
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

122,000 135M

TOP 1%154

4,800



Chapter 5

Impact of Growth Habit and Architecture Genes on

Adaptation and Performance of Bread Wheat

Thobeka P. Khumalo, Annelie Barnard,
Lancelot Maphosa and Toi J. Tsilo

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67116

Abstract

In bread wheat (Triticum aestivum L.), flowering time and plant stature are important phe‐

nological and agronomic traits for adaptation, yield potential, and yield stability. Timely 
flowering is critical for production, and the flowering window has to be late enough 
to avoid early season frosts but early enough to avoid late season stresses such as heat 
and terminal drought. Flowering time is controlled mainly by vernalization, photoperiod 
response, and earliness per se genes, which can be exploited to fine‐tune growth and tailor 
flowering time for the production of desirable wheat cultivars. Tailoring flowering time 
could help reduce preharvest sprouting problems by escaping high temperatures and late 
season rainfall, which promote preharvest sprouting, hence yield loss. Concisely sum‐

marizing available information on flowering time and identifying research gaps could 
provide direction for future research. This chapter, therefore, discusses: (i) the progress 
made in discovering genes involved and the impact of their extensive allelic variation on 
flowering time, (ii) the potential benefits of tailoring wheat's flowering time to improve 
yield, and (iii) the benefits of introgressing genes for other complimentary traits, such 
as semidwarf and preharvest sprouting resistance on advanced lines to achieve higher 
yield, thus, sustainable food security.

Keywords: earliness per se, flowering time, photoperiod response, preharvest sprouting, 
semidwarf, vernalization, yield

1. Introduction

The performance of a wheat cultivar, which is normally measured by its adaptability and 
yield potential under target environments, is dependent on genetic and environmental 
factors as well as the interaction between these factors. Timely flowering, that is the switch 
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from the vegetative phase to the reproductive phase, and the duration of the life cycle 
fine‐tune a cultivar to the targeted environment [1, 2]. Flowering is essential for repro‐

ductive success and occurs when conditions are favorable to maximize pollination, seed 
development, seed dispersal, and subsequent germination [1]. Flowering success is dem‐

onstrated by the ability of the plant to efficiently use a range of available resources includ‐

ing water, nutrients, temperature, day length, radiant energy, and relevant endogenous 
signals to maximize its potential yield and to escape stressful conditions during growth 
and development [1, 3]. Consequently, there is a need to better understand the genetic 
control of flowering time in wheat. Understanding the genetic control of the components 
of the life cycle, although complex, will enable plant breeders to exploit associated genes, 
thus fine‐tune the growth and development of the crop to fulfill the demands of a specific 
environment and to increase yield [1, 4]. Discovering genes that control flowering time in 
wheat have been one of the key research goals for decades [1] and is increasingly gaining 
importance due to the impact of projected climate change [5]. As a result, many loci influ‐

encing flowering time has been successfully mapped and their effects determined [1, 4].

The duration of the life cycle of bread wheat is controlled by numerous genes, including 
those associated with seed germination, vegetative growth, flowering time, seed matu‐

ration, and seed dispersal [6]. These processes form the foundation of the reproductive 
strategy of flowering plants. The interaction between these genes and the environment 
defines the ultimate phenotype [7, 8]. Flowering time is an important component of the 
life cycle with a very wide and complex genetic control. Three groups of genes with major 
influence on flowering time of wheat include vernalization response genes, photoperiod 
response genes, and genes controlling the developmental rate (earliness per se (eps)) when 

vernalization and photoperiod response requirements have been met [1, 9, 10]. With the 
exception of eps genes, the environment plays a role in the expression of vernalization and 
photoperiod response genes and thus, to their contribution towards flowering time and 
growth of wheat [1, 11, 12]. Reviewing currently available genetic and genomic resources 
for flowering time and the progress made so far toward introgressing known genes in elite 
germplasm is vital to guide future research. This chapter, therefore, discusses the progress 
made in discovering genes involved and the impact of their extensive allelic variation on 
flowering time. Additionally, the potential benefits of tailoring the flowering time of wheat 
to improve yield in the wheat production industry are also discussed. Furthermore, the 
chapter discusses the benefits of introgressing genes for other complimentary traits such 
as semidwarf and preharvest sprouting resistance on promising or advanced wheat breed‐

ing lines.

2. The process of flowering in bread wheat

The process of flowering involves multiple interactions between major genes (vernalization, 
photoperiod response, and eps genes) and endogenous factors such as the developmental 
stage and floral gene activities acting together to promote flower initiation [13]. Crucial to 
the process of floral initiation is the establishment and maintenance of meristems. A  specified 
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class of vernalization response genes called Vrn‐1 series (Vrn‐A1, Vrn‐B1, and Vrn‐D1) is 
responsible for this task in wheat [14–16]. The process consists of pools of undifferentiated 
cells that could either give rise to lateral organs such as leaves, auxiliary shoots (including 
flowers), and internode tissue, or that could serve as a continuing supply of new meristem 
cells. As a result, the type of cells produced and their ultimate developmental fate as part of 
vegetative or reproductive structures determine whether flowering occurs [13]. To initiate 
flowering, the flowering response or signal must be transferred through florigen to apices and 
induces meristem identity genes involved in the initiation of flowering following the accumu‐

lation of a light signal (photoperiod response) on the leaves [17–19]. This process is mediated 
by both vernalization and photoperiod response genes [18, 20]. Future research should iden‐

tify the meristem identity genes controlling floral transition and inflorescence development in 
wheat and other cereal crops [21].

3. The influence of vernalization genes on the flowering time of bread 
wheat

Bread wheat is generally classified as spring or winter types according to its response 
to low temperatures during the vegetative phase [22–24]. Exposure to low temperatures 
(0–10°C) for several weeks (usually 6–8 weeks) is necessary for the development of tillers 
and the induction of flowering in winter wheat, whereas tillering and flowering of spring 
wheat occur regardless of temperature [22, 25]. The flowering models of the temperate 
cereals indicate that before vernalization, Vrn‐3 series is repressed by Vrn‐2 and long expo‐

sure to low temperatures is necessary for the upregulation of Vrn‐1 series and downregu‐

lation of Vrn‐2 in the leaves. Failure of these processes will delay the flowering process 
[26–28]. As spring approaches, the Vrn‐3 levels are upregulated (a process mediated by 
photoperiod genes) and signals are sent from the leaves to shoot apices to increase the 
Vrn‐1 transcription above threshold levels for the induction of flowering [10, 28]. Winter 
wheat types are considered to be ancestral to spring wheat types [29] and the winter alleles 
of Vrn‐A1 genes are considered to be ancestral to the spring alleles. The insensitivity of 
spring wheat to vernalization is due to mutational loss of the repressor binding site in the 
regulatory region of one or more Vrn‐1 genes [30] and is responsible for the early flower‐

ing ability of spring wheat [31]. Spring wheat varieties have been bred to adapt to diverse 
agroclimatic conditions attributing to their much shorter flowering time as compared to 
winter wheat [4, 32].

Substitution line analyses have identified four major series of genes controlling the length 
of the vernalization period in bread wheat (Table 1). According to Yan et al [17], the Vrn‐B3 

gene (7BS) was identified as a flowering time (FT)‐like gene, as have its homologous Vrn‐A3 
and Vrn‐D3 on 7AS and 7DS, respectively [19]. Among the identified major genes control‐
ling vernalization response, the Vrn‐1 series (Vrn‐A1, Vrn‐B1, Vrn‐D1) is the predominant one 
in reducing vernalization requirement [31, 33]. However, even with fulfilled vernalization 
requirement, photoperiod sensitive bread wheat cannot flower until a critical day length has 
been reached [5].
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4. The influence of photoperiod response genes on the flowering time of 
bread wheat

Photoperiod is the day length and number of long days that a wheat cultivar must reach (a 
threshold) for floral initiation [38]. The duration of exposure to light can be categorized into 
three groups namely, short‐day (SD, 11‐14 h), long‐day (LD, 18 h), and day‐neutral (DN) or 
facultative [39]. The winter wheat and spring wheat varieties can be photoperiod‐sensitive or 
photoperiod‐insensitive. Photoperiod‐insensitive varieties are early flowering both under SD 
and LD conditions, in contrast to the photoperiod‐sensitive varieties that require exposure to 
LD for weeks before they can initiate flowering [38, 40]. Several genes controlling photoperiod 
response have been successfully identified in wheat (Table 2). The Ppd‐1 genes (Ppd‐A1, Ppd‐

B1, and Ppd‐D1) induce flowering time irrespective of the day length in contrast to the Ppd‐B2 

gene reported on the short arm of chromosome 7B, which accelerates flowering time only 
under LD conditions [41, 42, 43]. The potency of the insensitivity of the photoperiod response 
genes has been ranked in the order:

Ppd‐D1 > Ppd‐B1 > Ppd‐A1 [38, 44].

Photoperiod insensitivity is beneficial for crops grown in short‐growing seasons with high 
summer temperatures in order to avoid heat stress during grain‐filling stages [44, 45, 46]. 

Earlier flowering conferred by the Ppd‐D1a insensitive allele has broadened the adaptation of 
cultivars over a range of environments and increased yield potential in improved cultivars, 
in southern Europe, Asian, Mediterranean, and North African regions [11, 47, 48]. However, 
the desirability of this allele depends on the target environment. For example, in the northern 
parts of Europe, which do not experience late season stress, the Ppd‐D1a allele is not selected 

Major gene series Gene(s) comprised Gene location Reference

Vrn‐1 Vrn‐A1, Vrn‐B1 and Vrn‐D1 Long arms of chromosomes 5A, 5B and 5D, 
respectively

[31, 34]

Vrn‐2 Not specified chromosomes 4B, 4D and 5A [35]

Vrn‐3 Vrn‐A3, Vrn‐B3 and Vrn‐D3 Short arms of chromosomes 7A, 7B and 7D, 
respectively

[36]

Vrn‐4 Vrn‐D4 Chromosome 5D [37]

Table 1. Vernalization genes/class of genes identified in bread wheat to date.

Gene Gene location Reference

Ppd‐D1 (formerly Ppd1) Chromosome 2D [27, 38, 40, 44, 45, 49]

Ppd‐B1 (formerly Ppd2) Chromosome 2B [27, 38, 40, 44, 45, 49]

Ppd‐A1 (formerly Ppd3) Chromosome 2A [27, 38, 40, 44, 45, 49]

Ppd‐B2 Short arm of chromosome 7B [50]

Table 2. Photoperiod response genes identified in bread wheat to date.
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for due to the shortened vegetative phase associated with this allele, which results in consid‐

erably lower yield potential in these environments [5].

5. The interaction of Vrn and Ppd alleles and its impact on flowering time 
of bread wheat

Various studies have been conducted to study the interaction between Vrn‐1 and Ppd‐1 

active alleles and the impact of their different combinations on the flowering time of bread 
wheat. Cultivars containing different combinations of Vrn‐1 and Ppd‐1 alleles will respond 
differently under different environmental conditions and thus, display different heading 
dates or flowering times [3, 9, 23, 51, 52]. It was discovered that Vrn‐A1 genotypes (either 
single or in combination with other Vrn alleles) are the earliest in flowering followed by 
Vrn‐B1 and then Vrn‐D1 genotypes [53]. In fully vernalized winter wheat, Ppd‐D1a allele 
advanced flowering time by up to 24 days [54, 55]. However, in the presence of an active 
allele of Vrn‐1, the flowering time of wheat was reduced by at least 30 days [54, 56]. It was 
reported that wheat genotypes with all three dominant alleles of Vrn‐1 genes (Vrn‐A1, Vrn‐

B1, and Vrn‐D1) head quite early compared to mono‐ or di‐dominant gene combinations 
[28]. Similar information was also reported by various authors [5, 9, 57–59]. From the results 
of the above‐mentioned studies, it was shown which combinations of alleles perform better 
than others. In agreement with Zhang et al. [53], it was demonstrated in the other studies 
mentioned above that Vrn‐B1 and/or Vrn‐D1 alleles are less effective in advancing flowering 
time as compared to the Vrn‐A1 allele. The Vrn‐1 genotypes are reported to be marginally 
early in flowering time in the following order:

Vrn‐A1 Vrn‐B1 Vrn‐D1 > Vrn‐A1 Vrn‐B1, Vrn‐A1 VrnD1 or Vrn‐A1 > Vrn‐B1 or Vrn‐D1.

An epistatic interaction between the Vrn‐A1 and Vrn‐D1 active alleles was demonstrated in 
a study [9]. The same study confirmed an additive/complementary interaction for flowering 
time between the photoperiod‐insensitive Ppd‐D1a allele and the Vrn‐1 active alleles [57, 60]. 

Moreover, it was noted that although genotypes carrying Vrn‐1 and Ppd‐D1a alleles are early 
flowering under both SD and LD conditions, the flowering time is delayed by low tempera‐

tures under SD conditions. Overall, it is concluded that Ppd‐1 and Vrn‐1 genes participate in 
a similar pathway to control flowering time [10]. This implies that even though vernalization 
and photoperiod responses are independent processes, fulfillment of both requirements is 
necessary for early flowering of bread wheat. Flowering will be delayed if these processes did 
not occur [28] and the extent of this delay will depend on the Ppd gene present in the variety, 
as well as the environmental conditions [43].

6. The influence of earliness per se (eps) genes on the flowering time of 
bread wheat

A third class of genes controlling flowering time of wheat is the earliness per se (eps) genes. 

Eps genes affect phenological development of wheat when all photoperiod and vernaliza‐
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tion requirements have been satisfied [1, 11]. However, genes of all three classes (Vrn, Ppd, 

and eps) exert pleiotropic effects on other aspects of plant growth and development [1]. 

Whereas the major Vrn and Ppd genes govern the gross adaptation to environments, the 
eps genes have been shown to largely fine‐tune the flowering time of wheat varieties for 
their regional adaptations [1, 61–63]. Sufficient information is now available on the effect 
of eps genes in determining flowering time of wheat. Genetic analyses show that these loci 
have been mapped only as QTL effects rather than major genes because of their relatively 
small effect [1, 6]. This makes it difficult to undertake a comparative analysis of eps effects 
with confidence. Nevertheless, comparative genetic studies indicate that most wheat chro‐

mosomes harbor eps genes [1, 11, 64]. Worland [11] reported the likelihood of the existence 
of these genes on chromosome groups 2, 3, 4, 6, and 7. It was suggested in the same study 
that these genes fine‐tune flowering time probably by determining the amount and rate at 
which vegetative and floral primordia are produced. A detailed mapping in bread wheat 
has detected eps loci on chromosomes of homologous group 2 and on the short arm of chro‐

mosome 3A [65, 66]. A locus on chromosome 2B is orthologous with the eps2 gene in barley 
(Hordeum vulgare) [6, 11, 64], whereas the one on chromosome 3A is orthologous with the 
Eps‐3Am gene in einkorn wheat (Triticum monococcum) [67]. The locus on chromosome 3A 
has been reported to also have significant effects on plant height, thousand kernel weight, 
and number of grains per plant [66]. However, no eps genes have been cloned as yet in bread 
wheat [12, 68] as compared to barley [6, 61, 69] and einkorn wheat [67]. More than 90 QTL 
for heading date, with most of them believed to play a role in fine‐tuning flowering time, 
have been reported to be spread over almost the entire wheat genome [62, 70]. Recently, 
Zikhali et al. [12] validated the presence of an eps effect on 1DL in hexaploid wheat. Some 
qualities of eps genes, such as high heritability and their independency on the environment, 
display a platform for this class of genes to be efficiently used in breeding programs to 
modify the flowering time of wheat by advancing/shortening its life cycle [61]. With further 
studies, it will be possible to fine‐tune flowering time to regional climatic variations using 
these loci (including those of Vrn and Ppd) once their primary and pleiotropic effects have 
been identified.

7. The influence of height‐reducing genes on the flowering time of bread 
wheat

Among the most important growth habit parameters influencing adaptation and yield poten‐

tial of bread wheat to various environments is plant height. The most common genes for 
reduced height (Rht, also called semidwarf) in wheat have been mapped on Rht‐B1 and Rht‐

D1 loci on chromosomes 4B and 4D, respectively [71]. Another potentially valuable height 
reducing gene, designated Rht8, has been mapped on chromosome 2D of bread wheat [72, 73]. 

The alleles of the two genes, Rht‐B1b and Rht‐D1b, inhibit cell elongation due to insensitivity 
to the growth hormone gibberellic acid in contrast to the Rht8 gene. The primary mechanism 
of height reduction caused by these alleles (Rht‐B1b and Rht‐D1b) is a reduction in the rate 
of stem development and dry matter accumulation in vegetative tissue, leading to increased 
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partitioning of water and nutrients to the spike [74]. Consequently, more fertile florets and 
more seeds per spike are produced.

Rht8 genotypes were reported to compare very well with Rht‐B1b and Rht‐D1b genotypes 
in hot and dry environments (i.e. short growing season) [73]. This was evident in a study 
conducted by Lanning et al. [71] under terminal drought stress in Montana and Washington. 
In the study, the Rht8 semidwarf lines appeared to have superior seed characteristics (signifi‐

cantly higher kernel weight and grain protein content) relative to the Rht‐B1b and Rht‐D1b 

lines which even had reduced grain protein content relative to the wild‐type. However, other 
studies reported higher yield potential associated with Rht‐B1b and Rht‐D1b genotypes under 
high input growing conditions (i.e., irrigated) as compared to Rht8 and standard height geno‐

types [75, 76]. The performance of semidwarf wheat lines was evaluated relative to standard 
height lines using a recombinant inbred line (RIL) population grown in both rain‐fed and 
irrigated conditions in Montana [77]. Semidwarf lines containing Rht‐D1b were discovered 
to have superior yield as compared to standard height lines. Moreover, McNeal et al. [78] 

observed that semidwarf wheat lines containing either Rht‐B1b or Rht‐D1b outyielded tall 
lines in Montana, except in very low yield potential environments where tall lines were supe‐

rior. From these results, it can be concluded that when opting for high yield potential under 
normal or high input growing conditions, Rht‐B1b and Rht‐D1b genotypes are the best, but 
when planting in hot and dry (low yielding) environments, Rht8 genotypes should be selected 
for. The success of the Rht genes has resulted in their wide deployment in wheat breeding 
programs globally [79].

A moderate but significant correlation between flowering time and plant height has been 
reported in bread wheat [5, 80–82]. Shorter genotypes tend to flower earlier than the taller 
ones [5]. This effect was proposed to be mainly due to the Rht‐B1b allele, suggesting a 
possible effect of the Rht‐B1 gene on heading date in wheat. Similar results were also 
reported by Wilhelm et al. [80], confirming the significant effect of Rht‐B1 on flowering 
time and suggested a possibility of genes controlling plant height to also affect flowering 
time. However, other studies report that earliness is often associated with reduced height 
and potentially reduced resource capture, therefore, reduced yield [42, 83]. This suggested 
negative correlation between earliness and yield remains a challenge in wheat breeding 
programs, posing a need to modify flowering time to suit local climatic conditions while 
maintaining or even increasing yield potential. The biggest challenge is to incorporate all 
or as many of the favorable and/or agricultural important traits as possible in one cultivar 
[84, 85].

8. The potential benefits of tailoring flowering time of wheat in the wheat 
production industry

Flowering time is a complex trait that is responsible for wide adaptation of wheat (and other 
cereal crops) to different environments [4, 21, 86]. This trait could be modified or tailored to 
local climatic conditions to achieve desired characteristics such as improved yield [87, 88]. 
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Similar studies have been conducted successfully whereby high temperatures and drought 
stress during anthesis and grain filling were avoided through tailoring flowering time of 
wheat to local climatic conditions [42, 89].

The potential advantage of tailoring flowering time can be used to escape environmen‐

tal conditions that lead to yield loss, such as high temperatures or conditions that lead to 
poor wheat quality, such as rain during harvest time. This could contribute to reducing the 
worldwide physiological phenomenon of preharvest sprouting (PHS). Preharvest sprouting, 
which is the germination of seed grains in the mother ear before harvest due to humid condi‐
tions, is prevalent in wheat‐growing regions experiencing high rainfall during the period of 
grain maturity and ripening [90]. This results in significant losses in the wheat production 
industry such as the downgrading of premium milling quality wheat to feed quality [91]. 

Resistance to PHS is a highly desirable trait sought by plant breeders globally [92, 93]. In 

addition to breeding for resistance of this trait, tailoring flowering time for the production of 
early flowering cultivars, which will escape conditions favorable to PHS, could help reduce 
the problem.

9. The role of diagnostic molecular markers in the detection of allelic 
variation among the major growth habit genes influencing the flowering 
time of bread wheat

The fact that current wheat germplasm has not been characterized fully in terms of impor‐

tant agronomic traits limits the use of wheat germplasm to a certain extent. Identifying the 
alleles of these genes and estimating the effects of their combination on growth, heading date, 
and ultimately grain yield will enhance the selection of cultivars with wide adaptability to 
a set of environments [57]. This knowledge can help accelerate the introgression of adapt‐
ability and yield‐contributing genes by predicting the best combinations for enhanced yield 
potential and adaptation [28]. Moreover, the identification of alleles of growth habit genes 
subsequently leads to the development of a series of molecular markers (allele‐specific DNA 
markers) for improved identification of these alleles in future [46, 86, 94].

The development of allele‐specific DNA markers has allowed for efficient detection of exten‐

sive allelic variation existing among genes controlling flowering time in bread wheat [35, 46, 

95]. Through these markers, it has been revealed that the allelic variation at the Vrn‐A1 locus 
(Vrn‐A1a, Vrn‐A1b, and Vrn‐A1c) results from mutations within the promoter sequence [26] 

and/or deletions within the first intron of this gene [26, 95]. For the Vrn‐B1 and Vrn‐D1 loci, 
their allelic variation is determined only by deletions within the first intron sequence of the 
gene [95]. Diagnostic markers are available to differentiate among these forms and conse‐

quently, significant progress in understanding the molecular basis of vernalization has been 
made in wheat and barley species [15, 16, 94, 96].

For photoperiod response genes, photoperiod insensitivity is induced by indels in the 5’ upstream 
region of pseudoresponse regulator (PPR) genes, which do not exist in photoperiod‐sensitive 
varieties [41, 46, 49]. For instance, a 2 kb deletion in the Ppd‐D1 promoter region of chromosome 
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2D results in a semi‐dominant, photoperiod‐insensitive allele (Ppd‐D1a). The semidominant Ppd‐

D1a mutation has been identified as the major source of earliness in wheat varieties globally. 
This most potent allele upregulates the expression of the Vrn‐3 gene, which is a homologue of 
the flowering locus T (FT) of A. thaliana [9], under both SD and LD conditions, therefore confers 
early flowering in wheat [13, 43].

The Ppd‐D1 gene is said to exist in several forms. Six haplotypes (alleles) of this gene have 
been identified [40], four of which were common in bread wheat. The same study provided 
molecular markers to distinguish among these alleles and elucidated that they have differ‐

ent levels of expression. Haplotype I, which is equivalent to Ppd‐D1a in Beales et al [46] and 

Eagles et al [57], had the highest level of expression, and it was suggested that Haplotype II 
is a progenitor of the others and probably photoperiod‐sensitive. To further their work, Guo 
et al. [40] developed a method which identified allelic variation within a locus that Eagles et 
al. [57] and Fischer [97] labeled as Ppd‐D1b, eventually dividing that single classification into 
three alleles.

The alleles of Ppd‐D1 were also identified by Cane et al. [98] using allele‐specific molecu‐

lar markers. Lines carrying Ppd‐D1a were identified with a large deletion in the promoter 
region by the method described in references [46] and [60]. Lines with a deletion in exon 7 
were classified as Ppd‐D1d carriers. Lines harboring Ppd‐D1c alleles manifested a mariner‐

like transposable element in intron 1 and lines not characterized as either Ppd‐D1a, Ppd‐D1c, 

or Ppd‐D1d were designated as Ppd‐D1b. Frequent alleles of Ppd‐D1, Vrn‐A1, Vrn‐B1, and 

Vrn‐D1 genes can be accurately identified using current molecular techniques. Inaccurate 
classification of alleles could reduce the accuracy of estimation of their effects on flowering 
time [57, 98].

Besides the Ppd‐D1 gene, two more loci namely, Ppd‐A1 and Ppd‐B1, have been identified 
and shown to have effects as strong as that of Ppd‐D1 in accelerating flowering time in bread 
wheat [20, 41, 42, 99]. In a study to investigate the effect of Ppd‐B1a allele on flowering time 
in wheat, it was shown that Ppd‐B1 displays copy number variation (CNV) [20]. Wheat geno‐

types with only one copy allele are photoperiod‐sensitive whereas an increased copy num‐

ber (2–4 copies) results in a day‐neutral, early flowering phenotype. A complementary study 
[100] confirmed that wheat genotypes with the three‐copy allele (termed Ppd‐B1a) and the 

four‐copy allele (termed Ppd‐B1c) exhibit reduced days to heading as compared to the one‐
copy allele (termed Ppd‐B1b) whereas the two‐copy allele (termed Ppd‐B1d) displays increased 
days to heading (late flowering). These results indicate that the CNV at the Ppd‐B1 locus con‐

tributes in fine‐tuning the adaptation of wheat to local climatic conditions, in addition to the 
major effect of Ppd‐D1.

10. Concluding remarks and future breeding perspectives

The three classes of genes (Vrn, Ppd, and eps) play a vital role in the adaptation and protec‐

tive mechanisms to ensure successful reproduction of wheat in diverse environments around 
the world. It has been revealed that a combination of Vrn‐1 (especially Vrn‐A1) and Ppd‐D1a 
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results in genotypes that are early flowering under both SD and LD conditions, but flowering 
time is delayed under SD conditions. Moreover, a significant correlation between flowering 
time and plant height has been reported suggesting the possibility of genes regulating flow‐

ering time to also regulate height [5, 80]. Therefore, semidwarf genotypes are said to flower 
earlier (and may give higher yield) as compared to taller or normal ones depending on the 
environment and the genotype by environment interactions.

In the view of the current and projected climate change, which will include extreme hot and dry 
conditions, selecting for Rht8 genotypes could be beneficial relative to the Rht‐B1b and Rht‐D1b 

genotypes, which only perform well under high input conditions. In contrast, Rht8 genotypes 
have been shown to perform well and give higher yields under hot and dry environments. 
Climate change necessitates that the genetic structure of current breeding programs be shaped 
accordingly. Therefore, breeding for wheat cultivars with flexible response in different envi‐
ronments and that exhibit superior performance under extreme conditions, such as hot and dry 
environments, should become a priority. Photoperiod insensitivity is usually an advantage in 
most regions [100]. Therefore, selecting for the trait and incorporating genes for other comple‐

mentary traits, such as preharvest sprouting resistance into the advanced lines, could be an 
added advantage in addition to significant yield improvement. Selecting for favorable alleles in 
targeted environments will contribute to yield improvement in the wheat production industry. 
This will help to meet the ever‐increasing demand, which will mean sustainable food security.

Selection of favorable alleles could increase the level of variation and/or introduce novel sources 
of resistance to diseases and unfavorable weather conditions into breeding populations [9, 26, 

95, 101]. This allows the transfer of genotypes between regions with different climatic condi‐
tions but still maintains their level of agronomic performance [5]. The Ppd‐D1a allele has been 
selected for by plant breeders in different countries for several decades to enhance yield in cer‐

tain climatic conditions [10, 46, 100]. Selecting for favorable alleles also allows the development 
of allele‐specific DNA markers for efficient detection of extensive allelic variation among genes 
controlling traits of agronomic importance [35, 46, 95]. As a result, the genetic components of 
flowering time and other traits of agronomic importance are now better understood and some 
of the associated genes are isolated and cloned in wheat and closely related species [15–17, 

46, 101]. The information provided in this chapter will therefore be helpful in the current and 
future breeding programs when breeding for adaptation and improved yield in wheat.

Acknowledgements

The authors would like to thank their fellow colleagues: Sandiswa Figlan (Agricultural 
Research Council, Small Grain Institute), Nondumiso Zanele Sosibo (Agricultural Research 
Council, Small Grain Institute), Lisemelo Motholo (Agricultural Research Council, Small 
Grain Institute), Thandeka Nokuthula Sikhakhane (Agricultural Research Council, Small 
Grain Institute), Learnmore Mwadzingeni (University of KwaZulu‐Natal), and Pamella 
Ntshakaza (University of KwaZulu‐Natal) for support and contribution to the development 
of the chapter. This work was funded by the Agricultural Research Council.

Wheat Improvement, Management and Utilization86



Author details

Thobeka P. Khumalo1,2, Annelie Barnard1, Lancelot Maphosa3 and Toi J. Tsilo1,2,4*

*Address all correspondence to: tsilot@arc.agric.za

1 ARC—Small Grain Institute, Bethlehem, South Africa

2 Department of Life and Consumer Sciences, University of South Africa, Pretoria, South 
Africa

3 Department of Plant Production, University of Venda, Pretoria, South Africa

4 Department of Economic Development, Jobs, Transport and Resources, Victoria, Australia

References

[1] Snape JW, Butterworth K, Whitechurch E, Worland AJ. Waiting for fine times: genetics of 
flowering time in wheat. Euphytica. 2001; 119: 185–190. DOI: 10.1023/A:1017594422176

[2] Mühleisen J, Piepho HP, Maurer HP, Longin CFH, Reif JC. Yield stability of hybrids 
versus lines in wheat, barley, and triticale. Theoretical & Applied Genetics. 2013;  
127: 309–316. DOI: 10.1007/s00122‐013‐2219‐1

[3] Laurie DA, Griffiths S. Molecular markers for flowering time genes in crop species. In 
Jain SM, Brar DS, Ahloowalia BS, editors. Molecular Techniques in Crop Improvement. 
Dordrecht, Boston, London: Kluwer Academic Publishers, Springer‐Science; 2002. pp. 
239–263.

[4] Cockram J, Jones H, Leigh FJ, O'Sullivan D, Powell W, Laurie DA, Greenland AJ. Control 
of flowering time in temperate cereals: genes, domestication, and sustainable productiv‐

ity. Journal of Experimental Botany. 2007; 58: 1231–1244. DOI: 10.1093/jxb/erm042

[5] Langer SM, Friedrich C, Longin H, Wurschum T. Flowering time control in European 
winter wheat. Frontiers in Plant Science. 2014; 5: 1–11. DOI: 10.3389/fpls.2014.00537

[6] Laurie DA. Comparative genetics of flowering time. Plant Molecular Biology. 1997;  
35: 167–177. DOI: 10.1023/A:1005726329248

[7] Goto K, Kyozuka J, Bowman JL. Turning floral organs into leaves, leaves into floral 
organs. Current Opinion in Genetics & Development. 2001; 11: 449–456. DOI: 10.1016/
S0959‐437X(00)00216‐1

[8] Smyth DR. Flower development. Current Biology. 2001; 11: 82–84. DOI: 10.1016/S0960‐ 
9822(01)00034‐3.

[9] 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 

Impact of Growth Habit and Architecture Genes on Adaptation and Performance of Bread Wheat
http://dx.doi.org/10.5772/67116

87



vernalization‐insensitive and photoperiod‐insensitive mutations imparts very early 
flowering habit to spring wheat. Journal of Genetics. 2012; 91: 33–47. DOI: 10.1007/
s12041‐012‐0149‐3

[10] Distelfeld A, Li C, Dubcovsky J. Regulation of flowering in temperate cereals. Current 
Opinion in Plant Biology. 2009; 12: 178. DOI: 10.1016/j.pbi.2008.12.010

[11] Worland AJ. The influence of flowering time genes on environmental adaptability in 
European wheats. Euphytica. 1996; 89: 49–57. DOI: 10.1007/BF00015718

[12] Zikhali M, Leverington‐Waite M, Fish L, Simmonds J, Orford S, Wingen LU, et al. 
Validation of a 1DL earliness per se (eps) flowering QTL in bread wheat (Triticum aesti‐

vum). Molecular Breeding 2014; 34, 1023–1033. DOI: 10.1007/s11032‐014‐0094‐3

[13] Tan F, Swain SM. Genetics of flower initiation and development in annual and perennial 
plants. Physiologia Plantarum. 2006; 128: 8–17. DOI: 10.1111/j.1399‐3054.2006.00724.x

[14] Danyluk J, Kane NA, Breton G, Limin AE, Fowler DB, Sarhan F. TaVRT‐1, a putative 
transcription factor associated with vegetative to reproductive transition in cereals. 
Plant Physiology. 2003; 132: 1849–1860. PMID: 12913142

[15] Trevaskis B, Bagnall DJ, Ellis MH, Peacock WJ, Dennis ES. MADS box genes control ver‐

nalization‐induced flowering in cereals. Proceedings of the National Academy of Science 
of the United States of America. 2003; 100: 13099–13104 DOI: 10.1073/pnas.1635053100

[16] Yan L, Loukoianov A, Tranquilli G, Helguera M, Fahima T, Dubcovsky J. Positional 
cloning of the wheat vernalization gene VRN1. Proceedings of the National Academy 
of Science of the United States of America. 2003; 100: 6263–6268. DOI: 10.1073/
pnas.0937399100

[17] 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. 

Proceedings of the National Academy of Science of the United States of America. 2006; 
103: 19581–19586. DOI: 10.1073/pnas.0607142103

[18] Corbesier L, Vincent C, Jang S, Fornara F, Fan Q, Searle I, Giakountis A, Farrona S, Gissot 
L, Turnbull C, et al. FT protein movement contributes to long‐distance signaling in floral 
induction of Arabidopsis. Science. 2007; 316: 1030–1033. DOI: 10.1126/science.1141752

[19] Bonnin I, Rousset M, Madur D, Sourdille P, Dupuits C, Brunel D, Goldringer I. FT 
genome A and D polymorphisms are associated with the variation of earliness com‐

ponents in hexaploid wheat. Theoretical & Applied Genetics. 2008; 116: 383–394. 
DOI:10.1007/s00122‐007‐0676‐0

[20] Díaz A, Zikhali M, Turner AS, Isaac P, Laurie DA. 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: 33234. DOI: 10.1371/journal.pone.0033234

[21] Campoli C, von Korff M. Genetic Control of Reproductive Development in Temperate 
Cereal. In Fornara F, editor. Advances in Botanical Research. The Molecular Genetics of 

Wheat Improvement, Management and Utilization88



Floral Transition and Flower Development. Volume 72: Elsevier Ltd. London: Academic 
Press; 2014. pp. 131–150. ISSN 0065‐2296. DOI: 10.1016/B978‐0‐12‐417162‐6.00005‐5

[22] Flood RG, Halloran GM. Basic development rate in spring wheat. Agronomy Journal. 
1984; 76: 260–264.

[23] Trevaskis B, Hemming MN, Dennis ES, Peacock WJ. The molecular basis of vernali‐
sation‐induced flowering in cereals. Trends in Plant Science. 2007; 12: 352–357. DOI: 
10.1016/j.tplants.2007.06.010

[24] Kolev S, Ganeva G, Christov N, Belchev I, Kostov K, Tsenov N, Rachovska G, Landgeva 
S, Ivanov M, AbuMhadi N, Todorovska E. Allele variation in loci for adaptive response 
and plant height and its effect on grain yield in wheat. Biotechnology & Biotechnological 
Equipment. 2010; 24: 1807–1813. DOI: 10.2478/V10133‐010‐0042‐2

[25] Porter JR, Gawith M. Temperatures and the growth and development of wheat: a review. 
European Journal of Agronomy. 1999; 10: 23–36. DOI: 10.1016/S1161‐0301(98)00047‐1

[26] Yan L, Helguera M, Kato K, Fukuyama S, Sherman J, Dubcovsky J. Allelic variation at 
the VRN‐1 promoter region in polyploid wheat. Theoretical & Applied Genetics. 2004b;  
109: 1677–1686. PMID: 15480533. DOI: 10.1007/s00122‐004‐1796‐4

[27] Dubcovsky J, Loukoianov A, Fu D, Valarik M, Sanchez A, Yan L. Effect of photoperiod on 
the regulation of wheat vernalization genes VRN1 and VRN2. Plant Molecular Biology. 
2006; 60: 469– 480. DOI: 10.1007/s11103‐005‐4814‐2

[28] Singh SK, Singh AM, Jain N, Singh GP, Ahlawat AK, Ravi I. Molecular characterization of 
vernalization and photoperiod genes in wheat varieties from different agro‐climatic zones 
of India. Cereal Research Communications. 2013; 41: 376–387. DOI: 10.1556/CRC.2013.0017

[29] Flood RG, Halloran GM. The influence of genes for vernalisation response on develop‐

ment and growth in wheat. Annals of Botany. 1986; 58: 505–513.

[30] Loukoianov A, Yan L, Blechl A, Sanchez A, Dubcovsky J. Regulation of VRN‐1 ver‐

nalization genes in normal and transgenic polyploid wheat. Plant Physiology. 2005;  
138: 2364–2373. DOI: 10.1104/pp.105.064287

[31] Pugsley AT. A genetic analysis of the spring‐winter habit of growth in wheat. Australian 
Journal of Agricultural Research. 1971; 22: 21–31. DOI: 10.1071/AR9710021

[32] Trevaskis B. The central role of the VERNALIZATION 1 gene in the vernalization 
response of cereals. Functional Plant Biology. 2010; 37: 479–487. DOI: 10.1071/FP10056

[33] Snape JW, Law CN, Worland, AJ. Chromosome variation for loci controlling ear‐emer‐

gence time on chromosome 5A of wheat. Heredity. 1976; 37: 335–340.

[34] McIntosh RA, Hart GE, Devos KM, Gale MD, Rogers WJ. 1998. Catalogue of gene 
symbols for wheat. In: Slinkard AE, editor. Proceeding of the 9th International Wheat 
Genetics Symposium. Saskatoon, Saskatchewan, Canada: University Extention Press: 
August 2–7, 1998. Vol. 5; pp. 1–236.

Impact of Growth Habit and Architecture Genes on Adaptation and Performance of Bread Wheat
http://dx.doi.org/10.5772/67116

89



[35] Yan L, Loukoianov A, Blechl A, Tranquilli G, Ramakrishna W, SanMiguel P, et al. The 
wheat VRN2 gene is a flowering repressor down‐regulated by vernalization. Science. 
2004a; 303: 1640–1644. DOI: 10.1126/science.1094305

[36] Law CN, Worland AJ. Genetic analysis of some flowering time and adaptive traits in 
wheat. New Phytologist. 1997; 137: 19–28.

[37] Kippes N, Debernardi JM, Vasquez‐Gross HA, Akpinar BA, Budak H, Kato K, Chao 
S, Akhunov E, Dubcovsky J. Identification of the VERNALIZATION 4 gene reveals the 
origin of spring growth habit in ancient wheats from South Asia. Proceedings of the 
National Academy of Sciences of the United States of America. 2015; 112: 5401–5410. 
DOI: 10.1073/pnas.1514883112

[38] Worland A, Börner A, Korzun V, Li WM, Petrovíc S, Sayers EJ. The influence of pho‐

toperiod genes on the adaptability of European winter wheats. Euphytica. 1998; 100: 
385–394. DOI: 10.1023/A:1018327700985

[39] Garner WW, Allard HA. Effect of the relative length of day and night and other fac‐

tors of the environment on growth and reproduction in plants. Journal of Agricultural 
Research. 1920; 18: 553–606.

[40] Guo Z, Song Y, Zhou R, Ren Z, Jia J. Discovery, evaluation and distribution 
of haplotypes of the Ppd‐D1 gene. New Phytologist. 2010; 185: 841–851. DOI: 
10.1111/j.1469‐8137.2009.03099.x

[41] Nishida H, Yoshida T, Kawakami K, Fujita M, Long B, Akashi Y, et al. Structural varia‐

tion in the 5’ upstream region of photoperiod‐insensitive alleles Ppd‐A1a and Ppd‐B1a 

identified in hexaploid wheat (Triticumaestivum L.), and their effect on heading time. 
Molecular Breeding. 2013; 31: 27–37. DOI: 10.1007/s11032‐012‐9765‐0

[42] Bentley AR, Horsnell R, Werner CP, Turner AS, Rose GA, Bedard C, et al. Short, natural, and 
extended photoperiod response in BC2F4 lines of bread wheat with different Photoperiod‐1 

(Ppd‐1) alleles. Journal of Experimental Botany. 2013; 64: 1783–1793. DOI: 10.1093/jxb/ert038

[43] Worland T, Snape JW. “Genetic basis of worldwide wheat varietal improvement”. In 
Bonjean AP, Angus WJ, editors. The World Wheat Book–a History of Wheat Breeding, 
Vol. 1. Paris: Lavoisier Publishing; 2001. pp. 59–100

[44] Bentley AR, Turner AS, Gosman N, Leigh FJ, Maccaferri M, Dreisigacker S, et al. 
Frequency of photoperiod‐insensitive Ppd‐A1a alleles in tetraploid, hexaploid 
and synthetic hexaploid wheat germplasm. Plant Breeding. 2011; 130: 10–15. DOI: 
10.1111/j.1439‐0523.2010.01802.x

[45] Kato K, Yokoyama H. Geographical variation in heading characters among wheat 
landraces, Triticum aestivum L. and its implication for their adaptability. Theoretical & 
Applied Genetics. 1992; 84: 259–265. DOI: 10.1007/BF00229480

[46] Beales J, Turner A, Griffiths S, Snape JW, Laurie DA. A pseudo‐response regulator is mis‐

expressed in the photoperiod insensitive Ppd‐D1a mutant of wheat (Triticum aestivum 

L.). Theoretical & Applied Genetics. 2007; 115: 721–733. DOI: 10.1007/s00122‐007‐0603‐4

Wheat Improvement, Management and Utilization90



[47] Worland AJ, Appendino ML, Sayers EJ. The distribution, in European winter wheats, of 
genes that influence ecoclimatic adaptability whilst determining photoperiodic insensi‐
tivity and plant height. Euphytica. 1994; 80: 219–228. DOI: 10.1007/BF00039653

[48] Ortiz‐Ferrara G, Mosaad MG, Mahalakshmi V, Rajaram S. Photoperiod and vernalisa‐

tion response of Mediterranean wheats, and implications for adaptation. Euphytica. 
1998; 100: 377–384. DOI: 10.1023/A:1018375616915

[49] Wilhelm EP, Turner AS, Laurie DA. Photoperiod insensitive Ppd‐A1a mutations in tetra‐

ploid wheat (Triticum durum Desf.). Theoretical & Applied Genetics. 2009; 118: 285–294. 
DOI: 10.1007/s00122‐008‐0898‐9

[50] Khlestkina EK, Giura A, Röder MS, Börner A. A new gene controlling the flower‐

ing response to photoperiod in wheat. Euphytica. 2009; 165: 579–585. DOI: 10.1007/
s10681‐008‐9783‐5

[51] Iwaki K, Haruna S, Niwa T, Kato K. Adaptation and ecological differentiation in wheat 
with special reference to geographical variation of growth habit and Vrn genotype. Plant 
Breeding. 2001; 120: 107–114. DOI: 10.1046/j.1439‐0523.2001.00574.x

[52] Maphosa L, Langridge P, Taylor H, Parent B, Emebiri LC, Kuchel H, Reynolds MP, et 
al. Genetic control of grain yield and grain physical characteristics in a bread wheat 
population grown under a range of environmental conditions. Theoretical & Applied 
Genetics. International Journal of Plant Breeding Research. 2014; 127: 1607–24. DOI 
10.1007/s00122‐014‐2322‐y

[53] Zhang XK, Xiao YG, Zhang Y, Xia XC, Dubcovsky J, He ZH. Allelic variation at the vernaliza‐

tion genes Vrn‐A1, Vrn‐B1, Vrn‐D1, and Vrn‐B3 in Chinese wheat cultivars and their associ‐
ation with growth habit. Crop Science. 2008; 48: 458–470. DOI: 10.2135/cropsci2007.06.0355

[54] González FG, Slafer GA, Miralles DJ. Pre‐anthesis development and number of fer‐

tile florets in wheat as affected by photoperiod sensitivity genes Ppd‐D1 and Ppd‐B1. 

Euphytica. 2005; 146: 253–269. DOI: 10.1007/s10681‐005‐9021‐3

[55] White JW, Herndl M, Hunt LA, Payne TS, Hoogenboom G. Simulation‐based analysis of 
effects of Vrn and Ppd loci on flowering in wheat. Crop Science. 2008; 48: 678–687. DOI: 
10.2135/cropsci2007.06.0318

[56] Bespalova LA, Koshkin VA, Potokina EK, Filobok VA, Matvienko II, Mitrofanova OP, 
Guenkova EA. Photoperiod sensitivity and molecular marking of genes Ppd and Vrn 

in connection with breeding alternative‐habit wheat varieties. Russian Agricultural 
Science. 2010; 36: 389–392. DOI: 10.3103/S1068367410060017

[57] Eagles HA, Cane K, Kuchel H, Hollanby GJ, Vallance V, Eastwood RF, et al. Photoperiod 
and vernalization gene effects in southern Australian wheat. Crop Pasture Science. 2010; 
61: 721–730. DOI: 10.1071/CP10121

[58] Iqbal M, Navabi A, Salmon DF, Yang RC, Murdoch BM, Moore SS, Spaner D. Genetic 
analysis of flowering and maturity time in high latitude spring wheat. Euphytica. 2007a; 
154: 207–218. DOI: 10.1007/s10681‐006‐9289‐y

Impact of Growth Habit and Architecture Genes on Adaptation and Performance of Bread Wheat
http://dx.doi.org/10.5772/67116

91



[59] Iqbal M, Navabi A, Yang RC, Salmon DF, Spaner D. Molecular characterization of ver‐

nalization response genes in Canadian spring wheat. Genome. 2007b; 50: 511–516. DOI: 
10.1139/g07‐028

[60] Eagles HA, Cane K, Vallance N. The flow of alleles of important photoperiod and vernal‐
isation genes through Australian wheat. Crop Pasture Science. 2009; 60: 646–657. DOI: 
10.1071/CP09014

[61] Kato K, Wada T. Genetic analysis and selection experiment for narrow sense earliness in 
wheat by using segregating hybrid progenies. Breeding Science. 1999; 49: 233–238. DOI: 
10.1270/jsbbs.49.233

[62] Hanocq E, Laperche A, Jaminon O, Laine AL, Legouis J. Most significant genome regions 
involved in the control of earliness traits in bread wheat, as revealed by QTL meta‐analy‐

sis. Theoretical & Applied Genetics. 2007; 114: 569–584. DOI: 10.1007/s00122‐004‐1799‐1

[63] Rousset M, Bonnin I, Remoue C, Falque M, Rhone B, Veyrieras JB, et al. Deciphering the 
genetics of flowering time by an association study on candidate genes in bread wheat 
(Triticum aestivum L.). Theoretical & Applied Genetics. 2011; 123: 907–926. DOI: 10.1007/
s00122‐011‐1636‐2

[64] Laurie DA, Pratchett N, Snape JW, Bezant JH. RFLP mapping of 13 loci controlling flow‐

ering time in a winter × spring barley (Hordeum vulgare L.) cross. Genome. 1995; 38: 
575–585. PMID: 18470191

[65] Scarth R, Law CN. The location of photoperiodic gene (Ppd2) and an additional genetic 
factor for ear emergence time on chromosome 2B of wheat. Heredity. 1983; 51: 607–619. 
DOI: 10.1038/hdy.1983.73

[66] Shah MM, Gill KS, Baenziger PS, Yen Y, Kaeppler SM, Ariyarathne HM. Molecular 
Mapping of Loci for Agronomic Traits on Chromosome 3A of Bread Wheat. Crop 
Science. 1999; 39: 1728–1732. DOI: 10.2135/cropsci1999.3961728x

[67] Bullrich L, Appendino ML, Tranquilli G, Lewis S, Dubcovsky J. Mapping a thermo‐
sensitive earliness per se gene on Triticum monococcum chromosome 1Am. Theoretical & 
Applied Genetics. 2002; 105: 585–593. DOI: 10.1007/s00122‐002‐0982‐5

[68] Zikhali M, Wingen LU, Griffiths S. Delimitation of the Earliness per se D1 (Eps‐D1) flow‐

ering gene to a subtelomeric chromosomal deletion in bread wheat (Triticum aestivum). 

Journal of Experimental Botany. 2015; 67(1): 287–99. DOI: 10.1093/jxb/erv458

[69] Faure S, Turner AS, Gruszka D, Christodoulou V, Davis SJ, von Korff M, Laurie DA. Mutation 
at the circadian clock gene EARLY MATURITY 8 adapts domesticated barley (Hordeum vul‐

gare) to short growing seasons. Proceedings of the National Academy of Sciences of the 
United States of America (PNAS). 2012; 109: 8328–8333. DOI: 10.1073/pnas.1120496109

[70] Griffiths S, Simmonds J, Leverington M, Wang Y, Fish L, Sayers L, Alibert L, Orford S, 
Wingen L, Herry L, Faure S, Laurie D, Bilham L, Snape J. Meta‐QTL analysis of the genetic 
control of ear emergence in elite European winter wheat germplasm. Theoretical & 
Applied Genetics. 2009; 119: 383–395. DOI: 10.1007/s00122‐009‐1046‐x

Wheat Improvement, Management and Utilization92



[71] Lanning SP, Martin JM, Stougaard RN, Guillen‐Portal FR, Blake NK, Sherman JD, 
Robbins AM, Kephart KD, Lamb P, Carlson GR, Pumphrey M, Talbert L.E. Evaluation of 
Near‐Isogenic Lines for Three Height‐Reducing Genes in Hard Red Spring Wheat. Crop 
Science. 2012; 52: 1145–1152. DOI: 10.2135/cropsci2011.11.0625

[72] Gale MD, Law CN, Marshall GA, Snape JW. The analysis and evaluation of semi‐dwarf‐
ing genes in wheat including a major height reducing gene in the variety ‘Sava'. In: 
Semi‐dwarf cereal mutants and their use in cross breeding. International Atomic Energy 
Agency Technical Documents. Vienna: Austria; 1982. p. 268: 7–23.

[73] Botwright TL, Rebetzke GJ, Condon AG, Richards RA. Influence of gibberellin‐sensi‐
tive Rht8 dwarfing genes on leaf epidermal cell dimensions and early vigour in wheat. 
Annals of Botany. 2005; 95: 631–639. DOI: 10.1093/aob/mci069

[74] Youseffian S, Kirby EJM, Gale MD. Pleiotropic effects of the gibberellin‐insensitive Rht 

dwarfing genes in wheat II. Effects on leaf, stem, ear and floret growth. Field Crops 
Research. 1992; 28: 191–210. DOI: 10.1016/0378‐4290(92)90040‐G

[75] Knott DR. Effects of genes for photoperiodism, semidwarfism, and awns on agronomic 
characters in a spring wheat cross. Crop Science. 1986; 26: 1158–1162. DOI: 10.2135/crop
sci1986.0011183X002600060016x

[76] Hedden P. The genes of the green revolution. Trends in Genetics. 2003; 19: 5–9. DOI: 
10.1016/S0168‐9525(02)00009‐4

[77] Blake NK, Lanning SP, Martin JM, Doyle M, Sherman JD, Naruoka Y, Talbert LE. Effect 
of variation for major growth habit genes on maturity and yield in five spring wheat 
populations. Crop Science. 2009; 49: 1211–1220. DOI: 10.2135/cropsci2008.08.0505

[78] McNeal FH, Berg MA, Stewart VR, Baldridge DE. Agronomic response of three height 
classes of spring wheat, Triticum aestivum L., compared at different yield levels. 
Agronomy Journal. 1972; 64: 362–364. DOI: 10.2134/agronj1972.00021962006400030032x

[79] Gale MD, Youseffian S. Dwarfing genes in wheat. In: Russell GE, editor. Progress in 
plant breeding. Cambridge, UK: Butterworth and Co.; 1985. pp. 1–35

[80] Wilhelm EP, Boulton MI, Al‐Kaff N, Balfourier F, Bordes J, Greenland AJ, Powell W, 
Mackay IJ. Rht‐1 and Ppd‐D1 associations with height, GA sensitivity, and days to head‐

ing in a worldwide bread wheat collection. Theoretical & Applied Genetics. 2013; 126: 
233–243. DOI: 10.1007/s00122‐013‐2130‐9

[81] Bordes J, Branlard G, Oury FX, Charmet G, Balfourier F. Agronomic characteristics, 
grain quality and flour rheology of 372 bread wheats in a worldwide core collection. 
Journal of Cereal Science. 2008; 48: 569–579. DOI: 10.1016/j.jcs.2008.05.005

[82] Longin CFH, Mühleisen J, Maurer HP, Zhang H, Gowda M, Reif JC. Hybrid breeding in 
autogamous cereals. Theoretical & Applied Genetics. 2012; 125: 1087–1096. DOI: 10.1007/
s00122‐012‐1967‐7

[83] Addisu M, Snape JW, Simmonds JR, Gooding MJ. Reduced height (Rht) and photo‐

period insensitivity (Ppd) allele associations with establishment and early growth of 

Impact of Growth Habit and Architecture Genes on Adaptation and Performance of Bread Wheat
http://dx.doi.org/10.5772/67116

93



wheat in contrasting production systems. Euphytica. 2009; 166: 249–267.DOI: 10.1007/
s10681‐008‐9838‐7

[84] DePauw R, Boughton G, Knott D. Hard red spring wheat. Harvest of gold: the history 
of field crop breeding in Canada. Saskatoon: University Extension Press, University of 
Saskatchewan; 1995. pp. 5–35.

[85] Taulemesse F, Gouis J, Gouache D, Gibon Y, Allard V. Bread Wheat (Triticum aestivum 

L.) Grain Protein Concentration Is Related to Early Post‐Flowering Nitrate Uptake under 
Putative Control of Plant Satiety Level. PLoS One. 2016; 11: 0149668. DOI: 10.1371/jour‐

nal.pone.0149668

[86] Sun C, Chen D, Fang J, Wang P, Deng X, Chu C. Review: understanding the genetic and 
epigenetic architecture in complex network of rice flowering pathways. Protein & Cell. 
2014; 5: 889–898. DOI: 10.1007/s13238‐014‐0068‐6

[87] Herndl M, White JW, Hunt LA, Graeff S, Claupein W. Field‐based evaluation of vernal‐
ization requirement, photoperiod response and earliness per se in bread wheat (Triticum 

aestivum L). Field Crops Research. 2008; 105: 193–201. DOI: 10.1016/j.fcr.2007.10.002

[88] Greenup A, Peacock WJ, Dennis ES, Trevaskis B. The molecular biology of seasonal flow‐

ering in Arabidopsis and cereals. Annals of Botany. 2009; 103: 1165–1172. DOI: 10.1093/
aob/mcp063

[89] Bennett D, Izanloo A, Edwards J, Kuchel H, Chalmers K, Tester M, et al. Identification 
of novel quantitative trait loci for days to ear emergence and flag leaf glaucousnessina 
bread wheat (Triticum aestivum L.) population adapted to southern Australian conditions. 
Theoretical & Applied Genetics. 2012; 124: 697–711. DOI: 10.1007/s00122‐011‐1740‐3

[90] Mares D, Mrva K. Wheat grain preharvest sprouting and late maturity alpha‐amylase. 
Planta. 2014; 240: 1167–1178. DOI: 10.1007/s00425‐014‐2172‐5

[91] Abawi Y, White G. Early harvest for yield, quality and profit. In Proceedings of the 
2nd Australian Postharvest Technical Conference; 1–4 August 2000; Adelaide, CSIRO 
Stored Grain Laboratory, Caberra, ACT, Australia.

[92] Ogbonnaya FC, Imtiaz M, Ye G, Hearnden PR, Hernandez E, Eastwood RF, van Ginkel 
M, Shorter SC, Winchester JM. Genetic and QTL analyses of seed dormancy and 
 preharvest sprouting resistance in wheat germplasm CN10955. Theoretical & Applied 
Genetics. 2008; 116: 891–902. DOI 10.1007/s00122‐008‐0712‐8

[93] Fakthongphan J, Graybosch RA, and Baenziger PS. Combining ability for tolerance to 
pre‐harvest sprouting in common wheat (Triticum aestivum L.). Crop Science. 2016; 56: 
1025–1035.

[94] Santra DK, Santra M, Allan RE, Campbell KG, Kidwell KK. Genetic and molecular char‐

acterization of vernalization genes Vrn‐A1, Vrn‐B1, and Vrn‐D1 in spring wheat germ‐

plasm from the Pacific Northwest region of the U.S.A. Plant Breeding. 2009; 28: 576–584. 
DOI: 10.1111/j.1439‐0523.2009.01681.x

Wheat Improvement, Management and Utilization94



[95] Fu D, Szucs P, Yan L, Helguera M, Skinner JS, von Zitzewitz J, Hayes PM, Jorge 
Dubcovsky J. Large deletions within the first intron in VRN‐1 are associated with 
spring growth habit in barley and wheat. Molecular Genetics & Genomics. 2005; 273: 
54–65. DOI: 10.1007/s00438‐004‐1095‐4

[96] Dubcovsky J, Chen C, Yan L. Molecular characterization of the allelic variation at the 
VRN‐H2 vernalization locus in barley. Molecular Breeding. 2005; 15: 395–407. DOI: 
10.1007/s11032‐005‐0084‐6

[97] Fischer RA. Wheat physiology: a review of recent developments. Crop and Pasture 
Science. 2011; 62: 95–114. DOI: 10.1071/CP10344

[98] Cane K, Eagles HA, Laurie DA, Trevaskis B, Vallance N, Eastwood RF, Gororo NN, 
Kuchel H, Martin PJ. Ppd‐B1 and Ppd‐D1 and their effects in southern Australian wheat. 
Crop & Pasture Science. 2013; 64: 100–114. DOI: 10.1071/CP13086

[99] Cane K, Eagles HA, Laurie DA, Trevaskis B, Vallance N, Eastwood RF, et al. Ppd‐B1 and 

Ppd‐D1 and their effects in southern Australian wheat. Crop & Pasture Science. 2013; 
64: 100–114. DOI: 10.1071/CP13086

[100] Ganeva G, Korzun V, Landjeva S, Tsenov N, Atanassova M. Allele variation in loci for 
adaptive response in Bulgarian wheat cultivars and landraces and its effect on heading 
date. Euphytica. 2005; 145: 305–315. DOI: 10.1007/s10681‐005‐1742‐9

[101] Sherman JD, Yan L, Talbert L, Dubcovsky J. A PCR marker for growth habit in common 
wheat based on allelic variation at the VRN‐A1 gene. Crop Science. 2004; 44: 1832–1839.

Impact of Growth Habit and Architecture Genes on Adaptation and Performance of Bread Wheat
http://dx.doi.org/10.5772/67116

95




