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Simple Summary: Wheat anthesis date is an important turning point for wheat from vegetative
growth stage to reproductive growth stage, which is crucial for wheat to adapt to environment and
increase grain yield. In this study, a panel of adaptive wheat varieties including historical varieties
from the 1940s and current varieties was used to understand the contribution of growing season,
genotypes and their interaction effects to anthesis date. Based on our results, we can conclude that
growing seasons contributed tremendously to the anthesis date of wheat. In future wheat breeding,
more consideration should be given to growing seasons, and the gene combination with the strongest
adaptability to the growing seasons should be selected.

Abstract: Quantitative studies on the effects of growing season, genotype (including photoperiod
genes and vernalization genes), and their interaction (GGI) on the anthesis date of winter wheat
(Triticum aestivum L.) are helpful to provide a scientific reference for selecting or developing adap-
tive varieties in target environments. In this study, we collected 100 winter wheat varieties with
ecological adaptability in North China and identified the anthesis date under field conditions for
three consecutive years from 2016 to 2019 with mapped photoperiod and vernalization alleles. Our
results showed that the number of the photoperiod-insensitive Ppd-D1a allele increased with variety
replacement, while the haplotype Ppd-Alb + Ppd-D1b + vrn-D1 (A4B2) decreased from the 1940s to
2000s. The anthesis date of A4B2 was significantly delayed due to the photoperiod-insensitive alleles
Ppd-A1b and Ppd-D1b. The additive main effect and multiplicative interaction (AMMI) model and
GGI biplot analysis were used for data analysis. A large portion of the total variation was explained
by growing seasons (66.3%), while genotypes and GGIs explained 21.9% and 10.1% of the anthesis
dates, respectively. The varieties from the 1940s and before had a great influence on the anthesis date,
suggesting these germplasms tend to avoid premature anthesis and could facilitate the development
of phenological resilient varieties.

Keywords: Triticum aestivum L.; anthesis date; additive main effects and multiplicative interaction
model; growing season-genotype interactions

1. Introduction

Anthesis is a critical turning point in the transition from the vegetative to the repro-
ductive growth stage of wheat (Triticum aestivum L.) [1] and is important for improving
the adaptability of wheat to abiotic (temperature and water) and biotic stress (pest and
disease) as well as for increasing the seed set [2,3]. Therefore, the anthesis date is a key
period in the entire phenology of wheat and one of the key determinants of wheat yield [4].
Many studies have shown that temperature and photoperiod are the main factors affecting
the anthesis date of wheat under sufficient light and irrigation [5-7]. The growing sea-
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sonal temperature fluctuation does not only affect photosynthesis, nutrient uptake, and
respiration of wheat [8] but also anthesis during its normal phenological growth [9].

Crop breeding is a scientific direction based on adaptation of cropping systems to
local climate. Varieties with early anthesis can adapt to a shorter growing season, while
varieties with late anthesis are conducive to storing resources throughout the longer
growing season without water deficit stress [10]. Farmers and breeders can make wheat
production more flexible and adapt it to different geographical locations by selecting wheat
varieties with different anthesis onsets to improve wheat yield [10]. Therefore, the research
on the influence of growing seasons on anthesis date and the change in wheat anthesis
onset can provide a scientific basis for breeding wheat varieties that can adapt to specific
climate conditions.

Genetic diversity is a reason for the difference in anthesis date in wheat [11], and
gene polymorphism analysis is the most direct and effective method in genetic diversity
research [12]. Photoperiod and vernalization alleles play an important role in anthesis date
by regulating the sensitivity of wheat to photoperiod and vernalization, respectively [13].
Photoperiod sensitivity is mainly controlled by three homologous genes of Ppd-1, namely,
Ppd-A1, Ppd-B1, and Ppd-D1 [14]. Previous studies have shown that the dominant allele in
Ppd-1 causes photoperiod insensitivity to wheat, while the photoperiod insensitivity caused
by Ppd-D1la is greater than that caused by both Ppd-Bla and Ppd-Ala [15]. In terms of the
relationship between photoperiod sensitivity and anthesis, photoperiod insensitivity alleles
can cause anthesis in wheat plants in short-day conditions, which is related to shortening
the growing season and promoting wheat flowering; in contrast, the photoperiod-sensitivity
allele requires long-day plants to grow for several weeks while being exposed to sunlight
for more than 10 h a day before the onset of anthesis [16]. A study by Alvaro [17] on
12 Spanish and 12 Italian varieties showed that the varieties that carried the photoperiod-
insensitivity alleles reached the anthesis stage eight and two days earlier, respectively, than
those that carried the sensitivity allele.

Vernalization is controlled by four major genes: Vrn-1, Vrn-2, Vrn-3, and Vrn-4 [18-20].
Among them, the dominant alleles, Vrn-1, Vrn-3, and Vrn-4, are related to the spring growth
habit in wheat and promote its anthesis, while the dominant allele of Vrn-2 is related to
the winter growth habit in wheat and inhibits its anthesis [21]. Some studies have shown
that Vrn-1 has three homologous genes, Vrn-Al, Vrn-B1, and Vrn-D1 [22]. Compared with
Vrn-B1 and Vrn-D1, Vrn-Al is the least sensitive to vernalization. The mutations within
genes of these genes can cause an early anthesis date [23]. Vrn-3, comprising Vrn-A3, Vin-B3,
and Vrn-D3, is related to the expression of the FT protein and has a promoting effect on
the anthesis date. A study on the vernalization genes of 47 wheat varieties in Australia
showed that the effects of the genes Vin-Al and Vrn-B1 on the anthesis date were similar,
but only varieties that carried the gene Vrn-B1 had an earlier anthesis date than those that
carried a recessive gene [24].

The polymorphism of genes laid a foundation for studying the mechanism of response
of wheat to anthesis-related alleles. The growing season-genotype interaction (GGI) has a
significant effect on the anthesis date of different wheat varieties in specific areas. One of the
key problems in the evaluation of different wheat varieties is assessing the influence of the
GGIs on anthesis date, which would help select specific varieties for better adaptation [25,26].
Since the 1980s, tremendous efforts have been made by the International Maize and Wheat
Improvement Center (CIMMYT) based on the breeding of different wheat genotypes on
this interaction effect [27]. To adapt to more complex growing seasons, breeders select
different varieties by studying their genotype structure, aiming to regulate the anthesis
date of crops so that they are adapted to different climates and growing seasons of specific
regions [28]. Previous studies have shown that the GGI effect has a greater impact on the
growth of wheat when there are differences in growing seasons, especially in terms of
temperature [29]. This interaction effect has been utilized by some researchers to improve
the adaptability of varieties to various climatic conditions while constantly improving
the adaptability of wheat varieties to local climatic conditions. For example, in Australia,
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farmers need to select the most appropriate wheat varieties for their local growing seasons
to avoid high-temperature and drought stress during anthesis and ensure normal growth
and anthesis [28,30].

The additive main effects and multiplicative interaction (AMMI) model is currently
widely used in crop variety multipoint trials [31]. which is helpful for identifying genotypes
adapted to agronomic traits and evaluating meteorological conditions in the study area [32].
AMMI can intuitively and effectively be used to analyze GGlIs with the help of a biplot [33].
Rincent [34] used the AMMI model to analyze the factors affecting the phenological period
and explained the proportion of growing seasons, genotypes, and GGIs. Studying the
effect of GGIs can improve the adaptability of crops in target production areas, which is
of great significance for wheat breeding. At present, numerous studies on the effect of
growing seasons on anthesis date have been extensively studied. However, studies on the
contributions of growing seasons, genotypes, and their interaction to wheat anthesis are
still rare in the literature.

The objectives of this study were to (1) reveal changes in anthesis dates of varieties
in different eras; (2) analyze the differences in the photoperiod and vernalization alleles
in the process of variety replacement; (3) quantify the contribution of GGI on the anthesis
date. The present study focused on the growing season temperature and photoperiod as
integrated influential factors, as they are dominating environmental drivers affecting the
anthesis date of wheat under sufficient light and irrigation.

2. Materials and Methods
2.1. Experimental Site and Growing Conditions

The study (2016-2019) was carried out at the Beijing Shunyi experimental station
(40°15' N, 116°55' E) at the Institute of Environment and Sustainable Development in Agri-
culture of the Chinese Academy of Agricultural Sciences. This area has a temperate, semi-
humid, continental monsoon climate. The sowing date is in the middle of October every
year. The average accumulated temperatures from sowing to anthesis in 2016-2017 (16Y),
2017-2018 (17Y), and 2018-2019 (18Y) were 1261.95 d-°C, 1126.9 d-°C, and 1209.8 d-°C,
respectively. The average annual temperature was 10-12 °C, average precipitation was
approximately 640 mm, and the average day-length was approximately 2684 h over the
three-year growing season. The soil at the experimental site was moist and sandy cinnamon
soil. The irrigation treatment was consistent with the local fertile land.

2.2. Experimental Design and Plant Material

A randomized block design with three replications was used in the field experiment.
Single row hand drill method was used for seed sowing with row-to-row and plant-to-
plant spacing of 20 cm and 5 cm, respectively. The seeding depth was at 5 cm depth. The
anthesis date was observed and recorded based on 50% of the middle spikelet flowering
of wheat in the entire region [35]. The date of anthesis was transformed into sowing—
anthesis total days (the first day after sowing was recorded as day 1) as the anthesis
of wheat. Molecular genetics experiments were conducted to detect the dominant and
recessive alleles of photoperiod and vernalization genes related to anthesis. The DNA
of wheat seedling leaves were extracted by the high salt and low pH method [36], and
photoperiod and vernalization gene loci were detected with the use of sequence-tagged
sites (STSs) [14,20,37,38]. Vrn-Al, Vrn-B1, Vin-B3, and Ppd-B1b were identified as recessive
alleles for vernalization and photoperiod, respectively. Among the dominant alleles, Vrn-D1
accounted for 85.9%, Ppd-D1a accounted for 69.7%, and Ppd-Ala accounted for 9.1%.

One hundred adaptive wheat varieties (including historical varieties from the 1940s
and current varieties) came from the Chinese Crop Germplasm Resources Information
System (https:/ /www.cgris.net/; accessed on 25 August 2015). The list of the 100 wheat
accessions used is not shown here due to the lack of permission. The eras and allele
distribution of wheat varieties are shown in Figure 1. These varieties were divided into
eight groups according to their eras of release (Figure 1). Among them, each of the groups
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1950s, 1960s, and 1970s accounted for less than 10% of the total number of varieties. The
1940s, 1980s, 1990s, and 2010s varieties accounted for 10.0-20.0% of the total varieties, and
the 2000s varieties accounted for 23.2% at most.

A B

2010s
12.1%

2000s
23.2%
%

1980s vrn=D1
14.1% 85.9%

c o

Ppd-Alb Ppd-Dib
90.9% 69.7%

Figure 1. Eras and allele distribution of wheat varieties. Note that the 1940s represent the varieties
dating during and prior to the 1940s. (A) 100 wheat varieties were divided into eight groups
according to their eras of release. (B) 100 wheat varieties were divided into the vrn-D1 allele. (C) 100
wheat varieties were divided into the Ppd-A1 allele. (D) 100 wheat varieties were divided into the
Ppd-D1 allele.

The photoperiod and vernalization alleles were combined in haplotypes in which A
represented combinations of photoperiod alleles, and A1 (Ppd-Ala + Ppd-D1a). A2 (Ppd-Ala
+ Ppd-D1b), A3 (Ppd-Alb + Ppd-D1a), and A4 (Ppd-Alb + Ppd-D1b) represented different
photoperiod alleles, while B1 (Vn-D1) and B2 (vrn-D1) represented different vernalization
alleles. We included seven allelic combinations (Table 1). A3B2 and A4B2 accounted for the
highest percentages (58.0% and 20.0%, respectively), and A1B1 accounted for the lowest
percentage (1.0%).

Table 1. Photoperiod and vernalization allelic combinations of 100 winter wheat varieties evaluated
in three growing seasons (2016-2019).

Genotype Photoperiod and Vernalization Genotype Percentage (%) *
A1B1 Ppd-Ala + Ppd-D1a + Vin-D1 1.0
A1B2 Ppd-Ala + Ppd-D1a + vrn-D1 4.0
A2B2 Ppd-Ala + Ppd-D1b + vrn-D1 4.0
A3B1 Ppd-A1b + Ppd-D1a + Vrn-D1 7.0
A3B2 Ppd-A1b + Ppd-Dla + vrn-D1 58.0
A4B1 Ppd-A1b + Ppd-D1b + Vrn-D1 6.0
A4B2 Ppd-A1b + Ppd-D1b + vrn-D1 20.0

* The percentage distribution of genotypes in 100 wheat varieties.

As shown in Figure 2, the percentage of the combined genotypes A1B1, A1B2, A3B1,
and A4B1 in the entire gene pool was low. A1B1 was distributed in the 1990s varieties,



Biology 2021, 10, 955

50f 15

A1B2 in the 1970s and 1980s varieties, A3B1 in the 1990s-2010s varieties, and A4B1 in
the 1940s-1950s varieties. A2B2 showed an increasing trend from the 1940s to the 1960s
varieties but did not appear again in the 1970s and subsequent varieties. The presence of
A3B2 increased from the 1940s to the 1980s varieties, while it decreased in the 1990s and
2010s varieties. A4B2 showed a decreasing trend from the 1940s to the 2000s varieties and
did not appear in the 2010s varieties. The presence of Ppd-D1a increased between the 1940s
and the 2010s varieties from 16% to 100%. The presence of Ppd-D1b started decreasing in
the 1950s varieties, while it was completely absent in the 2010s varieties.
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Figure 2. Percentage column plots of genotype and photoperiod genes in different eras for 100 wheat
varieties evaluated in three growing seasons: (A) the percentage of the combined genotypes to their
eras of release; (B) the percentage of the Ppd-D1 allele to their eras of release.

2.3. Data Analysis

The accumulated temperature data were based on the daily average temperature of the
Shunyi base in Beijing to calculate the accumulated temperature from sowing to anthesis
(an accumulated temperature >0 °C was referred to as accumulated temperature). To
facilitate the annual accumulated temperature comparisons, the accumulated temperature
was calculated from 17 October to 2 May of the following year. According to the daily
meteorological data of the Beijing Meteorological Station from 1961 to 2010, the monthly
average temperatures of these 50 years were calculated.

The anthesis dates from different growing seasons and genotypes were combined and
subjected to analysis using the R language. The multiple comparison (“glht” function)
was used to analyze the anthesis under different growing seasons or allelic combinations.
Multi-way ANOVA (“aov” function) was used to analyze the effect of photoperiod alleles,
vernalization alleles, and their interaction on anthesis. The Pearson correlation coefficient
(“Performance Analysis” package) of anthesis date under different growing seasons was
calculated, and the correlation coefficient was used as a rough estimation of heritability [39].

The AMMI model was built using the “agricolae” package in R language [29,40]. The
AMMI model for the gth genotype in the eth environment is:
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where Y3¢ represents the rth repeated anthesis observation of the gth genotype in the
eth growing season, y is the overall average value, a8 is the deviation between the mean
anthesis value and the total average value of each genotype, B¢ is the deviation between
the mean anthesis value and the total average value under each growing season, A™ is the
characteristic value of the interactive principal component analysis (IPCA), 48" and o™
are the scores of the genotype and growing season of IPCA, 68" represents the error, and
IPCA represents the principal component analysis value of the rth interaction of the gth
genotype in the eth growing season.

The AMM1 biplot was drawn based on the interaction of the mean anthesis date and
the first interactive principal component (IPCA1) to study early and late anthesis under
different growing seasons. The AMMI2 biplot was drawn based on the IPCA1 and the
second principal component interaction (IPCA2) to obtain the most adaptable genotype
under different growing seasons, according to the distance between the genotype and the
origin type combination.

3. Results
3.1. Response of Wheat Anthesis to Growing Seasons

The monthly mean temperature of the wheat growing season (from October to June of
the next year) was plotted (Figure 3). In 16Y-18Y, the average temperature in 16Y was the
highest, followed by 18Y, and that in 17Y was the lowest. Both the average temperature in
the three growing seasons’ monthly average temperature of 16Y-18Y were higher than that
in 1961-2010.

17y 18Y 1961-2010

November December January February  March April May June Season

Figure 3. Bar chart of the monthly average temperature of wheat in 16Y-18Y and the last 50 years (1961-2010). 16Y is from
October 2016 to June 2017; 17Y is from October 2017 to June 2018; 18Y is from October 2018 to June 2019; 1961-2010 is the
monthly average temperature from October 1961 to June 2010. Growing season is the average temperature from October to
June of wheat in the whole phenophase.

There was a significant correlation between anthesis date in different growing seasons
and the increase in accumulated temperature, as anthesis occurred significantly earlier with
the increasing temperature. The highest accumulated temperature in 16Y was 1262.0 °C.
The accumulated temperature in 18Y was 1209.8 °C and that in 17Y was 1126.9 °C. The
distribution of the anthesis date over the three growing seasons was uneven; it occurred
the earliest in 16Y, followed by 18Y and 17Y, during which the anthesis onset was the latest
(Figure 4A). The earliest onset of anthesis and the highest degree of variation was observed
in 16Y, while 17Y had the lowest degree of variation. The Pearson correlation coefficient of
the anthesis date among the different growing seasons was analyzed, and the heritability of
100 varieties was roughly estimated (Figure 4B). There was a significant correlation among
the three growing seasons in terms of anthesis, indicating that the anthesis date was greatly
affected by heritability and was relatively stable between years.
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Figure 4. Boxplot and correlation matrix of the anthesis days of 100 wheat varieties evaluated in three growing seasons:
(A) boxplot of the anthesis of 100 wheat varieties evaluated in three growing seasons; (B) correlation matrix of the anthesis
of 100 wheat varieties evaluated in three growing seasons. 16Y, 2016-2017 growing season; 17Y, 2017-2018 growing season;
18Y, 2018-2019 growing season. The different letters (a, b, and c) represent significance at the 0.05 level. *** Significant at the
0.001 level; ** significant at the 0.01 level; * significant at the 0.05 level.

3.2. Response of Anthesis to Wheat Genotypes and Varieties Eras

The genotype had a significant effect on the anthesis date (p < 0.05). A3B2 resulted
in significantly early anthesis, and A2B2 and A4B2 resulted in significantly late anthesis
(p < 0.05). Throughout the study, the A1B1 genotype had different effects on anthesis
(Figure 5B); in 16Y and 18Y, it resulted in early anthesis, while in 17Y, it resulted in late
anthesis. A1B2 and A3B1 resulted in earlier anthesis than A4B1 and A2B2 (p < 0.05).
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Figure 5. Boxplot of anthesis: (A) boxplot of anthesis of varieties of different eras; (B) boxplot of different genotypes
affecting anthesis. 16Y, the 20162017 growing season; 17Y, the 2017-2018 growing season; 18Y, the 2018-2019 growing
season. The different letters indicate significance at the 0.05 level.
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There were significant differences in the effects of photoperiod alleles, vernalization
alleles, and their interaction on anthesis date in different growing seasons. As shown in
Table 2, Ppd-D1 had a significant impact on anthesis date throughout the entire study period
(p <0.05). In 16Y and 18Y, Ppd-A1 had a significant effect on anthesis date (p < 0.05), while
in 17Y, this effect was not significant (p > 0.05). Vrn-D1 had a significant effect on anthesis
date in 16Y (p < 0.05) but not in 17Y and 18Y (p > 0.05). The interaction effect of Ppd-Al and
Vrn-D1 was significant in 17Y and 18Y (p < 0.05), and the interaction effect of Vrn-D1 and
Ppd-D1 was significant on the anthesis date throughout the entire study period (p < 0.05).

Table 2. Variance analysis of the effects of photoperiod alleles, vernalization alleles, and their
interactions on the anthesis of 100 wheat varieties evaluated in three growing seasons (2016-2019).

Growing Seasons  Source of Variance Sum Sq Mean Sq F Value Pr>F
Ppd-Al 76.8 76.8 8.3 0.004

Ppd-DI 2368.7 2368.7 2567 <0.001

Vin-D1 107 107 44 0.037

16Y Ppd-A1:Ppd-D1 3.4 3.4 0.4 0.546
Ppd-A1:Vn-D1 2.1 2.1 0.2 0.635

Ppd-D1:Vin-D1 52.1 52.1 57 0.018

Ppd-Al 13.7 13.7 13 0.249

Ppd-D1 1003.7 1003.7 98 <0.001

Vin-D1 9.5 95 0.9 0.336

7Y Ppd-A1:Ppd-D1 20.6 20.6 2 0.158
Ppd-A1:Vr-D1 08 08 42 0.042

Ppd-D1:Vin-D1 73.5 73.5 7.2 0.008

Ppd-Al 02 02 52 0.024

Ppd-D1 1877.2 1877.2 2302 <0.001

Vin-D1 9.8 9.8 12 0.274

18Y Ppd-A1:Ppd-D1 23 23 03 0.596
Ppd-A1:Vrn-D1 12.2 12.2 15 0.222

Ppd-D1:Vin-D1 91.9 91.9 11.3 0.001

16Y, the 2016-2017 season; 17Y, the 2017-2018 season; 18Y, the 2018-2019 season. Degrees of freedom (df) = 1 for
all presented calculations.

The anthesis date varied among different eras. As shown in Figure 5A, the anthesis
date of the 1940s-1980s varieties gradually started occurring earlier; however, the differ-
ences in the anthesis date among varieties in the 1980s and later were not significant. Out
of the total wheat varieties, 19.2% accounted for varieties from the 1940s and prior to that.
In these varieties, the mean anthesis date was the highest and the degree of variation was
large between 16Y and 17Y. The 1960s varieties accounted for the lowest percentage (3.0%),
with a high degree of anthesis variation. The 1980s wheat varieties accounted for 14.1%
of the total; in these varieties, the average anthesis date was the lowest between 17Y and
18Y. The 2010s varieties accounted for 23.2% of the total, and their degree of anthesis date
variation was small. The average onset of anthesis of varieties from the 1940s to the 1980s
started occurring progressively earlier, and the variation in the onset of anthesis from the
1980s to the 2010s was small.

3.3. Response of Wheat Anthesis to the GGI

The GGI had a significant effect on anthesis date (p < 0.05). The photoperiod and
vernalization alleles formed combined genotypes (Table 2). The AMMI model was con-
structed according to the growing seasons and genotypes (Table 3, Figure 6). The results
showed that the growing seasons accounted for the greatest effect on anthesis date (66.3%),
followed by the genotypes (21.9%) and the interaction of the two variables (6.5%). The
two main interaction effect components, IPCA1 and IPCA2, accounted for 100.0% of the
total effect on the anthesis variation; IPCA1 and IPCA2 accounted for 94.6% and 5.4% of
the variation, respectively. The F value of the two components reached a significant level
(p < 0.05). The variance due to the residual was only 1.4%.
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Table 3. AMMI analysis of variance on the anthesis of 100 wheat varieties evaluated in three growing
seasons (2016-2019).

Source of Variance df Sum of Squares  Fischer’s Ratio % of Variance
Growing seasons (S) 2 1047.7 347.8 *** 66.3
Genotype (G) 6 345.5 99.1 *** 21.9
S:G 12 158.9 11.6 *** 10.1
IPCA1 7 150.3 35.2 *** 94.6
IPCA2 5 8.6 2.8* 54
Residuals 36 22.0 14

*** Indicates significance at the 0.001 level, ** Indicates significance at the 0.01 level, and * indicates significance at
the 0.05 level. IPCA1, first interactive principal component; IPCA2, second interactive principal component.
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Figure 6. AMMI1 (A) and AMMI2 (B) biplot for wheat anthesis of 100 wheat varieties evaluated in three growing seasons.

There were differences in the proportions of the anthesis date of wheat varieties in
different eras affected by GGIs. As the genotypes A2B2 and A4B2 were mainly distributed
in the 1940s, 1950s, and 1960s, with a delaying effect on the anthesis date, only two
genotypes of the 1960s varieties were found, which did not meet the requirements of
the AMMI model variance analysis. Therefore, this study only conducted an analysis of
variance on the anthesis date of varieties in the 1940s and 1950s (Table 4). Among the
varieties in the 1940s, the effects of the growth season, genotype, and their interaction on
the anthesis date were very significant (p < 0.001). Among them, genotype had the greatest
effect on anthesis date (70.6%), followed by growth season (25.0%), and the proportion of
interaction effect was the smallest (3.2%). In the 1950s, growth season, genotype, and their
interaction had significant effects on the anthesis date (p < 0.05). Among them, the growing
season had the greatest effect on anthesis (93.4%), followed by genotype (4.2%), and the
proportion of the interaction effect was the smallest (1.6%).

Table 4. Variance analysis on the effect of growing season—genotype interactions (GGIs) on the
anthesis of wheat varieties in different eras in 16Y-18Y.

Variety Eras Source of Variance Df Sum of Squares  Fischer’s Ratio % of Variance
Growing seasons (S) 2 288.76 212.5 *** 25.0
1940 Genotype (G) 3 816.43 333.3 ** 70.6
S S:G 6 37.32 7.6 %% 3.2
Residuals 18 14.7 1.2
Growing seasons (S) 2 645.1 265.3 *** 93.4
Genotype (G) 3 28.9 31.6 *** 42
1950s SG 6 11.1 6.1% 16
Residuals 18 55 0.8

*** Indicates significance at the 0.001 level, ** indicates significance at the 0.01 level, and * indicates significance at the
0.05 level. The 1960s variety was not analyzed because it did not meet the analysis of variance of the AMMI model.
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4. Discussion

The growing seasons significantly affected the distribution of wheat phenology, inter-
fering with not only the timing of each phenophase but also with the growing seasonal
distribution of the same phenophase [41]. In this study, Shunyi was selected as the study
site for a three-year experiment. At present, the research on anthesis in China is mostly
concentrated in the Huang Huai Hai region, while the research in North China is still
rare in the literature. The results showed that the anthesis date occurred early in the year
with the high accumulated temperature, which is consistent with the results of other stud-
ies [6,42]. In this study, the variation in the anthesis dates of 100 varieties increased with the
increasing temperature, which indicated that the response of anthesis date to temperature
differed among varieties. In this regard, such information can help to select wheat varieties
that favor anthesis under target temperature scenarios.

To adapt change to abiotic and biotic stresses and increase wheat production, wheat
varieties are constantly being replaced, and the distribution of photoperiod and vernaliza-
tion alleles differs among different wheat varieties [2]. The varieties selected in this study
spanned eight eras and included some landraces. The landraces contained rich wheat
vernalization gene types (a few varieties had some deletions in the Vrn and Ppd genes),
which increases genetic diversity and is beneficial for studying the response of anthesis
date to genotypes [43]. Our results showed that the anthesis of varieties dating before the
1980s was gradually early, while the anthesis of varieties dating after this era was relatively
stable. Apart from global warming, this phenomenon could also be explained by the fact
that Chinese producers started selecting varieties with high temperature requirements in
the 1980s, thereby slowing down the phenological shortening caused by increases in the
temperature and contributing to the inhibition trend of early anthesis [44]. The study by
Yang [45] on Ppd-D1a showed that by the 1970s, this allele was present in most varieties in
North China. The results of the present study corroborate those of Yang [45]. Our results
showed that varieties of different eras have been evolving since the 1940s; additionally, the
proportion of Ppd-D1a increased from 16% in the 1940s to 100% in the 2010s. The proportion
of A4B2 decreased between the 1940s and the 2000s, but this genotype did not appear in
the 2010s. The proportion of A3B2 increased from the 1940s to the 1980s, while it decreased
in the 2010s. The results obtained here are similar to those presented previously [46]. To
improve the yield in the 1980s, the varieties with weak cold hardness (early maturing
varieties) were selected with early anthesis. However, owing to the continuous frost dam-
age, the varieties with weak cold hardness were used less in the 2010s. This study only
examined the response of varieties in different eras to accumulated temperature. However,
a more detailed study of the growing seasons affecting wheat anthesis is needed, as this
will allow adjustment for precipitation, light, and other factors affecting wheat anthesis.

The diversity of photoperiod and vernalization allelic combinations is the key com-
ponent to controlling phenology, which regulates the anthesis date [47-49]. The effect of
the photoperiod allele and vernalization allele on the anthesis date is summarized from
literature in Table 5. Eagles [50] combined the photoperiod and vernalization alleles to
study the effect of gene combinations on heading date. Their results showed that compared
with a single gene, the combined genotype more comprehensively explains the variation of
heading date among different varieties. In the present study, the photoperiod and vernal-
ization alleles were combined to study the effect of genotypes on the anthesis date. A4B2
resulted in delayed anthesis because it carries Ppd-A1b, Ppd-D1b, and Vrn-D1, all of which
also had a delaying effect on the anthesis date. The A1B1 genotype consisted of alleles, such
as Ppd-Ala, Ppd-D1a, and Vrn-D1, which resulted in early anthesis; however, A1B1 resulted
in delayed anthesis in 17Y, which was due to the small number of varieties in which the
A1B1 genotype was expressed and the large fluctuation influenced by the growing seasons.
The A3B2 genotype consisted only of Ppd-D1a, which can promote anthesis. However, as
Ppd-D1 had a significant effect on the anthesis date and its photoperiod insensitivity was
greater than that of Ppd-A1 [16], it resulted in a significantly earlier anthesis. The A1B2
and A3B1 genotypes resulted in earlier anthesis than the A4B1 and A2B2 genotypes; this
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corroborates the results of a study on heading stage [51], because A1B2 and A3B1 possessed
two alleles (including Ppd-D1a), while A4B1 and A2B2 possessed only one allele related
to early anthesis. Our results showed that the A1B1 genotype had earlier anthesis than
A1B2, while the A3B1 genotype resulted in earlier anthesis than the A3B2 genotype. This
indicated that Vrn-D1 affected the anthesis date, as the interaction of Vin-D1 with Ppd-A1l
and Ppd-D1 had a significant effect on the anthesis date. This study only examined the
photoperiod and vernalization allelic in terms of genes; however, other non-allelic genes,
VRN1 and PPD1, that affect the florescence of wheat have not been studied in this paper,
which needs to be further studied in the future.

Table 5. Regulatory effects of photoperiod and vernalization alleles on anthesis.

Gene Allele Effect Reference
- Vrn-D1 (Spring growth habit) Promoted flowering
Vernalization gene Vim-D1 vrn-D1 (Winter growth habit) Delayed flowering 23]
Ppd-Ala (Photoperiod-insensitive gene) Promoted flowering
Ppd-Al . - .
Photoperiod genes Ppd-A1b (Photoperiod-sensitive gene) Delayed flowering [17]
Prd-D1 Ppd-D1a (Photoperiod-insensitive gene) Promoted flowering
P Ppd-D1b (Photoperiod-sensitive gene) Delayed flowering

The anthesis date was affected by the interaction of complex genes and growing
seasons. The regulation of the wheat photoperiod alleles on the anthesis date was related
to the length of the day, and the effect of the vernalization loci on the anthesis date was
affected by the overwintering temperature [52,53]. In this study, Ppd-A1 had a significant
effect on the anthesis date in 16Y and 18Y but not in 17Y. This could be due to the low
photoperiod sensitivity of Ppd-Al and the climate characteristics associated with low
temperatures and long days in China [54]. Under growing seasons with lower accumulated
temperature and longer day-length in in 17Y, both photoperiod-sensitive and -insensitive
alleles could contribute to wheat flower formation normally; therefore, the difference in
anthesis date was not significant. The composition of the vernalization alleles was related
to the meteorological condition of wheat growth. Vrn-Al, Vrn-B1, and Vrn-B3 were all
expressed in wheat possessing a winteriness growth habit with only Vrn-D1 had a different
performance. Vrn-D1 had a significant effect on the anthesis date in 16Y (p < 0.05) but
not in 17Y and 18Y (p > 0.05), which was probably because vernalization is limited by
temperature or chilling requirement [11]. In 17Y and 18Y, wheat varieties could cope with
winter temperatures with no significant difference in anthesis date.

Qualitative analysis of GGIs on the anthesis date of crops could facilitate the selection
for adaptative germplasm in breeding programs. For example, Li evaluated the influencing
factors of sorghum anthesis dates throughout seven growing seasons (three locations
and different years) in the United States based on GGIs [39]. Among them, the effects
of growing seasons, genotypes, and interaction accounted for 63.0%, 5.0%, and 20.5%,
respectively. The results were helpful for understanding the variation in anthesis, revealing
the regulation mechanism of the anthesis date, and they provided the possibility to find
suitable flowering crop varieties in the study area. In our study, the AMMI statistical model
was selected to study the anthesis date (varieties in 1940s and 1950s). Growing seasons
had the greatest influence on anthesis date (66.3%), followed by the genotype (21.9%) and
the interaction of the two variables (10.1%). Therefore, the growing seasons of specific
areas should be prioritized when choosing an area to breed wheat; the second factor that
should be considered is the genotype of the wheat. The interaction effect obtained from
our study was relatively small compared to that obtained by Li [39], which is probably
because the fluctuation among growing seasons in our study was smaller than that in
different places [32]. Another plausible reason is probably because of the differences in
the C4 (sorghum) and C3 (wheat) plants [55]. The IPCA1 and IPCA2 of the AMMI model
explained 94.6% and 5.4% of the interaction effects on the anthesis date, respectively. This
result indicates that meteorological and non-growing seasonal factors accounted for 94.6%
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and 5.4% of the interaction effects, respectively. Two principal components, IPCA1 and
IPCA2, explained 100% of the interaction effect on anthesis date variation, which was
similar to the results obtained by Gabriel [56], who explained 100% (IPCA1 + IPCAZ2) of
the interaction effect on the cotton yield variation.

Understanding the performances’ of varieties is helpful for providing a basis for
evaluating the adaptability of specific varieties. In this study, the contribution of growing
seasons, genotypes, and their interaction to the anthesis date was essential for a scientific
work. Based on our results, we can conclude that growing seasons contributed tremen-
dously to the anthesis date of wheat. In future wheat breeding, more consideration should
be given to growing seasons, and the gene combination with the strongest adaptability
to the growing seasons should be selected. The variance analysis was carried out on the
anthesis date of wheat varieties in different eras. Compared with genotypes released in
other eras, it was found that genotype was the main factor affecting the anthesis date of
the 1940s varieties (landraces), accounting for 70.6% of the anthesis date and 25.0% of
the growing seasons, which indicates that this genotype was more stable than the new
genotypes and more affected by heritability.

The genotypes that have a suitable anthesis date in a specific region should be selected,
as these help alleviate the adverse effects of growing seasons on wheat growth. Our study
took place in the North China Plain. Some studies have shown that the climate of this
region will continue to become warmer in the future [57,58], followed by the shortening
of the wheat growth cycle [59]. Liu studied wheat phenology in the North China Plain
under global warming conditions [60]; their results showed that warming mainly occurs
in the vegetative growth stage of wheat (before anthesis), leading to the shortening of the
vegetative stage, which, because this is an important phase/time for N uptake, is later
re-mobilized during the linear grain filling phase; marked differences among genotypes are
known. Considering this situation, Li pointed out that the length of the wheat vegetative
growth stage should be maintained to ensure the number of grains per spike [61]. To
avoid the influence of climate warming and shortening phenological period on yield, late
anthesis varieties were selected [62]. In the present 2study, GGIs had a significant effect on
the anthesis date of all the 100 wheat varieties, whereas the influence of growing seasons
dominated. However, when the 1940s cultivars were analyzed separately, it was found
that the genotypes had a great influence on the anthesis date. Therefore, the varieties of the
1940s tended to have more potential to be used for developing resilient genotypes. This
is in line with directions for breeding under climate warming conditions that select late
flowering and mature varieties to cope with climate warming [63]. The present results
showed that the A2B2 and A4B2 genotypes delayed anthesis date under the growing
seasonal conditions among the three years, and the A4B2 genotype was mainly distributed
in the 1940s varieties, which were greatly influenced by the genotypes. Therefore, from an
application perspective, the 1940s varieties can be useful for breeding varieties to avoid
premature anthesis in future breeding plans.

5. Conclusions

In summary, this study showed that the response of the anthesis date to the photope-
riod and vernalization alleles varied among eras in the process of variety replacement. The
effects of growing seasons, genotypes, and their interactions on the anthesis date of winter
wheat was actually described by the AMMI model and double plot analysis. We suggest
that, in future breeding plans, the 1940s varieties can be used as parents for breeding new
varieties with a delayed effect on anthesis, which could facilitate the breeding of resilient
adaptive wheat varieties to cope with climate warming in the future.

Author Contributions: Conceptualization, Y.H.; methodology, Z.L.; software, Z.L.; formal analysis,
Z.L. and Y.H.; investigation, Y.H.; resources, Y.H.; data curation, Z.L. and Y.H.; writing—original
draft preparation, Z.L.; writing—review and editing, B.Z.; visualization, Z.L. and Y.H.; supervision,
Y.H.; project administration, Y.H.; funding acquisition, Y.H. All authors have read and agreed to the
published version of the manuscript.



Biology 2021, 10, 955 13 of 15

Funding: This research was funded by the National Natural Science Foundation of China (41975148),
the Chinese Academy of Agricultural Sciences Elite Youth Program, and the Chinese Academy of
Agricultural Sciences Central Public-interest Scientific Institution Basal Research Fund (BSRF202005).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We would like to thank Qianqgian Ma for her contributions to the data collection.
We also thank Chenyang Hao for his help in collecting wheat varieties.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

Sequence-tagged site (STS)

Interaction principal component analysis (IPCA)

Growing season—genotype interaction (GGI)

Additive main effects and multiplicative interaction (AMMI)

References

1. Slafer, G.A.; Whitechurch, E.M. Chapter 14. Manipulating wheat development to improve adaptation. In Application of Physiology
in Wheat Breeding; Reynolds, M.P., Ortiz-Monasterio, ].I., McNab, A., Eds.; CIMMYT: Mexico City, Mexico, 2001; pp. 160-171.

2. Craufurd, P.Q.; Wheeler, T.R. Climate change and the flowering time of annual crops. J. Exp. Bot. 2009, 60, 2529-2539. [CrossRef]

3. Curtis, D.L. The Relation Between Yield and Date of Heading of Nigerian Sorghums. Exp. Agric. 1968, 4, 93-101. [CrossRef]

4. Flohr, B.; Hunt, J.; Kirkegaard, J.; Evans, ].; Trevaskis, B.; Zwart, A.; Swan, A.; Fletcher, A.; Rheinheimer, B. Fast winter wheat
phenology can stabilise flowering date and maximise grain yield in semi-arid Mediterranean and temperate environments. Field
Crops Res. 2018, 223, 12-25. [CrossRef]

5.  Trnka, M.; Rétter, R.; Ruiz-Ramos, M.; Kersebaum, K.C.; Olesen, J.E.; Zalud, Z.; Semenov, M. Adverse weather conditions for
European wheat production will become more frequent with climate change. Nat. Clim. Chang. 2014, 4, 637-643. [CrossRef]

6. Wang, B,; Liu, D.L.; Asseng, S.; Macadam, L; Yu, Q. Impact of climate change on wheat flowering time in eastern Australia. Agric.
For. Meteorol. 2015, 209-210, 11-21. [CrossRef]

7.  Angus, ].F; Mackenzie, D.H.; Morton, R.; Schafer, C.A. Phasic development in field crops II. Thermal and photoperiodic responses
of spring wheat. Field Crops Res. 1981, 4, 269-283. [CrossRef]

8. Challinor, A.; Watson, J.; Lobell, D.; Howden, S.; Smith, D.R.; Chhetri, N. A meta-analysis of crop yield under climate change and
adaptation. Nat. Clim. Chang. 2014, 4, 287-291. [CrossRef]

9. Jamil, M,; Ali, A.; Gul, A.; Ghafoor, A.; Napar, A.A.; Ibrahim, AM.H.; Naveed, N.H.; Yasin, N.A.; Mujeeb-Kazi, A. Genome-wide
association studies of seven agronomic traits under two sowing conditions in bread wheat. BMC Plant Biol. 2019, 19, 1-18.
[CrossRef] [PubMed]

10.  Chen, C.; Fletcher, A.L.; Ota, N.; Flohr, B.; Lilley, ] M.; Lawes, R. Spatial patterns of estimated optimal flowering period of wheat
across the southwest of Western Australia. Field Crops Res. 2020, 247, 107710. [CrossRef]

11. Ottman, M.J.; Hunt, L.A.; White, J.W. Photoperiod and Vernalization Effect on Anthesis Date in Winter-Sown Spring Wheat
Regions. Agron. . 2013, 105, 1017-1025. [CrossRef]

12. Diaz, A,; Zikhali, M.; Turner, A.S.; Isaac, P.; Laurie, D.A. Copy Number Variation Affecting the Photoperiod-B1 and Vernalization-
A1 Genes Is Associated with Altered Flowering Time in Wheat (Triticum aestivum). PLoS ONE 2012, 7, e33234. [CrossRef]

13.  Christy, B.; Riffkin, P; Richards, R.; Partington, D.; Acufia, T.B.; Merry, A.; Zhang, H.; Trevaskis, B.; O'Leary, G. An allelic based
phenological model to predict phasic development of wheat (Triticum aestivum L.). Field Crops Res. 2020, 249, 107722. [CrossRef]

14. Beales, J.; Turner, A.; Griffiths, S.; Snape, ].W.; Laurie, D.A. A Pseudo-ResponseRegulator is misexpressed in the photoperiod
insensitive Ppd-D1a mutant of wheat (Triticum aestivum L.). Theor. Appl. Genet. 2007, 115, 721-733. [CrossRef] [PubMed]

15. Worland, A.; Borner, A.; Korzun, V.; Li, W,; Petrovic, S.; Sayers, E.J. The influence of photoperiod genes on the adaptability of
European winter wheats. Euphytica 1998, 100, 385-394. [CrossRef]

16. Gonzalez, EG.; Slafer, G.A.; Miralles, D.]J. Pre-anthesis development and number of fertile florets in wheat as affected by
photoperiod sensitivity genes Ppd-Dland Ppd-B1. Euphytica 2005, 146, 253-269. [CrossRef]

17. Alvaro, E; Isidro, J.; Villegas, D.; Garcia Del Moral, L.F,; & Royo, C. Breeding effects on grain filling, biomass partitioning, and
demobilization in Mediterranean durum wheat. Agron. J. 2008, 100, 361-370. [CrossRef]

18. Distelfeld, A.; Li, C.; Dubcovsky, J. Regulation of flowering in temperate cereals. Curr. Opin. Plant Biol. 2009, 12, 178-184.

[CrossRef]


http://doi.org/10.1093/jxb/erp196
http://doi.org/10.1017/S0014479700022390
http://doi.org/10.1016/j.fcr.2018.03.021
http://doi.org/10.1038/nclimate2242
http://doi.org/10.1016/j.agrformet.2015.04.028
http://doi.org/10.1016/0378-4290(81)90078-2
http://doi.org/10.1038/nclimate2153
http://doi.org/10.1186/s12870-019-1754-6
http://www.ncbi.nlm.nih.gov/pubmed/31003597
http://doi.org/10.1016/j.fcr.2019.107710
http://doi.org/10.2134/agronj2012.0425
http://doi.org/10.1371/journal.pone.0033234
http://doi.org/10.1016/j.fcr.2020.107722
http://doi.org/10.1007/s00122-007-0603-4
http://www.ncbi.nlm.nih.gov/pubmed/17634915
http://doi.org/10.1023/A:1018327700985
http://doi.org/10.1007/s10681-005-9021-3
http://doi.org/10.2134/agronj2007.0075
http://doi.org/10.1016/j.pbi.2008.12.010

Biology 2021, 10, 955 14 of 15

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

Trevaskis, B.; Hemming, M.N.; Dennis, E.S.; Peacock, W.J. The molecular basis of vernalization-induced flowering in cereals.
Trends Plant Sci. 2007, 12, 352-357. [CrossRef]

Yan, L.; Fu, D.; Li, C; Blechl, A.; Tranquilli, G.; Bonafede, M.; Sanchez, A.; Valarik, M.; Yasuda, S.; Dubcovsky, J. The wheat and
barley vernalization gene VRN3 is an orthologue of FT. Proc. Natl. Acad. Sci. USA 2006, 103, 19581-19586. [CrossRef] [PubMed]
Gibbs, D.J.; Tedds, H.M.; Labandera, A.-M.; Bailey, M.; White, M.; Hartman, S.; Sprigg, C.; Mogg, S.L.; Osborne, R.; Dambire, C.;
et al. Oxygen-dependent proteolysis regulates the stability of angiosperm polycomb repressive complex 2 subunit VERNALIZA-
TION 2. Nat. Commun. 2018, 9, 1-11. [CrossRef]

Zhang, X.K,; Xiao, Y.G.; Zhang, Y.; Xia, X.C.; Dubcovsky, J.; He, Z.H. Allelic Variation at the Vernalization Genes Vrn-Al, Vrn-B1,
Vrn-D1, and Vrn-B3 in Chinese Wheat Cultivars and Their Association with Growth Habit. Crop Sci. 2008, 48, 458-470. [CrossRef]
Flood, R.G.; Halloran, G.M. The influence of certain chromosomes of the hexaploid wheat cultivar Thatcher on time to ear
emergence in Chinese Spring. Euphytica 1983, 32, 121-124. [CrossRef]

Harris, FA.J.; Eagles, H.A,; Virgona, ].M.; Martin, P.J.; Condon, J.R.; Angus, ].F. Effect of VRN1 and PPD1 genes on anthesis date
and wheat growth. Crop Pasture Sci. 2017, 68, 195. [CrossRef]

Dawit, T.; Wuletaw, T.; Muluken, B.; Tsegaye, D.; Tadesse, W.; Bayable, M. Genotype X environment interactions and grain yield
stability of haricot bean varieties in Northwest Ethiopia. Sci. Res. Essays 2012, 7, 3487-3493. [CrossRef]

Vaezi, B.; Pour-Aboughadareh, A.; Mohammadi, R.; Mehraban, A.; Hossein-Pour, T.; Koohkan, E.; Ghasemi, S.; Moradkhani, H.;
Siddique, K. Integrating different stability models to investigate genotype x environment interactions and identify stable and
high-yielding barley genotypes. Euphytica 2019, 215, 63. [CrossRef]

Trethowan, R.M.; Van Ginkel, M.; Rajaram, S. Progress in Breeding Wheat for Yield and Adaptation in Global Drought Affected
Environments. Crop Sci. 2002, 42, 1441-1446. [CrossRef]

Zheng, B.; Chenu, K.; Chapman, S.C. Velocity of temperature and flowering time in wheat—Assisting breeders to keep pace with
climate change. Glob. Chang. Biol. 2016, 22, 921-933. [CrossRef]

Mohammadi, R.; Amri, A. Analysis of Genotype x Environment Interactions for Grain Yield in Durum Wheat. Crop Sci. 2009, 49,
1177-1186. [CrossRef]

Chenu, K.; Deihimfard, R.; Chapman, S. Large-scale characterization of drought pattern: A continent-wide modelling approach
applied to the Australian wheatbelt—Spatial and temporal trends. New Phytol. 2013, 198, 801-820. [CrossRef] [PubMed]

Raju, N.S; Senguttuve, P; Voleti, S.; Prasad, A.H.; Bhadana, V.; Revathi, P.; Kemparaju, K.; Chandran, S.R.; Singh, A K.; Rao,
PK; et al. Stability Analysis of Flowering and Yield Traits to High Temperature Stress Adopting Different Planting Dates in Rice
(O. sativa L.). Int. ]. Agric. Res. 2006, 8, 137-148. [CrossRef]

Shahriari, Z.; Heidari, B.; Dadkhodaie, A. Dissection of genotype x environment interactions for mucilage and seed yield in
Plantago species: Application of AMMI and GGE biplot analyses. PLoS ONE 2018, 13, e0196095. [CrossRef]

Bocianowski, J.; Warzecha, T.; Nowosad, K.; Bathelt, R. Genotype by environment interaction using AMMI model and estimation
of additive and epistasis gene effects for 1000-kernel weight in spring barley (Hordeum vulgare L.). ]. Appl. Genet. 2019, 60, 127-135.
[CrossRef]

Rincent, R.; Malosetti, M.; Ababaei, B.; Touzy, G.; Mini, A.; Bogard, M.; Martre, P.; Le Gouis, J.; Van Eeuwijk, F. Using crop growth
model stress covariates and AMMI decomposition to better predict genotype-by-environment interactions. Theor. Appl. Genet.
2019, 132, 3399-3411. [CrossRef]

Pask, A.].D.; Pietragalla, J.; Mullan, D.M.; Reynolds, M.P. Physiological Breeding II: A Field Guide to Wheat Phenotyping; Cimmyt:
Mexico City, Mexico, 2012.

Guillemaut, P.; Maréchal-Drouard, L. Isolation of plant DNA: A fast, inexpensive, and reliable method. Plant Mol. Biol. Rep. 1992,
10, 60-65. [CrossRef]

Fu, D.; Szfics, P; Yan, L.; Helguera, M.; Skinner, J.S.; Von Zitzewitz, J.; Hayes, PM.; Dubcovsky, J. Large deletions within the first
intron in VRN-1 are associated with spring growth habit in barley and wheat. Mol. Genet. Genom. 2005, 273, 54—65. [CrossRef]
[PubMed]

Nishida, H.; Yoshida, T.; Kawakami, K.; Fujita, M.; Long, B.; Akashi, Y.; Laurie, D.A.; Kato, K. Structural variation in the 5
upstream region of photoperiod-insensitive alleles Ppd-Ala and Ppd-Bla identified in hexaploid wheat (Triticum aestivum L.),
and their effect on heading time. Mol. Breed. 2013, 31, 27-37. [CrossRef]

Li, X.; Guo, T.; Mu, Q.; Li, X;; Yu, ]. Genomic and environmental determinants and their interplay underlying phenotypic plasticity.
Proc. Natl. Acad. Sci. USA 2018, 115, 6679-6684. [CrossRef] [PubMed]

Gauch, H.G. Statistical Analysis of Yield Trials by AMMI and GGE. Crop Sci. 2006, 46, 1488-1500. [CrossRef]

Ding, Y,; Ren, G.; Shi, G.; Gong, P; Zheng, X.; Zhai, P.; Zhang, D.; Zhao, Z.; Wang, S.; Wang, H.; et al. China’s national assessment
report on climate change (I): Climate change in China and the future trend. Climate Chang Research. 2007, 3, 1. [CrossRef]
Asseng, S.; Foster, .A.N.; Turner, N.C. The impact of temperature variability on wheat yields. Glob. Chang. Biol. 2011, 17,
997-1012. [CrossRef]

Hegde, S.G.; Valkoun, J.; Waines, J.G. Genetic diversity in wild wheats and goat grass. Theor. Appl. Genet. 2000, 101, 309-316.
[CrossRef]

Xiao, D.; Tao, F. Contributions of cultivar shift, management practice and climate change to maize yield in North China Plain in
1981-2009. Int. J. Biometeorol. 2016, 60, 1111-1122. [CrossRef]


http://doi.org/10.1016/j.tplants.2007.06.010
http://doi.org/10.1073/pnas.0607142103
http://www.ncbi.nlm.nih.gov/pubmed/17158798
http://doi.org/10.1038/s41467-018-07875-7
http://doi.org/10.2135/cropsci2007.06.0355
http://doi.org/10.1007/BF00036871
http://doi.org/10.1071/CP16420
http://doi.org/10.5897/SRE11.023
http://doi.org/10.1007/s10681-019-2386-5
http://doi.org/10.2135/cropsci2002.1441
http://doi.org/10.1111/gcb.13118
http://doi.org/10.2135/cropsci2008.09.0537
http://doi.org/10.1111/nph.12192
http://www.ncbi.nlm.nih.gov/pubmed/23425331
http://doi.org/10.3923/ijar.2013.137.148
http://doi.org/10.1371/journal.pone.0196095
http://doi.org/10.1007/s13353-019-00490-2
http://doi.org/10.1007/s00122-019-03432-y
http://doi.org/10.1007/BF02669265
http://doi.org/10.1007/s00438-004-1095-4
http://www.ncbi.nlm.nih.gov/pubmed/15690172
http://doi.org/10.1007/s11032-012-9765-0
http://doi.org/10.1073/pnas.1718326115
http://www.ncbi.nlm.nih.gov/pubmed/29891664
http://doi.org/10.2135/cropsci2005.07-0193
http://doi.org/10.3969/j.issn.1673-1719.2007.z1.001
http://doi.org/10.1111/j.1365-2486.2010.02262.x
http://doi.org/10.1007/s001220051484
http://doi.org/10.1007/s00484-015-1104-9

Biology 2021, 10, 955 15 of 15

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Yang, FP; Zhang, X.K,; Xia, X.C.; Laurie, D.A.; Yang, W.X.; He, Z.H. Distribution of the photoperiod insensitive Ppd-D1a allele in
Chinese wheat cultivars. Euphytica 2009, 165, 445-452. [CrossRef]

Cao, W,; Liu, S.; Yang, Q.; Zhang, W. Characteristics of vernalization gene and photoperiod gene and their relationship with
winter hardness revealed by STS markers. Mol. Plant Breed. 2016, 14, 117-124.

Boden, S.A.; Cavanagh, C.; Cullis, B.R.; Ramm, K.; Greenwood, J.; Jean, EE.; Trevaskis, B.; Swain, S.M. Ppd-1 is a key regulator of
inflorescence architecture and paired spikelet development in wheat. Nat. Plants 2015, 1, 14016. [CrossRef] [PubMed]

Cockram, J.; Jones, H.; Leigh, E; O’Sullivan, D.; Powell, W.; Laurie, D.A.; Greenland, A.]J. Control of flowering time in temperate
cereals: Genes, domestication, and sustainable productivity. J. Exp. Bot. 2007, 58, 1231-1244. [CrossRef] [PubMed]

Snape, ].; Butterworth, K.; Whitechurch, E.; Worland, A. Waiting for fine times: Genetics of flowering time in wheat. Euphytica
2001, 119, 185-190. [CrossRef]

Eagles, H.A.; Cane, K.; Kuchel, H.; Hollamby, G.J.; Vallance, N.; Eastwood, R.F.; Gororo, N.N.; Martin, P.J. Photoperiod and
vernalization gene effects in southern Australian wheat. Crop Pasture Sci. 2010, 61, 721-730. [CrossRef]

Shcherban, A.B.; Borner, A.; Salina, E.A. Effect of VRN-1landPPD-D1genes on heading time in European bread wheat cultivars.
Plant Breed. 2015, 134, 49-55. [CrossRef]

Kim, D.-H.; Doyle, M.R.; Sung, S.; Amasino, R.M. Vernalization: Winter and the Timing of Flowering in Plants. Annu. Rev. Cell
Dev. Biol. 2009, 25, 277-299. [CrossRef]

Kumar, S.; Sharma, V.; Chaudhary, S.; Tyagi, A.; Mishra, P; Priyadarshini, A.; Singh, A. Genetics of flowering time in bread wheat
Triticum aestivum: Complementary interaction between vernalization-insensitive and photoperiod-insensitive mutations imparts
very early flowering habit to spring wheat. J. Genet. 2012, 91, 33—47. [CrossRef] [PubMed]

Daojie, S. Breeding photosensitivity enhanced wheat varieties to deal with the losses caused by climate change. J. Anhui Agric.
Sci. 2007, 35, 10642. [CrossRef]

Hill, C.B.; Li, C. Genetic Architecture of Flowering Phenology in Cereals and Opportunities for Crop Improvement. Front. Plant
Sci. 2016, 7, 1906. [CrossRef]

Gabriel, K.R. The biplot graphic display of matrices with application to principal component analysis. Biometrika 1971, 58, 453-467.
[CrossRef]

Geng, X.; Wang, F.; Ren, W.; Hao, Z. Climate Change Impacts on Winter Wheat Yield in Northern China. Adv. Meteorol. 2019,
2019, 1-12. [CrossRef]

Fu, G.; Charles, S.P; Yu, ].; Liu, C. Decadal Climatic Variability, Trends, and Future Scenarios for the North China Plain. J. Clim.
2009, 22, 2111-2123. [CrossRef]

Bai, H.; Tao, F; Xiao, D.; Liu, F; Zhang, H. Attribution of yield change for rice-wheat rotation system in China to climate change,
cultivars and agronomic management in the past three decades. Clim. Chang. 2015, 135, 539-553. [CrossRef]

Liu, Y.; Wang, E.; Yang, X.; Wang, J. Contributions of climatic and crop varietal changes to crop production in the North China
Plain, since 1980s. Glob. Chang. Biol. 2010, 16, 2287-2299. [CrossRef]

Li, K;; Yang, X.; Tian, H.; Pan, S.; Liu, Z.; Lu, S. Effects of changing climate and cultivar on the phenology and yield of winter
wheat in the North China Plain. Int. ]. Biometeorol. 2016, 60, 21-32. [CrossRef]

White, ].W.; Herndl, M.; Hunt, L.A ; Payne, T.S.; Hoogenboom, G. Simulation-Based Analysis of Effects of Vrn and Ppd Loci on
Flowering in Wheat. Crop Sci. 2008, 48, 678—687. [CrossRef]

Dixon, J.; Braun, H.-J.; Kosina, P.; Crouch, J. Wheat Facts and Futures; CIMMYT: Mexico City, Mexico, 2009.


http://doi.org/10.1007/s10681-008-9745-y
http://doi.org/10.1038/nplants.2014.16
http://www.ncbi.nlm.nih.gov/pubmed/27246757
http://doi.org/10.1093/jxb/erm042
http://www.ncbi.nlm.nih.gov/pubmed/17420173
http://doi.org/10.1023/A:1017594422176
http://doi.org/10.1071/CP10121
http://doi.org/10.1111/pbr.12223
http://doi.org/10.1146/annurev.cellbio.042308.113411
http://doi.org/10.1007/s12041-012-0149-3
http://www.ncbi.nlm.nih.gov/pubmed/22546824
http://doi.org/10.3969/j.issn.0517-6611.2007.33.048
http://doi.org/10.3389/fpls.2016.01906
http://doi.org/10.1093/biomet/58.3.453
http://doi.org/10.1155/2019/2767018
http://doi.org/10.1175/2008JCLI2605.1
http://doi.org/10.1007/s10584-015-1579-8
http://doi.org/10.1111/j.1365-2486.2009.02077.x
http://doi.org/10.1007/s00484-015-1002-1
http://doi.org/10.2135/cropsci2007.06.0318

	Introduction 
	Materials and Methods 
	Experimental Site and Growing Conditions 
	Experimental Design and Plant Material 
	Data Analysis 

	Results 
	Response of Wheat Anthesis to Growing Seasons 
	Response of Anthesis to Wheat Genotypes and Varieties Eras 
	Response of Wheat Anthesis to the GGI 

	Discussion 
	Conclusions 
	References

