensitive allele (Ppd-D1a) were dominated by varieties released during and after the
1960s (Fig. 1d), indicating that selection in the NCWWR winter-wheat-breeding programs has favored
selection for the Ppd-insensitive allele at the major Ppd-D1 loci. Pooling data for 2016 to 2019 revealed
averaged �owering dates ranging from 210 (±6.5) to 216 (±6.5) days after sowing (we reported the
overall mean and standard deviation). 

An MLG-based ecophysiological model for wheat-�owering date

Considering the importance of a robust and quantitative method for extrapolating the stability of wheat-
�owering date, we �rst developed an MLG-based ecophysiological model in the Agricultural Production
Systems sIMulator (APSIM) framework40 with varying sensitivities to basic temperature, photoperiod, and
vernalization (Methods). Overall, there was close agreement between the simulated and observed
�owering dates in the calibration dataset [root mean square error (RMSE) = 1.6 days; y = 0.95x + 11.0,
R2 = 0.939, P < 0.001, N = 184] (Fig. 2a). Additionally, we compared �owering dates simulated by
optimized parameter values with observed �owering dates to evaluate data with an RMSE of 2.3 days
(y = 1.01x − 3.75, R2 = 0.885, P < 0.001, N = 92) (Fig. 2b). All simulations showed a close agreement with
the observed results, with only a slight deviation from the 1:1 relationship (Fig. 2a and b). The
performance of the MLG-based model was slightly lower than that of the modi�ed phenology model of
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APSIM-Wheat (APSIM-Wheat-M)33, which demonstrated an increased RMSE from 1.2 days to 1.6 days
(Fig. 2c) for the calibration and 1.3 days to 2.3 days for the evaluation datasets (Fig. 2d).

Simulation of the wheat-�owering date and the corresponding stability index under projected climate
conditions

We then used our MLG-based model to predict the �owering date of winter wheat with downscaled
climate models from the Coupled Model Intercomparison Project Phase 5 (CMIP5)41. Five core CMIP5
models were used to span a range of changes in future temperature and rainfall regimes based on their
performance for temperature and precipitation in China (Fig. 1b)42. We considered two greenhouse gas-
emissions scenarios [Representative Concentration Pathways (RCPs): RCP4.5 and RCP8.5)35 and used
the MLG-based model to predict wheat-�owering dates for each of the 16 locations in the NCWWR under
the baseline (1981–2010) and future climate scenarios by 2050 (2036–2065). Field management (e.g.
irrigation and fertilization) are set as non-water and non-nutrient stresses conditions for both baseline
and projected climates since this research is focusing on the wheat phenology with potential yield37. On
average, temperature during the growing season from September to June of next year would increase by
2.44 °C for the RCP4.5 and 3.34 °C RCP8.5 scenario compared to the baseline climate (Supplementary
Fig. 1). The variability of mean temperature of the growing season increased 24.7-40.5% for the warming
climates (Fig. 1b).

The simulated results demonstrate that the �owering dates became earlier in response to temperature
increase (Fig. 3). For the sowing dates from September 21st to September 29th (Julian calendar dates 264
to 272, respectively), the model-estimated average �owering dates under RCP4.5 and RCP8.5 were 9 and
13 days earlier than those for the baseline climate (Fig. 3a). Ppd-D1a (except for MLG A1B1) was
associated with early �owering in combined analysis across climates, regardless of MLGs carrying Vrn-
D1 or vrn-D1 alleles for both early (starting sowing date, Fig. 3b, Table 1) and late (ending sowing date,
Fig. 3c) sowing (e.g., MLGs A1B2 and A3B1). Ppd-D1b show late �owering, regardless of whether the
MLGs carried Vrn-D1 or vrn-D1 alleles, except for allele combination A4B1. Under starting sowing
conditions, the �owering date of allele combinations A1B1 and A4B1 did not differ signi�cantly whereas
with ending sowing they were signi�cantly different (Fig. 3b and Fig. 3c). Even though 14 varieties had
Vrn-D1 (MLG A1B1, A3B1, A4B1) which is dominant to the allele vrn-D1, each variety has the recessive vrn-
A1, vrn-B1 and vrn-B3 alleles and behaved as a winter wheat not a spring wheat. There might be other
genes in the background that results in a winter growth habit contrary to expectation43.

 The integrated stability indices across the NCWWR were 0.743 (±0.085) for baseline, 0.774 (±0.087) for
RCP4.5, and 0.781 (±0.087) for the RCP8.5 climates (we reported the overall mean and standard
deviation for all study sites and seven MLGs from the �ve climate models) (Fig. 4a). 
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Effect of climate change, MLG, and location on the stability of the �owering date

We then estimated the effect of climate change, MLG, and location on the �owering-date-stability index
using a set of more than �ve climate-model simulations. Given the diversity of the seven MLGs from 100
genotypes (Fig. 1c), 16 locations, and three climate scenarios averaged from �ve climate models, the
analysis of variance showed signi�cant (P < 0.05) effects associated with the MLG, climate scenarios,
and locations on the stability index (Table 2). The effect of the MLG was dominant, contributing 87.5% of
the variance (Fig. 4b). In general, projected climate-change effects on the stability index for 2050 (2036–
2065; average) relative to the 1995 (1981–2010 average) baseline were positive. Thus, the ranking of the
stability index with increasing ambient temperature was as follows: baseline < RCP4.5 < RCP8.5 (Fig. 4a).
Similarly, combined analysis of the variance showed that the MLG × scenario, scenario × location, and
scenario × MLG interaction effects were signi�cant (P < 0.001), indicating that the projected climate at
each location in�uenced the stability index. The signi�cant MLG × scenario interaction effect suggested
that genotypes responded differently to climates (Table 2). Additionally, scenario × location interaction
effects were larger than location effects. This unexpected �nding is probably best explained by the fact
that all locations were within similar climatological zones in the NCWWR, and that all genotypes are
adapted varieties. By contrast, the observation that scenario × MLG × location interaction effects were not
signi�cant suggested that the stability index was apparently more strongly a function of MLG and
climate than of location. The stability indices of wheat-�owering date under the baseline and projected
climates are shown in Figure 4a. The baseline scenario showed lower and wider ranges for stability than
those in the RCP4.5 and RCP8.5 scenarios, indicating that climate change could be favorable for the
stability of the wheat-�owering date. 

Although the scenario × MLG interaction was signi�cant (P < 0.001), there were consistent rankings in the
stability indices for different MLGs across climate scenarios (Fig. 4b). For example, MLGs A1B2, A3B1,
A3B2, and A4B1 were consistently more stable than other MLGs under both the baseline and projected
climates across all 16 locations (Fig. 4c), with three of these four MLGs carrying the Ppd-D1a gene.
Notably, we found that A1B1 and A4B2, which includes the early �owering allelic combinations with Vrn
and Ppd alleles, were unstable MLG across all climate scenarios, whereas allelic combinations with both
�owering-hastening and late �owering allelic combinations (e.g., A1B2 and A4B1) were more stable
MLGs. Comparison of A1B2 and A1B1 indicated that vrn-D1 is important for maintaining the stability of
wheat-�owering date when Ppd carries the insensitive alleles Ppd-D1a and Ppd-A1a. The only difference
between stable MLG A3B2 and unstable MLG A4B2 is the Ppd-D1 locus, demonstrating the importance of
Ppd-D1a for the stability of the wheat-�owering date.

Discussion
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Flowering-date stability is a key factor responsible for the global adaptability of wheat to biotic and
abiotic stress factors and enables wheat to produce a satisfactory grain yield for a wide range of
temperature and latitude regimes. Therefore, maintaining stable �owering-date of wheat is of
extraordinary importance to meet future food and feed demands. Quantifying the response of �owering-
date stability to climate change and allelic combinations of Vrn and Ppd loci might provide guidelines for
developing phenotypic resilient wheat varieties. However, wheat-�owering date is complex and controlled
by many genes and environmental parameters. For example, the pre-�owering developmental phases in
wheat are mainly controlled by Vrn and Ppd responses and their interactions with temperature during
growth14,17. Although numerous studies have focused on understanding the physiological, molecular,
and biological aspects of these two genetic constituents of the control mechanism of wheat-�owering
date7,9,17, a comprehensive understanding of stability in the wheat-�owering date to Vrn and Ppd gene
groups and their interactions with increasing temperature requires further research. Furthermore,
quantifying the effect of climate change on the stability of the wheat-�owering date is a di�cult
challenge without suitable resources. Here, we hypothesized that developing an MLG-based
ecophysiological model would aid investigations of the response of �owering-date stability to allelic
combinations rather than matching alleles to projected climate. Moreover, this could potentially
accelerate selection of adaptive varieties by enabling the screening of wheat germplasms for stable
�owering date. Although traditional ecophysiological models, such as the Decision Support System for
Agrotechnology Transfer (DSSAT)24 and APSIM44, are capable of linking genetic architecture to
phenological expression, the genetic coe�cients in the models are usually estimated directly through
phenotypic data without considering genetic information. Alternatively, if the genetic coe�cients are
estimated using genetic information, the response of plant genetic architecture and phenotype to genes
involved in regulating physiological processes and their response to the environment might be capable of
characterization by the ecophysiological model45-49. In the present study, we developed an MLG-based
ecophysiological model based on the APSIM-Wheat-M model in an attempt to link crop genetic
architecture to �owering date. The results showed that the model accurately simulated the �owering date,
which is a signi�cant advancement with respect to previous models that simulated wheat-�owering date
without using genetic information25,50. The accuracy of the benchmark performance of MLG-based
model was slightly lower than that of APSIM-Wheat-M, which is in line with other studies that replaced
line-speci�c parameters with gene-speci�c parameters30,51. This reduction in performance by gene-
based models might be caused by the undetected effects of unknown genes or the poor estimation of
allele-speci�c effects of known genes32. However, the performance of the MLG-based model was a
signi�cant improvement relative to existing gene-based models in predicting the wheat-�owering date.
For example, using Vrn and Ppd genes to predict wheat phenology, White et al. (2008) demonstrated that
the RMSEs were 9.0 days and 9.9 days for the calibration and evaluation datasets, respectively30. Since
the MLG-based ecophysiological model was calibrated and evaluated based on only three years data in
one location, the model may not be suitable for prediction over larger geographic areas and longer
period52. Therefore, additional efforts are needed to extend the model evaluation to wider geographic
areas and over longer periods, which will require more explicit phenotyping and genotyping data.
Nevertheless, elucidating the effects of climate change on the stability of the wheat-�owering date using
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an MLG-based model accommodates the effects of allelic combinations of genes and their interaction
with climate simultaneously rather than summing the additive effects of individual genes. From a model-
application perspective, MLG-based approaches can contribute to a signi�cant reduction in the
requirements of expensive and intensive experimentation to elucidate the response of crop phenological
stages to different allelic combinations under conditions of climate change, thereby enhancing its
applicability in crop breeding and agricultural genomics associated with plant adaptation to changing
climate. Comparisons with a baseline climate revealed that the simulated �owering date under the early
sowing window shifted toward earlier �owering dates across the NCWWR at an average of 9 days for
RCP4.5 and 13 days for RCP8.5 climate scenarios by 2050. Although warmer temperatures might inhibit
both in�orescence and spikelet development during the early reproductive stages of wheat8,53, in the
present study, in�uences on accelerating �owering after prolonged exposure to cold winter temperatures
might have major effects associated with temperature increases53. The insensitive alleles of Ppd genes
reportedly have a dominant effect on the form of accelerated �owering17. Similar results were observed
in our simulated results, where �owering date varied among MLGs carrying Ppd-A1/D1 allele(s). Although
we focused on the simulation of �owering date based on MLGs, the present study also showed the
effects of the alleles of each gene and their interactions. The MLGs with photoperiod-insensitive alleles
resulted in earlier �owering as compared with photoperiod-sensitive MLGs, which is consistent with
results from other studies on winter wheat9,54. Allelic combinations of Ppd and Vrn reportedly result in
variations in �owering dates55,56; however, to date, no study has shown that these are related to the
stability of wheat-�owering date. Additionally, Ppd- and Vrn-response genes hasten or delay �owering in
response to climate, which also affects �owering-date stability57. Therefore, the selection of known
allelic combinations and the assessment of their stability in response to projected climate change are
crucial for the comprehensive understanding of plant adaptability to future climate in target
environments. Although A1B2, A3B1, A3B2, and A4B1 are among the most stable MLGs under current and
projected climates, they achieve the same results by different means. For example, MLG A1B2 carries
photoperiod-insensitive genes (Ppd-A1a and Ppd-D1a), whereas A4B1 carries photoperiod-sensitive genes
(Ppd-A1b and Ppd-D1b). This is consistent with several studies showing that allelic combinations of Vrn
and Ppd would allow �ne-tuning of the timing of phenological events before �owering without
substantial changes in �owering date58,59. Furthermore, it is possible that the high-stability MLGs,
except for A4B1, promoted earlier �owering than low-stability MLGs. Comparison of the two stable MLGs
(A1B2 and A3B2) suggested that the Ppd-A1a allele has a marginal effect on �owering-date stability in
the presence of the Vrn allele vrn-D1. Moreover, comparison of the high-stability MLG A3B1 with the low-
stability MLG A1B1 revealed that the Ppd-A1a allele played an important role in �owering-date stability in
the presence of the allele Vrn-D1. However, this result is tempered by the limited sample size with only one
genotype in A1B1 and only seven genotypes in A3B1. Crop adaptation to new climate requires annual
�owering date consistency and stability to maximize yield potential, which needs genetic modi�cation of
Ppd and Vrn genes. However, delivering new adapted varieties to wheat growers via plant breeding
requires time to backcross new stability genes into current varieties without disrupting existing adaptive
gene complexes. In traditional breeding, it takes 8–10 years to breed a desirable variety for a different
planting climate, including optimization of �owering date for that climate condition. Since 1949, the
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priorities in Chinese wheat-breeding programs have included broad adaptation and early �owering and
maturity to achieve high-yield potential while �tting multi-cropping systems60. Selection for photoperiod-
insensitivity has been an important step in improving the adaptation of wheat in China and other large
wheat-producing regions around the world7,60-62, as photoperiod-insensitive genes shape the
phenological cycle of vegetative growth and reproductive growth, thus improving the relationship
between sink and source tissues63. Evidently, compared to A1B1 and A4B2, MLGs A1B2 and A3B2 are
more suitable for breeding value-added varieties in the projected climates not only because of their ability
to adapt to a broader environmental range but also because wheat varieties that carry the important
photoperiod-insensitive gene Ppd-D1a show a prolonged duration of the spike growth period. This results
in heavier spikes with a larger number of fertile �orets, thereby leading to greater grain number and higher
yields64, possibly via a higher cumulative assimilation to the spike65. In the present study, in addition to
comparisons with other MLGs, combining Ppd-D1a with winter genotypes carrying the vrn-D1 allele
avoided vegetative-stage frost damage66, as well as allowed a longer grain-�lling period before the onset
of humid and hot weather events that might become more frequent in the projected climates67. The
sensitivity to Vrn or Ppd genes could be used to adjust the duration of the reproductive phase to �t
speci�c climate conditions68. The present results indicate that although MLGs A4B1 and A3B1 were also
stable, they did not �t the adaptive-breeding strategy at the study site, as they carry the spring allele Vrn-
D1, which is sensitive to frost damage. However, they might be better suited to environments with a
longer growing season and less frost risk, such as the southern wheat belt in Australia56. Understanding
the response of �owering-date stability in wheat varieties carrying allelic combinations of Ppd and Vrn
genes to climate change can provide important information for accelerating selection or breeding climate-
resilient varieties to warmer climates based on the existing wheat germplasm. An MLG-based
physiological model of �owering-date response to these allelic combinations allowed for feasible
accuracy of genotype-to-phenotype simulation models for predicting the �owering date and, thus, the
corresponding stability of �owering date in response to projected climate change. The present model
effectively simulated �owering date with an RMSE of 2.3 days, accounting for ~88.5% of the genotypic
variation for �owering date in an independent dataset of 100 wheat genotypes. This e�ciency in
quanti�cation is remarkably useful for developing new varieties with greater �owering-date stability. The
method used in our study could also favor accelerating selection of the �owering-date stability
mechanism to achieve climate-adaptation for other food crops for future food security and sustainable
agriculture. Moreover, the present study showed that the projected warmer climate with higher
temperature variability could stabilize wheat �owering date. We propose that a thorough understanding
of the adaptation of varieties carrying photoperiod-insensitive alleles (Ppd-A1a and Ppd-D1a) and an
appropriate winter allele (vrn-D1) will contribute to increasing the stability of the wheat-�owering date in
the NCWWR under current and projected climate scenarios. These �ndings highlight the potential of
introducing allelic combinations of the winter allele vrn-D1 and photoperiod-insensitive genes (Ppd-D1a)
into currently-cultivated varieties in order to maintain a more stable �owering date in the NCWWR,
especially under future climate conditions. Further, by linking crop genetic architecture to the �owering
date of wheat in our MLG-based physiological model, this study provides novel and useful insights into
the response of allelic combinations of Vrn and Ppd genes to climate change that might be useful for
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expediting the development of wheat varieties exhibiting higher stability in warmer climates. These stable
varieties could favor achieving grain yields that maximize the use of local climatic resources and thus
bene�t local food security under sustained global-warming scenarios. Furthermore, this study has
implications beyond the NCWWR, given that warming trends across major wheat-producing regions or
countries have similar or even higher trends of increasing temperatures22. Wheat phenology in response
to warming temperatures is a fundamental process that occurs in these areas69. Understanding the
response of �owering-date stability to warmer climates allows breeders to generate varieties with higher
stability by manipulating the Ppd and Vrn genes based on existing germplasms to keep pace with rising
temperatures and produce more resilient production systems. However, assuring the highest con�dence
in recommendations to wheat breeders regarding allelic combinations of the Vrn, Ppd, and Eps genes
requires further research involving a wider range of genotypes.

Methods
Study area

The study was conducted in the NCWWR of China, which is located at the northern edge of the autumn
sown wheat area, where winter-habit is obligatory (Fig. 1a). This area includes Beijing, Tianjin, north
central Hebei, southeastern and central Shanxi, northern Shaanxi, and eastern Gansu and together
accounts for ~9% of the total wheat area in China70. The average temperature and solar radiation during
the growing season are 6.5 °C and 12.9 MJ/m2/day, respectively71. Supplementary Figure 2 and Figure 3
show the variation in monthly air temperature and accumulated precipitation of growing-season at 16
locations of the Northern China Winter Wheat Region (NCWWR) for the period 1961–2015. Overall, there
is a large temperature difference between winter and summer and the precipitation falls mainly in sowing
and grain �lling phases Winter killing of seedlings and high temperature during grain �lling are major
problems that often cause severe reductions in grain yield70.

MLG-based modeling of the wheat-�owering date

The MLG-based phenology modules were developed based on the wheat varieties in the NCWWR
environments and integrated into the widely used APSIM-Wheat model
(v.7.6; http://www.apsim.info)40. Because there were no polymorphisms identi�ed in the Vrn-A1, Vrn-B3, or
Ppd-B1 loci, and locus Vrn-B1 harbored polymorphism in only one variety, the Vrn and Ppd genes Vrn-D1,
and Pdp-A2, Ppd-D1 were used to link with the physiological processes of vernalization and photoperiod
in the modi�ed phenology model of APSIM-Wheat (APSIM-Wheat-M). The description of the approach
used to simulate wheat phenology in APSIM-Wheat-M has been described previously33,37,72. Brie�y,
phenological development between sowing and maturity in the APSIM-Wheat-M model is divided into
nine phases. The commencement of each phase, excluding sowing to germination, is determined by the
accumulation of the thermal time (TT) (target total required thermal time for a speci�c phenological
development phase). In the present MLG-based model, the original formula for the calculation of TT was
modi�ed, as follows:

http://www.apsim.info/
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TT = ∑(ΔTT × Fv × Fp)                                  (1)

 

where ΔTT is calculated from the daily mean temperature using three cardinal temperatures, including 0
°C (base), 26 °C (optimum), and 34 °C (maximum), when the daily mean temperature is <26 °C (ΔTT is
equal to the daily mean), and the Vrn factor (Fv) is calculated from plant emergence to �oral initiation and

updated daily33,72. This set of cardinal temperatures has been applied to predict wheat phenological
stage across global wheat environments37

 

Fv = 1 - (0.0054545 × Rv + 0.0003) × (50-V)               (2)

 

where Rv is the sensitivity to VRN. The calculation of total Vrn (V) was described previously33. 

            The Ppd factor (Fp) is calculated as follows:

 

Fp = 1 - Rp × (20 - Lp)2                       (3)

 

where LP is the day length plus civil twilight (h) (i.e., the center of the Sun’s disc is 6° below the horizon),
and RP is the sensitivity to Ppd.

            The difference between the APSIM-Wheat-M model and the MLG-based model is that the Vrn (Rv)
and Ppd (Rp) sensitivities [Eqs. (2) and (3)] are related to the number of sensitive alleles of the Vrn and
Ppd genes. Linear functions were used to simulate the relationships between the weighted numbers
of Vrn or Ppd alleles and the sensitivities of target processes:

 

Rv+ = kvNv + bv                                                               (4)

 

Rp+ = kpNp + bp                                                              (5)
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where kv and kp are the slopes of lines for Vrn and Ppd, respectively, and bv and bp are the intercepts of
the lines indicating the unknown effects of the Vrn and Ppd genes, respectively.

            The total weighted numbers of Nv (Vrn) and Np (Ppd) genes in Eqs. (4) and (5) were calculated by
weighting and summing the genotype values of 0 or 1 at each of the Vrn and Ppd loci:

 

Nv = hvd × Vrn - D1                             (6)

 

Np = (Ppd - A1 + Ppd - D1) × hpd                                    (7)

 

where hva, hvb, and hvd  are the weights of the effects at each Vrn locus on Vrn sensitivity, and hpa, hpb,
and hpd are the weighted Vrn effects on Vrn requirements.

 

Field tests, plant materials, and genotyping for calibrating and evaluating the MLG-based model

A �eld test for calibrating and evaluating the MLG-based model was performed from 2016 to 2019 at the
Beijing Shunyi Experimental Base (40°15′N, 116°55′E) of the Institute of Environment and Sustainable
Development in Agriculture, Chinese Academy of Agricultural Sciences. The �eld-test location was within
the NCWWR, and the �eld experiment was arranged in a randomized complete-block design with three
replications. The plots were 2 m in length with 0.25m spacing between rows, and seeding was at a depth
of 5 cm. Recommended �eld-management practices for obtaining high yields of wheat, including
fertilization and irrigation, were adopted from previous studies73,74. Irrigation was applied three times
annually (before the sowing, jointing, and grain-�lling stages). Fertilizer was applied prior to sowing and
during stem elongation. Additionally, pesticides were applied for pest and disease control. Wheat-
�owering dates were observed and recorded based on 50% �owering of the middle spikelet75. 

            A total of 100 adapted wheat varieties, including landrace varieties, commercial varieties, and
newly-bred varieties collected from the NCWWR, were used to characterize the Vrn and Ppd genes. The
varieties used formed clusters of diverse genetic backgrounds, each with their own set of allelic
combinations of Vrn and Ppd, which enabled investigation of the response of genotypes with various
allele combinations to climate change. All plant materials used in this study were provided by The
National Key Facility for Crop Gene Resources and Genetic Improvement of the Chinese Academy of
Agricultural Sciences.
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            Genotyping experiments were conducted to detect the dominant and recessive expression of
Ppd and Vrn alleles related to �owering date. Leaf DNA from young seedlings was extracted using the
high salt and low pH method and Ppd and Vrn loci were detected using STSs76,77. The vernalization (Vrn-
A1, Vrn-B1, Vrn-B3, and Vrn-D1) and photoperiod (Ppd-A1, Ppd-B1, and Ppd-D1) loci were detected using
sequence-tagged sites (STSs)77,78, and the alleles and allelic combinations of Vrns and Ppds in each
variety were determined.

            Four gene-speci�c parameters (kv, kp, bv, and bp) and one line-speci�c parameter (TTFI, FL) were
included in the �nal MLG-based model. The global optimization algorithm was used to re�t and evaluate
parameter values for 100 varieties in the �eld experiment33.

            This model was then applied to the measured �owering date for varieties with mapped
photoperiod and vernalization alleles within experiments conducted at one location (Shunyi, Beijing). The
�owering date is estimated as Zadok’s stage 65 in APSIM. We used global optimization to calibrate the
�nal model parameters33 using data from the �rst two growing seasons (2016–2018) for both the
modi�ed phenology model of APSIM-Wheat (APSIM-Wheat-M) and the MLG-based model. We
independently evaluated the APSIM-Wheat-M and MLG-based models using data from the third growing
season (2018–2019). A program was developed in R (v.3.6.2; http://www.R-project.org/) to run the entire
phenology algorithm from APSIM-Wheat using R scripts implemented across a high-performance
computing platform. 

Calculation of stability index of wheat-�owering date

To calculate the stability index of the �owering dates, we obtained the �owering dates under a suitable
range of sowing dates79. Here, the starting sowing dates were set to a range between September 21 and
September 29, and the ending sowing date was set to October 21. Thus, the sowing-date window was 30
days, which is slightly wider than the agronomic boundary (i.e., September 25 to October 15). Based on
the �owering dates simulated with the described sowing window, the �owering-date-stability index for the
locations in the NCWWR was calculated as 1 minus the ratio of the thermal-time range for �owering for
each variety to the thermal-time range for sowing dates for each year79. A higher stability index indicated
less change in �owering date for a large range of sowing dates and climate conditions79.

 

Statistical analysis

We used linear mixed-effect models (LMM) fitted using the R package lme480 in R version 3.6.2 for
Windows81 to estimate the stability of the wheat-�owering date for each MLG, climate scenario, location,
and their interaction (�xed effect), whereas the other components (i.e., year and interaction between year
and location) were considered random effects. LMM, P-values, and degrees of freedom were calculated
using the lmerTest package in R82. The amount of variance in a sample attributed to different factors
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was analyzed using type II Wald chi-squared tests (package ‘lmerTest’)82. Statistical assumptions
(normal distribution and variance homogeneity) for the LMMs were visually checked by inspecting the
residual plots. 
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Tables
 Table 1│Frequency distribution of multi-locus genotypes (MLGs). 

MLGs Allelic combinations of Vrn and Ppd genes 1 Frequency (%)

A1B1 Ppd-A1a+Ppd-D1a+Vrn-D1 1

A1B2 Ppd-A1a+Ppd-D1a+vrn-D1 4

A2B2 Ppd-A1a+Ppd-D1b+vrn-D1 4

A3B1 Ppd-A1b+Ppd-D1a+Vrn-D1 7

A3B2 Ppd-A1b+Ppd-D1a+vrn-D1 58

A4B1 Ppd-A1b+Ppd-D1b+Vrn-D1 6

A4B2 Ppd-A1b+Ppd-D1b+vrn-D1 20

 

1 MLGs include alleles of loci Vrn-A1, Vrn-B1, Vrn-D1, and Ppd-D1. vrn and Vrn indicate homozygous
genotypes for winter and spring alleles of the Vrn-D1 locus, respectively, whereas a and b indicate
homozygous genotypes for the insensitive and sensitive alleles of Ppd-A1 and Ppd-D1, respectively.
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Table 2│Wheat �owering date stability index according to climate scenario, multi-locus genotype
(MLG), and location and two- and three-way interactions based on a generalized linear mixed-effects
model.

Response Wheat-�owering-date stability index

  Chisqa d.f. Pb

Scenario (S) 21776 2 <0.001

MLG 43974 6 <0.001

Location (L) 1213 15 <0.001

S×MLG 436 12 <0.001

S×L 3088 30 <0.001

MLG×L 351 90 <0.001

S×MLG×L 138 180 0.992

a Chi-squared (Chisq) statistics and signi�cance levels were obtained from deviance tables.

b Bold values: signi�cant at P < 0.05.

Figures
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Figure 1

Study area, climate change, and genetic diversity. a, Map of the 16 locations of the Northern China Winter
Wheat Region (NCWWR), where this study was conducted (light green area). b, Target mean air
temperature of wheat growing-season under baseline (1981–2010), RCP4.5 and RCP8.5 projected
climates (2036–2065). Boxes in b show the median, an upper and lower hinge corresponding to the 25th

and 75th percentiles of the distribution (�rst and third quartiles) and the whiskers, which show data
dispersion up to 1.5 times the inter-quantile range; �lled black circles are outliers. c, Multi-locus genotypes
(MLGs) identi�ed among 100 adapted wheat varieties and landraces. See Supplementary Table 1 for
details. d, Eras distribution of release of the MLGs. Note: 1940s represents the varieties dating during and
prior to the 1940s.
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Figure 2

Calibration and evaluation of the MLG-based and APSIM-Wheat-M ecophysiological models for modeling
wheat-�owering date. a, Comparison of observed and simulated �owering dates for the calibration
datasets using the MLG-based model. Total RMSE was 1.6 days (y = 0.95x + 11.0, P < 0.05, N = 184; R2 =
0.939, dashed line; 1:1, solid line). b, Comparison of observed and simulated �owering dates for the
evaluation datasets using the MLG-based model. Total RMSE was 2.3 days (y = 1.01x − 3.75, P < 0.05, N
= 92; R2 = 0.885, dashed line; 1:1, solid line). c, Comparison of observed and simulated �owering dates for
the calibration datasets using APSIM-Wheat-M. Total RMSE was 1.2 days (y = 1.00x + 1.19, P < 0.05, N =
198; R2 = 0.963, dashed line; 1:1, solid line). d, Comparison of observed and simulated �owering dates for
the evaluation datasets using APSIM-Wheat-M. Total RMSE was 1.3 days (y = 0.93x – 14.22, P < 0.05, N =
99; R2 = 0.931, dashed line; 1:1, solid line). The trial was conducted over three years in Beijing, China.
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Figure 3

Violin plots showing the distribution of the predicted wheat-�owering date using starting and ending
sowing dates under baseline and RCP4.5 and RCP8.5 projected climates (multi-climate model ensemble),
respectively, for different multi-locus genotypes (MLGs). a, All MLGs, starting sowing date, ending sowing
date. b, Starting sowing date, baseline climate, RCP4.5 climate and, RCP8.5 climate. c, Ending sowing
date, baseline climate, RCP4.5 climate and, RCP8.5 climate. In a, b and c, the central mark is the median,
lower (Q1) and upper (Q3) quartiles and the whiskers, which show data dispersion up to 1.5 times the
inter-quantile range; �lled black circles are outliers. Asterisks indicate statistically signi�cant differences
(*P < 0.05; **P < 0.01; ***P < 0.001) or not signi�cant (NS) (P > 0.05) based on the two-sided t-tests.
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Figure 4

The effect of climate change, multi-locus genotype (MLG), and location on the stability of the wheat-
�owering date. a, Predicted stability of the wheat-�owering date under baseline and RCP4.5 and RCP8.5
projected climates, respectively. b, Fraction of variance in the stability of the wheat-�owering date
according to MLG, temperature scenario, location, and the corresponding two- and three-way interactions
for predicting �owering-date stability. c, Predicted stability of the wheat-�owering date for different MLGs
under baseline and RCP4.5 and RCP8.5 projected climates, respectively (higher number indicates more
stable). In a and c, the central mark is the median, lower (Q1) and upper (Q3) quartiles and the whiskers,
which show data dispersion up to 1.5 times the inter-quantile range; �lled black circles are outliers,
treatments (MLGs) sharing a letter do not signi�cantly differ (Tukey-adjusted LSMeans comparisons; p <
0.05).
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