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Summary: Genetics has long been applied as a tool to dissect biological processes in plants. 
Using genetic approaches, the phenotypic variation for many traits has received physiological 
and molecular genetic characterization. The natural variation for most physiological traits such 
as developmental processes, vegetative growth, nutrient uptake and utilization, stress tolerance 
and adaptation, etc., is continuous and determined by multiple genes. In addition, these traits 
are environmentally dependent and, therefore, their genetic analysis requires a quantitative trait 
locus (QTL)-based approach in which linkage maps are combined with phenotypic data. The 
large genome and the allopolyploid nature of bread wheat (Triticum aestivum L.) have long been 
substantial barriers to genetic dissection of quantitative traits. The boost in molecular marker 
technologies, the generation of dense linkage maps, coupled with improved statistical methods 
and development of precise genetic stocks have immensely increased the power of genetic analysis 
of complex physiological traits in wheat. In this paper, recent applications to two important 
phenology processes in bread wheat – seed germination and flowering time, are presented. These 
are examples of using QTL approach and novel segregating populations to map responsible loci 
followed by the use of the homology-based understanding of plant gene functionality to suggest 
the putative function of the candidate genes within the regions harboring the detected QTL. The 
gained knowledge could aid the fine tuning of seasonal phenology in wheat cultivars tailored for 
growing in specific environments and in response to climatic changes. 
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The genetic approach to plant 
physiological processes

Genetics has long been applied as a tool 
to dissect complex biological processes in 
plants. The phenotypic variation for many 
traits has received physiological and 
molecular characterization using various 
genetic approaches (Cativelli et al. 2002; 
Galiba et al. 2009; Pearce et al. 2011). 
To apply these approaches, the genetic 
variation, both natural and experimentally 
induced, is essential. Most of the natural 
variation, particularly that related to 
physiological traits is continuous and 
determined by DNA polymorphisms at 
multiple loci referred to as quantitative 
trait loci (QTL). The expression of such 
traits is under polygenic control and 
is environmentally dependent which 
makes them hardly accessible for genetic 
analysis. 

The last few decades brought up a 
number of new developments in genetics, 
such as the boost in DNA marker 
technologies (reviewed in Landjeva et 
al. 2007; Khlestkina 2014a), coupled 
with improved statistical methods 
and emerging platforms for efficient 
phenotyping. Due to the availability of 
competent molecular marker systems, the 
development of detailed genetic maps, 
and the generation of a wealth of mapping 
populations, the complex molecular basis 
of the quantitative traits are beginning to be 
elucidated. The identification of genomic 
regions responsible for this type of traits 
is establishing the position of QTL on the 
chromosome map based on the association 
of the trait phenotypic variation with 
genetic markers previously mapped to 
the chromosomes (Collard et al. 2005). 
This genetic mapping approach allows 
to position a QTL on the chromosome 

without knowing the biochemical function 
of the underlying genes. If there is co-
mapping with genes encoding enzymes or 
other proteins, the ‘candidate gene/s’ can 
be supposed. Additionally, the existing 
extensive synteny among plant genomes 
allows the use of the comparative genetics 
approach, linking QTL with orthologous 
functional genes detected in even distantly 
related species. So, the knowledge gained 
in model plants enables to go further into 
the mechanisms determining the traits of 
interest. To understand the pivotal and 
pleiotropic effects of specific genes, more 
detailed analyses can then be performed 
through isolating and evaluating near-
isogenic lines. In case of agronomically 
important traits, the obtained information 
on marker-trait associations could be 
used for marker-assisted selection (see 
Landjeva et al. 2007; Khlestkina et al. 
2014).

The specific genetic tools in bread wheat
Bread wheat  (Triticum aestivum) is 

one of the ‘big three’ globally important 
crops with a total output of nearly 660 
million tonnes in 2013 (FAO 2014; http://
www.fao.org/worldfoodsituation/). Given 
the projected demand for 70% growth 
in world food supply by 2050, major 
efforts are in progress worldwide to 
increase wheat production. Achieving this 
objective can be facilitated by analysing 
key agronomical traits, but also important 
physiological traits that can contribute to 
the yield increments, such as growth and 
development, photosynthesis, nutrient use 
efficiency, stress tolerance and adaptation. 

The very large size and the polyploid 
nature of the bread wheat genome, 
however, have been substantial barriers 
to genome analysis and genetic dissection 
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of these complex traits. Bread wheat is 
hexaploid, with genome size estimated at 
~17 Gbp and a large fraction of repetitive 
sequences (>80%). The wheat genome is 
composed of three component genomes 
(A, B and D) that had resulted from a series 
of naturally occurring hybridizations 
between three putative ancestor species. 
The 21 chromosome pairs of bread wheat 
are organized in 7 homoeologous groups 
consisting of one chromosome pair from 
each of the three sub-genomes (Sears 
1969).

Although the size and the nature of the 
wheat genome has long been an obstacle 
to genetic analysis of quantitative traits, 
the triplication of genomic regions allows 
wheat to tolerate the loss of chromosomes, 
arms, and segments (Endo and Gill 1996). 
In addition, due to the homoeology 
existing between the three closely related 
sub-genomes wheat can tolerate a range of 
aneuploidy, as well as genetic substitutions 
and introgressions. This enabled a diverse 
set of genetic stocks to be developed 
through genetic manipulations including 
mono-, tri- and tetrasomics, ditelosomics, 
nulli-tetrasomics, translocation lines, 
etc. (reviewed in Khlestkina 2014b). 
This material allows mapping of genetic 
markers to particular chromosomes 
and chromosome arms and have been 
extensively used as pre-requisite in 
mapping studies (Börner et al. 2012). In 
addition, more than 400 deletion lines for 
the 21 wheat chromosomes have been 
isolated (Endo and Gill 1996). This unique 
material was used to physically map sets 
of RFLP, SSR and AFLP markers onto 
sub-arm chromosome regions delineated 
by neighbouring deletion breakpoints 
(the so called ‘deletion bins’) for all 
homoeologous groups (Sourdille et al. 

2004).  The deletion mapping strategy 
was used to construct a chromosome 
bin map of wheat for EST (Expressed 
Sequence Tag) loci (Peng et al. 2004). 
It is now possible to allocate QTLs to 
deletion bins where numerous ESTs that 
could be potential candidate genes have 
already been assigned. Orthologues or 
homologues for the genes in the identified 
genomic regions, as represented by ESTs, 
are known in model plants or in other 
species closely or distantly related to 
wheat (http://wheat.pw.usda.gov/wEST/). 
Thereby, the candidate homologues search 
can suggest the putative functions of the 
genes within the mapped QTL.

Conventional mapping populations in 
wheat include recombinant inbred lines 
and doubled haploid lines, near-isogenic 
lines for key genes, and mutant (TILLING) 
populations. Recently, novel precise 
genetic stocks have been constructed, for 
instance whole genome substitution lines, 
introgression lines, single chromosome 
substitution lines and recombinant 
single chromosome substitution lines. 
Such genetic resources could provide a 
powerful tool for high resolution QTL 
mapping, as they can detect the presence 
of minor QTL, which escape identification 
in conventional segregating populations 
(reviewed in Landjeva et al. 2007).  

Two examples in bread wheat
Based on own results, the present 

paper is a brief demonstration of using 
these specific genetic tools in bread wheat 
to dissect two phenology related traits. The 
seasonal timing of critical developmental 
transitions, such as seed germination 
and initiation of reproduction, is under 
strong natural selection to coincide with 
favourable growing conditions. Seasonal 
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phenology has major influence on crop 
establishment and is among the most 
important plant responses to climatic and 
environmental fluctuations. Therefore, to 
optimize yield it is essential to adjust the 
key components of the plant life cycle to 
the specific agro-climatic conditions in 
which they are grown and in response to 
environmental changes. This objective 
can be achieved by gaining knowledge 
on the genetic control of the related 
physiological traits. As both germination 
and flowering time are physiologically 
complex quantitative traits (Lang 1952; 
Bewley and Black 1994) which are 
environmentally dependent, their genetic 
dissection required a QTL based approach. 

Example 1. Seed germination
Germination is resumption of embryo 

growth. It initiates with release from 
dormancy and seed imbibition, followed by 
general activation of embryo metabolism, 
mobilization of seed nutrient reserves, 
synthesis of an array of metabolites used for 
growth and, finally, renewed cell division 
and cell enlargement in the embryonic 
axis. Germination sensu stricto is finished 
when the radicle emerges through the seed 
coat (Bewley and Black 1994). Studies 
using “-omics” technologies along with 
physiological approaches have revealed 
that seed germination is a very complex 
process involving multiple biochemical 
events, complicated metabolic pathway 
networks and hormonal cross-talks 
governed by plethora of genes (Yu et al. 
2014). 

To identify genomic regions affecting 
germination related traits, a unique set 
of D genome introgression lines was 
used. This genetic material represents a 
set of single chromosome recombinant 

inbred lines, each of which carries, 
in homozygous state, a single unique 
chromosome segment of the wheat D 
genome progenitor Agilops tauschii within 
a wheat background (Pestsova et al. 2006). 
The wild species is considered a possible 
donor of early vigour for improvement of 
wheat early growth and crop establishment 
(ter Steege et al. 2005). The material 
allows application of the bin-mapping 
approach to search for responsible QTL in 
D genome chromosomes. The following 
germination related traits were measured: 
capacity, timing and rate, characterized by 
a standard germination test, based on the 
1 mm root protrusion (germination sensu 
stricto) (Landjeva et al. 2010).

In total five significant germination 
related QTL were identified on 
chromosomes 1D, 5D and 7D (Table 1). 
The gene content in the wheat deletion 
bins was inspected (http://wheat.pw.usda.
gov/wEST/binmaps/) to consider 
possible underlying candidate genes. The 
assumed candidates might be involved in 
mobilization of deposited sucrose, starch, 
lipids and proteins, respiration and energy 
production, cell wall degradation and 
synthesis, establishment of signal and 
metabolic pathway networks, cell cycle 
regulation, or might be hormonal related 
genes (Table 1). 

Example 2. Flowering time
Flowering time is another central 

event in the life cycle of plants. When 
timed correctly, it helps ensure the 
successful pollination and seed setting, 
and consequently affects reproduction and 
productivity. The complex regulation of 
this trait is governed by an intricate network 
of signaling pathways – vernalization 
(winter cold) and photoperiod (day 
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length) pathways which interact with the 
environment, and endogenous pathways 
that control the developmental rate 
independently of the temperature and day 
length.  Therefore, variation in flowering 
behavior adapts plants to different 
geographical locations and climates. In 
wheat, there are at least three sets of genes 
that are responsible for the transition of 
vegetative to reproductive phase. Two 
of these, Vrn and Ppd genes respond to 
environmental cues, controlling plant 
vernalization and photoperiod sensitivity. 
The third set of genes controls the so called 
intrinsic earliness, or earliness per se 
(eps) independently of the environmental 
stimuli (Snape et al. 2001). The major 
developmental genes Vrn-1 and Ppd-1 
have long been used for breeding wheat 
varieties adapted to different latitudes 
and climates. More precise regulation of 
flowering could be achieved by operating 
with minor genes whose allelic variation 
is still not well studied. 

To detect minor loci associated 
with variation in flowering time, we 
applied the approach of homologous 
substitutions (Pshenichnikova et al. 
2014). A set of intervarietal single 
chromosome substitution lines, in which 
each chromosome pair of the Russian 
early flowering variety Saratovskaya 
29 (recipient) was substituted by the 
corresponding chromosome pair of the 
German late flowering variety Yanetzkis 
Probat (donor) was used. By this approach, 
the total effect of all responsible genes can 
be dissected and attributed to particular 
chromosome(s). The identified critical 
chromosome affecting flowering was a 
translocated one consisting of the entire 
donor chromosome 4D and an additional 
fragment of the donor chromosome 

7A (Khlestkina et al. 2010). Further, a 
set of doubled haploid lines that were 
recombinant only for the critical T4D.7A 
chromosome was  used. Thereby, the 
observed phenotypic variation for the trait 
of interest can be attributed to a single 
gene or locus (Worland and Law 1986). A 
multi-year multi-location experiment was 
performed in contrasting environments: 
one in Western Siberia (Novosibirsk, 
55°01′N, 82°56′E), and two in Europe 
(Sofia, Bulgaria, 42°41′N, 23°19′E, and 
Gatersleben, Germany, 51°49′N, 11°16′E), 
differing for climate and day length during 
the plant vegetation cycle. Two significant 
QTL were detected (Table 1). One QTL, 
mapped to the pericentromeric region of 
chromosome 4D, was effective only in 
Europe following substantially earlier 
sowing and short days and was therefore 
regarded as minor locus for photoperiod 
response. Another QTL mapped to the 
chromosome 7A fragment was effective 
under both long (Western Siberia) and 
short days (Europe) thus probably 
representing an intrinsic earliness per se 
gene. The putative flowering time related 
genes in the corresponding chromosome 
deletion bins (http://wheat.pw.usda.gov/
wEST/binmaps/) include sequences 
encoding for proteins that are involved in 
the vernalization or photoperiod pathways 
regulating the transition to reproductive 
growth (Table 1).

Conclusions
The combined use of precise 

genetic stocks and the availability of 
comprehensive genetic maps for all 
wheat linkage groups has immensely 
increased the power of genetic analysis 
in wheat. This allowed complex multi-
faceted traits such as flowering time, 
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stress tolerance, nutrient use efficiency 
etc., that were previously recalcitrant to 
analysis, to become manageable. Such 
studies resulted in the identification of 
a number of individual major genes and 
QTL explaining the phenotypic variation 
for the traits of interest (reviewed in 
Landjeva et al. 2007, Cativelli et al. 2008, 
Fontaine et al. 2009). The benefit of these 
achievements for practice lies in the 
possibility to elaborate strategies for fine-
tuning of the most critical components 
of the plant life cycle and/or introducing 
responsible genes or chromosome regions 
to aid crop improvement with respect to 
stress tolerance and efficient utilization of 
essential nutrients.

References
Bewley JD, M Black, 1994. Seeds –

physiology of development and 
germination, 2nd edn. Plenum Press, 
New York.

Bonnin I, M Rousset, D Madur, P 
Sourdille, C Dupuits, D Brunel, I 
Goldringer, 2008. FT genome A and 
D polymorphisms are associated with 
the variation of earliness components 
in hexaploid wheat. Theor Appl Genet 
116: 383–394.

Börner A, EK Khlestkina, TA 
Pshenichnikova, SV Osipova, B 
Kobiljski, AF Bálint, S Landjeva, 
A Giura, MR Simon, MA Rehman 
Arif, K Neumann, U Lohwasser, MS 
Röder (2012) Cereal genetic stocks - 
examples of successful co-operation 
(2008-2011). EWAC Newsletter 
2012 (Proc. of the 15th Intern EWAC 
Conference, 7-11 Nov 2011, Novi 
Sad, Serbia) pp. 13-18. 

Cattivelli L, P Baldi, C Crosatti, N Di 
Fonzo, P Faccioli, M Grossi, AM 

Mastrangelo, N Pecchioni, AM 
Stanca, 2002. Chromosome regions 
and stress-related sequences involved 
in resistance to abiotic stress in 
Triticeae. Plant Mol Biol, 48: 649-
665.

Cattivelli L, F Rizza, F-W Badeck, E 
Mazzucotelli, AM Mastrangelo, E 
Francia, C Marè, A Tondelli, AM 
Stanca, 2008. Drought tolerance 
improvement in crop plants: An 
integrated view from breeding to 
genomics. Field Crops Research 105: 
1–14.

Cockram J, H Jones, FJ Leigh, D 
O’Sullivan, W Powell, DA Laurie, 
AJ Greenland, 2007. Control of 
flowering time in temperate cereals: 
genes, domestication, and sustainable 
productivity. J Exp Bot, 58: 1231–
1244.

Collard BCY, MZZ Jahufer, JB Brouwer, 
ECK Pang, 2005. An introduction 
to markers, quantitative trait loci 
(QTL) mapping and marker-assisted 
selection for crop improvement: The 
basic concepts. Euphytica, 142: 169–
196.

De Diego JG, F David Rodrıguez, JL 
Rodrıguez Lorenzo, E Cervantes, 
2007. The prohibitin genes in 
Arabidopsis thaliana: Expression 
in seeds, hormonal regulation and 
possible role in cell cycle control 
during seed germination. J Plant 
Physiol, 164: 371–373.

Endler A, S Persson, 2011.  Cellulose 
synthases and synthesis in 
Arabidopsis. Mol Plant, 4:199–211. 

Endo TR, BS Gill, 1996. The deletion 
stocks of common wheat. J Hered, 
87:295–307.

Fontaine J-X, C Ravel, K Pageau, E 



The genetic approach to physiological studies 77

Genetics & Plant PhysioloGy 2014 vol. 4 (1–2) Special Issue (Part 1)

Heumez, F Dubois, B Hirel, J Le 
Gouis, 2009. A quantitative genetic 
study for elucidating the contribution 
of glutamine synthetase, glutamate 
dehydrogenase and other nitrogen-
related physiological traits to the 
agronomic performance of common 
wheat. Theor Appl Genet, 119: 645–
662.

Galiba G, A Vágújfalvi, C Li, A Soltész, J 
Dubcovsky, 2009.  Regulatory genes 
involved in the determination of frost 
tolerance in temperate cereals. Plant 
Sci, 176: 12–19.

Gallie DR, H Le, C Caldwell, KS 
Browning, 1998. Analysis of 
translation elongation factors from 
wheat during development and 
following heat shock. Biochem 
Biophys Res Comm, 245: 295–300.  

Green RM, EM Tobin, 2002. The Role of 
CCA1 and LHY in the Plant Circadian 
Clock. Dev Cell, 2: 516–518.

Hrmova M, GB Fincher, 2001. Structure-
function relationships of β-D-glucan 
endo- and exohydrolases from higher 
plants. Plant Mol Biol 47: 73–91.

Khlestkina EK, MS Roder, TA 
Pshenichnikova, A Börner, 2010. 
Functional diversity at Rc (red 
coleoptile) locus in wheat (Triticum 
aestivum L.). Mol Breed 25:125–132.

Khlestkina EK, 2014a. Molecular markers 
in genetic studies and breeding. Russian 
J Genet: Appl Res, 4: 236–244.

Khlestkina EK, 2014b. Current 
applications of wheat and wheat – 
alien precise genetic stocks. Mol 
Breed, 34: 273–281.

Kobayashi Y, H Kaya, K Goto, M 
Iwabuchi, T Araki, 1999. A pair 
of related genes with antagonistic 
roles in mediating flowering signals. 

Science, 286:1960–1962.
Landjeva S, V Korzun, A Börner, 2007. 

Molecular markers: actual and 
potential contributions to wheat 
genome characterization and 
breeding. Euphytica, 156: 271–296.

Landjeva S, U Lohwasser, A Börner, 2010. 
Genetic mapping within the wheat D 
genome reveals QTL for germination, 
seed vigour and longevity, and early 
seedling growth. Euphytica, 171: 
129–143. 

Lang A, 1952. Physiology of flowering. 
Annu Rev Plant Physiol, 3: 265–306.

Liu A, Gao F, Kanno Y, Jordan MC, Kamiya 
Y, et al. (2013) Regulation of wheat 
seed dormancy by after-ripening is 
mediated by specific transcriptional 
switches that induce changes in seed 
hormone metabolism and signaling. 
PLoS ONE 8(2): e56570. doi:10.1371/
journal. pone.0056570.

Masubelele N, W Dewitte, M Menges, 
S Maughan, C Collins, R Huntley, J 
Nieuwland, S Scofield, JAH Murray, 
2005. D-type cyclins activate division 
in the root apex to promote seed 
germination in Arabidopsis. PNAS, 
102 (43): 15694–15699. 

Pandey S, JG Chen, AM Jones, SM 
Assmann, 2006. G-protein complex 
mutants are hypersensitive to abscisic 
acid regulation of germination and 
postgermination development. Plant 
Physiol, 141: 243–256.

Pearce S, R Saville, SP Vaughan, PM 
Chandler, EP Wilhelm, CA Sparks, 
N Al-Kaff, A Korolev, MI Boulton, 
AL Phillips, P Hedden, P Nicholson, 
SG Thomas, 2011. Molecular 
characterization of Rht-1 dwarfing 
genes in hexaploid wheat. Plant 
Physiol, 157:1820–1831.



Landjeva et al.78

Genetics & Plant PhysioloGy 2014 vol. 4 (1–2) Special Issue (Part 1)

Penfield S, E-M Josse, R Kannangara, 
AD Gilday, KJ Halliday, IA Graham, 
2005. Cold and light control seed 
germination through the bHLH 
transcription factor SPATULA. 
Current Biology, 15:1998–2006.

Peng JH, H Zadeh, GR Lazo, JP Gustafson, 
S Chao, et al., 2004. Chromosome bin 
map of expressed sequence tags in 
homoeologous group 1 of hexaploid 
wheat and homoeology with rice and 
Arabidopsis. Genetics, 168: 609–623.

Pestsova E, A Börner, MS Röder, 2006. 
Development and QTL assessment of 
Triticum aestivum–Aegilops tauschii 
introgression lines. Theor Appl Genet 
112: 634–647.

Pshenichnikova TA, E Khlestkina, S 
Landjeva, T Kartseva, А Börner, А 
Simonov, L Shchukina, Е Morozova, 
2014. Genetic dissection of flowering 
time by analysis of a recombinant 
chromosome substitution double 
haploid mapping population of 
bread wheat (Triticum aestivum 
L.) in different geographic regions. 
Euphytica, under review.

Repellin A, M Båga, RN Chibbar, 2008. 
In vitro pullulanase activity of 
wheat (Triticum aestivum L.) limit-
dextrinase type starch debranching 
enzyme is modulated by redox 
conditions. J Cereal Sci,  47: 302–309.

Sears ER, 1969. Wheat cytogenetics. 
Annu Rev Genet, 3: 451–468.

Snape JW, Butterworth K, Whitechurch 
I, Worland AJ (2001) Waiting for fine 
times: genetics of flowering times in 
wheat. Euphytica 119:185–190.

Sourdille  P, S Singh, T Cadalen, GL 
Brown-Guedira, G Gay, L Qi, BS Gill, 
P Dufour, A Murigneux, M Bernard, 
2004. Microsatellite-based deletion 

bin system for the establishment of 
genetic-physical map relationships in 
wheat (Triticum aestivum L.). Funct 
Integr Genomics, 4:12–25.

ter Steege MW, den Ouden FM, Lambers 
H, Stam P, Peeters AJM (2005) 
Genetic and physiological architecture 
of early vigor in Aegilops tauschii, the 
D-genome donor of hexaploid wheat. 
A quantitative trait loci analysis. Plant 
Physiol 139:1078–1094.

Upelniek VP, TA Brezhneva, SY Dadashev, 
OA Novozhilova, OI Molkanova, VF 
Semikhov, 2003. On the use of alleles 
of gliadin-coding loci as possible 
adaptability markers in the spring 
wheat (Triticum aestivum L.) cultivars 
during seed germination. Russ J 
Genet, 39:1426–1431.

Westfall CS, J Herrmann, Q Chen, S 
Wang, JM Jez, 2010. Modulating 
plant hormones by enzyme action. 
The GH3 family of acyl acid amido 
synthetases. Plant Signal Behav 
5:1607–1612.

Worland AJ, Law CN (1986) Genetic 
analysis of 2D chromosome of wheat. 
1. The location of genes affecting 
height, day-length insensitivity, hybrid 
dwarfism and yellow-rust resistance. 
Zeitschrift für Pflanzenzuchtg 
96:331–345.

Yan LL, A Loukoianov, A Blechl, G 
Tranquilli, W Ramakrishna, P San 
Miguel, JL Bennetzen, V Echenique, 
J Dubcovsky, 2004. The wheat 
VRN2 gene is a flowering repressor 
downregulated by vernalization. 
Science, 303:1640–1644.

Yu Y, G Guo, D Lv, Y Hu, J Li, X Li, Y Yan, 
2014. Transcriptome analysis during 
seed germination of elite Chinese 
bread wheat cultivar Jimai 20. BMC 



The genetic approach to physiological studies 79

Genetics & Plant PhysioloGy 2014 vol. 4 (1–2) Special Issue (Part 1)

Plant Biology 14:20 http://www.
biomedcentral.com/14712229/14/20.

Zhang Zh, M Ogawa, CM Fleet, R 
Zentella, J Hu, J Heo, J Lim, Y 
Kamiya, S Yamaguchi, T Sun, 2011. 

SCARECROW-LIKE 3 promotes 
gibberellin signaling by antagonizing 
master growth repressor DELLA in 
Arabidopsis. PNAS, 108 (5): 2160–
2165. 


