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Drought escape (DE) is a classical adaptive mechanism which involves rapid plant
development to enable the completion of the full life-cycle prior to a coming drought
event. This strategy is widely used in populations of native plants, and is also applicable
to cereal crops such as wheat. Early flowering time and a shorter vegetative phase can
be very important for wheat production in conditions of terminal drought since this can
minimize exposure to dehydration during the sensitive flowering and post-anthesis grain
filling periods. A gradual shift toward early flowering has been observed over the last
century of wheat breeding in countries with a Mediterranean-type climate and frequent
terminal drought. This trend is predicted to continue for wheat production in the coming
years in response to global climate warming. The advantage of early flowering wheat
is apparent under conditions of impending terminal drought, and modern varieties are
significantly more productive due to minimization of the risk associated with drought
stress. Under favorable conditions, a short vegetative phase can result in reduced
plant biomass due to the reduction in time available for photosynthetic production and
seed nutrient accumulation. However, high yield potential has been reported for the
development of both shallow and deep roots, representing plasticity in response to
drought in combination with the early flowering trait. Wheat productivity can be high both
in well-watered and drought-affected field trials, where an efficient strategy of DE was
associated with quick growth, yield potential and water use efficiency. Therefore, early
flowering provides a promising strategy for the production of advanced drought-adapted
wheat cultivars.

Keywords: drought avoidance, drought escape, drought tolerance, early flowering time, early maturing, high yield
potential, terminal drought, wheat

PREAMBLE

The topic of early flowering as a DE mechanism is extremely important and has very long history
of discussion amongst a wide range of plant biologists. This Mini-review is not designed to be
comprehensive but instead is focused on a conceptual vision of the advantages and limitations of
the topic based on published data. We discuss the topic of early flowering and DE from different
angles, with high wheat production as a final target. We hope our paper can initiate further research
and fruitful discussions.

Abbreviations: DA, drought avoidance; DE, drought escape; EFT, early flowering time; EM, early maturing; FT, flowering
time; HYP, high yield potential, SVP, short vegetative phase; WUE, water use efficiency.
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COMPARISON OF DROUGHT ESCAPE
AND DROUGHT AVOIDANCE

Drought escape is one of many strategies employed by plants
under conditions where water limitation late in the growing
season is likely, and it ensures that the plants can complete their
life-cycle quickly during the brief period of favorable conditions.
Initially DE was described as a classical mechanism for ephemeral
native plants, developed over a long period of evolution, mostly in
perennial species such as bulbs and shrubs (Levitt, 1980; Turner,
1986; Ludlow, 1989; Loss and Siddique, 1994; Chaves et al., 2003;
Zlatev and Lidon, 2012; Dolferus, 2014; Kooyers, 2015), but also
in some annual grasses, for example in California vernal pools
(Barry, 1995). DE or an ‘ephemeral strategy’ assumes a very
high metabolic rate, resulting in progressive cell expansion and
division. Open stomata and high gas exchange rates facilitate
effective photosynthesis and photo-respiration with low WUE,
and very rapid plant development (Bodner et al., 2015; Kooyers,
2015).

In contrast, DA can be defined as a mechanism of slow
plant growth, associated with small or closed stomata with
reduced photosynthesis as well as low cell metabolism in general.
High WUE minimizes water loss and prepares the plants for
the changing environment and coming drought. This is also
commonly referred to as the ‘succulent strategy’ (Arraudeau,
1989; Ludlow, 1989; Slafer et al., 1994; Verslues et al., 2006; Chew
and Halliday, 2011; Farooq et al., 2012; Fang and Xiong, 2015).

In reality, the classification of plants into the discrete
categories of DE or DA is not entirely accurate since they take
place at different times: prior to and after the occurrence of a
drought event, respectively. This means that theoretically plants
can use a combination of DE and DA or other strategies for
drought tolerance.

Drought is a complex abiotic stress which can act at any
stage of plant growth to varying degrees of severity. For the
purposes of this mini-review we will identify three major periods
of cereal plant development that can be affected by drought: (1)
Vegetative (before transition to the reproductive stage); (2) Pre-
anthesis (from tillering and booting until full flowering); and (3)
Post-anthesis or terminal (after flowering and until maturity).
The severity of drought can be determined by the actual water
deficit experienced by plants, whereas the general categories of
light, mild and severe levels of drought stress are usually used in
publications.

Under favorable conditions, DE and the ‘ephemeral strategy’
dictate a short and fixed duration of the plant life-cycle. However,
such plants still react in the sudden-onset of stress conditions. If
mild drought occurs early in the vegetative stage of a DE plant’s
development, it can cause a strong negative effect on growth, and
such plants may be unable to survive unless they can quickly
switch their response to a more effective mechanism of drought
tolerance (Ludlow, 1989; Loss and Siddique, 1994; Chaves et al.,
2003). However, under conditions of terminal drought, DE plants
accelerate their growth in an attempt to complete their life-
cycle and minimize their exposure to the abiotic stress. Plants
from many different species can speed-up their post-anthesis

development in conditions of terminal drought (Kottmann et al.,
2016). This indicates that DE is a universal characteristic of
development for plants close to maturity (Turner, 1986). This
was made especially clear in studies with the model species
Arabidopsis thaliana, where selection under drought conditions
can favor early flowering (Meyre et al., 2001; Verslues and
Juenger, 2011; Kenney et al., 2014).

Drought escape or the ‘succulent strategy’ can be helpful in
both stages of plant development, if mild drought is relatively
short or has occurred several times. Plants with DA react
with slower metabolic processes, minimal transpirational loss,
increased water uptake from deeper roots, higher WUE and leaf
rolling (Arraudeau, 1989; Ludlow, 1989; Loss and Siddique, 1994;
Slafer et al., 1994; Kadioglu and Terzi, 2007; Miyazawa et al., 2011;
Kooyers, 2015). However, DA can also be fatal in a prolonged
dry period regardless of plant developmental stage. Therefore,
DE and DA represent alternative strategies that either speed-up
or slow-down plant development, where the timing of drought
occurrence (terminal, but not early to middle development) and
drought duration (short, but not long) are the critical factors
favoring the deployment of DE and DA, respectively.

MECHANISM OF DROUGHT ESCAPE IN
PLANTS: EARLY FLOWERING

Despite the classical determination of DE in plant ecology as
characteristic of ‘ephemeral native plants’, important cereals, such
as wheat and barley, can also display a mechanism similar to DE,
named ‘earliness’ or ‘early flowering’ (Dolferus, 2014).

Rapid development of plants is largely determined by the
transition from the vegetative to reproductive stages, where
the ‘time to initiation of flowering’ or more typically the ‘FT’
trait has a strong genetic background based on three groups
of genes, vernalization (Vrn), photoperiod (Ppd) and earliness
per se (Eps). Due to the very high importance of this trait for
cereal production, the genetics of FT is well studied, with a long
history of documented research (Distelfeld et al., 2009; Greenup
et al., 2009; Chew and Halliday, 2011; Bentley et al., 2013; Riboni
et al., 2013; Zheng et al., 2013; Campoli and Korff, 2014; Kamran
et al., 2014; Khanna-Chopra and Singh, 2015). EFT results in
the more rapid transition from vegetative to reproductive stages
of cereal plant development, where tillering, spike development,
flowering, and finally, EM follow a SVP. Such plants were
also named ‘short-season’ or ‘short-cycle’ genotypes, and can
effectively escape drought (Turner, 1986; Loss and Siddique,
1994; Acevedo et al., 1999; Chaves et al., 2003; Song et al., 2013).
EFT and EM are complex traits determined by the interaction of
several groups of genes from major pathways including response
to vernalization, photoperiod, and gibberellic acid biosynthesis.
The genes either promoting or antagonistic to these pathways
are well studied (Distelfeld et al., 2009; Greenup et al., 2009;
Chew and Halliday, 2011; Bentley et al., 2013; Riboni et al., 2013;
Zheng et al., 2013; Campoli and Korff, 2014; Kamran et al., 2014;
Khanna-Chopra and Singh, 2015), but this topic is outside the
focus of the current paper.
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Interestingly, reports of the genetic transformation of genes
involved in drought tolerance are wide-spread in the literature,
whereas there is no comparable data available regarding
transgenic plants with modified EFT/EM traits (Lawlor, 2013).

There are reports providing evidence that evolution can favor
EFT/EM traits in native populations of plants even without the
pressure of oncoming drought stress. EFT plants of ornamental
annual phlox, Phlox drummondii, produced a much greater
number of offspring while the number of progeny produced by
later flowering plants declined exponentially (Kelly and Levin,
2000). Phlox EFT plants produced more biomass compared
to later flowering plants, which may indicate more active
metabolism, photosynthesis, nutrient use and better growth of
EFT plants with earlier completion of the life-cycle.

In regard to cereals, breeders can select genotypes with a
FT most suitable for their environment. Cereals with EFT/EM
traits can escape stressful conditions and complete their life-
cycle faster, minimizing the duration of overlap between their
growth and the oncoming stress – an important outcome for
plant breeding and agricultural production (Stapper and Fischer,
1990; Dolferus, 2014).

DROUGHT ESCAPE AND EARLY
FLOWERING TIME/EARLY MATURING
CAN PROVIDE BENEFITS TO PLANTS
UNDER DROUGHT STRESS

Under the current conditions of our changing climate, with a
1◦C global temperature increase, wheat yield is projected to
decline between 4.1 and 6.4% (Liu et al., 2016). This does not
automatically mean that crops will experience greater drought,
since the associated changes in precipitation are harder to model.
Nevertheless, it is very likely that many regions will be more
strongly affected by drought.

In such environments, natural selection favors EFT plants as
more likely to be adapted to the approaching drought (Bodner
et al., 2015; Kooyers, 2015). This was found to be true for
the wild annual species Avena barbata (Sherrard and Maherali,
2006), and for 279 other species reviewed and documented by
Parmesan and Yohe (2003), which predictably flowered earlier
in a warmer environment, as well as for 234 spring accessions
of Arabidopsis thaliana grown under drought (Kenney et al.,
2014). However, in the same model plant species, EFT and DE
showed benefits only in conditions of terminal drought, while
repeated or continuous mild drought stress caused impaired
growth and disadvantaged plant fitness (Loss and Siddique, 1994;
Schmalenbach et al., 2014). Other plant species were reported to
have different responses to early onset of drought, for example,
one of two Mediterranean shrub species, Erica multiflora, showed
EFT while another species, Globularia alypum, had no changes
in time to flowering (Bernal et al., 2011). Strong changes in EFT
were demonstrated experimentally in analyses of Brassica rapa
hybrids, where micro-evolutionary changes for early flowering
were fixed and inherited within only a few generations under
drought (Franks et al., 2007; Franks, 2011).

Through artificial selection by breeders, plants with
early flowering can limit their vegetative growth and enable
reproductive growth to occur before the terminal stress, in a
process that usually correlates with early maturity (Bodner et al.,
2015). Nevertheless, some variability between FT and time for
grain filling until maturity is reported (Turner, 1986; Farooq
et al., 2014). Crops with EFT/EM traits can produce higher
and more stable yields under drought conditions (Ludlow and
Muchow, 1990; Fukai et al., 1998; Turner et al., 2001; Serraj et al.,
2003; Khanna-Chopra and Singh, 2015). It can also result in the
production of more seeds under water limitation in EFT/EM
pearl millet and sorghum (Van Oosterom et al., 1996; Serraj et al.,
2003; Reddy et al., 2009), Canola juncea (Bueckert and Clarke,
2013; Zhang H. et al., 2013), and groundnuts, Arachis hypogaea
L., compared to cultivars with regular FT (Serraj et al., 2003;
Clavel et al., 2005). Four cultivars of chickpea (Cicer arieticum L.)
and seven mutant mungbean lines (Vigna radiata (L.) Wilczek)
flowered 2–4 weeks earlier than traditional cultivars and parental
forms, respectively, displaying enhanced seed yield (Serraj et al.,
2003; Gaur et al., 2008) and up-to 30–50% in increase seed
production overall (Malik et al., 1989). Conflicting conclusions
exist about early flowering in rice. In Thailand, the yield of rice
with a SVP was more stable over 17 years of analysis, where
cultivars with 13 days EFT compared to the popular KDML105
could potentially reduce the risk of lower yield due to DE
(Fukai et al., 1998). Supporting results were recently published
with EFT/EM rice in Pakistan associated with increased yield
under drought (Kumar et al., 2016). In contrast, in China, no
significant correlations have been found between EFT/EM and
relative grain yield in rice plants at the reproductive stage in a
dry environment (Yue et al., 2006). Results of this nature led to
the general assumption, still held by many, that EFT/EM is “not
applicable in breeding for crops with high yields under drought
conditions” (Krannich et al., 2015). However, this sceptical
conclusion and others have asserted that the benefit of EFT/EM
for crop production under drought stress should be subject to
further questioning (Fischer, 1979; Turner, 1986). The nature
of such a strategy has a firm biological basis, since a survival
strategy will take precedence over production in native plants
with DE (Ludlow, 1989).

EARLY FLOWERING TIME AND EARLY
MATURING IN WHEAT REPRESENTS
SUCCESSFUL STRATEGIES AGAINST
TERMINAL DROUGHT IN A
MEDITERRANEAN-TYPE CLIMATE

A Mediterranean-type climate with the frequent occurrence
of terminal drought is typical of countries within Southern
Europe, Middle Asia, South and Western Australia, North and
South Africa, and some regions of California (United States),
and Chile (Loss and Siddique, 1994; Acevedo et al., 1999). There
are several reports confirming shifts in EFT/EM of 10–13 days
in both bread and durum wheat cultivars over a century of
breeding (Perry and D’Antuono, 1989; Araus et al., 2002; Álvaro
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et al., 2008; Isidro et al., 2011). These results were based on a
comparison of growth between old and modern wheat cultivars
in current environments, where the modern varieties consistently
demonstrated an earlier start to flowering and more rapid
life-cycle completion relative to older varieties. The authors
concluded that a gradual rise in temperature and stronger
terminal drought stimulated the selection of wheat genotypes
with DE. The resultant modern varieties were significantly more
productive due to minimization of the risk associated with
drought stress during flowering and post-anthesis grain filling
(Bidinger and Witcombe, 1989; Perry and D’Antuono, 1989;
Acevedo et al., 1999; Álvaro et al., 2008; Araus et al., 2008; Hill and
Li, 2016). The same trend for DE with EFT was predicted for the
Australian ‘wheat belt’, where global warming is expected to result
in an optimal FT 15 and 30 days earlier than current varieties by
2030 and 2050, respectively (Zheng B. et al., 2016). A subtler shift
in flowering of around 2 days earlier is predicted for wheat in the
growing regions of France (Gouache et al., 2012), however the
development of EFT wheat cultivars with a DE mechanism could
still prove to be a wise investment here, if global warming trends
continue.

Current observations for wheat grown in Mediterranean-
type climates have confirmed that wheat genotypes with a DE
strategy show higher yield under terminal drought stress. In
Cyprus, new successful durum wheat varieties (with higher yield)
produced spikes 5–10 days earlier than the current standard,
while a screen of barley lines showed a curvilinear correlation,
where very early and very late flowering genotypes failed to
match the yield of a local standard (Hadjichristodoulou, 1988).
At ICARDA sites in Syria, 14 and 25 barley lines isolated from
landraces (Acevedo and Ceccarelli, 1989; Van Oosterom and
Acevedo, 1993), as well as 118 Doubled haploid lines from a
barley mapping population, Nure × Tremois (Francia et al.,
2011), and 13 lines of synthetic wheat (Inagaki et al., 2007), all
showed an early heading time that significantly correlated with
higher grain yield. Therefore, the increasing number of cases of
non-EFT wheat genotypes overlapping with oncoming drought
events triggered the general conclusion that “Yield under drought
is often negatively correlated to anthesis date” (Acevedo and
Ceccarelli, 1989).

In other regions with different climatic conditions involving
heat and drought events, EF wheat genotypes with a DE strategy
can also produce significantly higher yield. For example, five
years of field trials in four South Asian countries (Bangladesh,
India, Nepal, and Pakistan) showed a strong positive trend
in high-yielding wheat breeding lines produced by CIMMYT
and a negative correlation between yield and FT of tested
wheat germplasms compared to local controls/checks (Mondal
et al., 2013, 2016). In India and Pakistan, significantly higher
grain yields in adapted EM wheat cultivars and mutant lines,
respectively, were reported under conditions of terminal drought
compared to non-EM controls (Nagarajan et al., 2008; Sial et al.,
2008). These varieties were characterized as having a longer
‘time to heading’ and moderate grain filling duration, but with
high grain filling rates enabling early maturation (Laxman et al.,
2014). The exact opposite conclusion has been made based on a
comparison of 75 old and modern Iranian bread wheat cultivars.

With terminal drought, modern cultivars with highest grain yield
showed EFT/EM, but grain filling time was longer compared to
the old cultivars (Joudi et al., 2014). In the arid conditions of
Saudi Arabia, where wheat is grown with surface drip irrigation,
longer reproductive growth stages and grain filling periods were
found to be more promising for high yield production in EM
wheat genotypes under drought (Ihsan et al., 2016).

Anthesis and grain filling in wheat are the stages most sensitive
to drought, when assimilates are mobilized from stem and leaves
to seeds (Austin et al., 1977). Instead of an EFT/EM strategy,
time of sowing can also be carefully optimized in order to
escape drought at FT (Bodner et al., 2015). It was found in
Northern Syria (Acevedo et al., 1999) and in Australia (French
and Schultz, 1984; Brill, 2015) that late sowing significantly
reduced grain yield in wheat due to the considerable overlap
between the harsh drought/heat stress and the sensitive flowering
stages. In contrast, early sowing increased grain yield in wheat,
but only with mild to strong drought (Brill, 2015). Dry sowing
is used in Western Australia, where seeds are sown in dry
soil before the onset of the rain that marks the start of the
wet season. This strategy allows escape from terminal drought
when plants have EFT because seeds begin germination earlier,
immediately after the first autumn rains (Fletcher et al., 2015).
In both approaches, EFT occurs due to the earlier sowing
time.

EARLY FLOWERING TIME AND EARLY
MATURING WHEAT CAN HAVE
COMPARATIVELY HIGH YIELD
POTENTIAL

Early flowering and maturity is an effective DE mechanism, but
it can limit grain yield potential (Fischer, 1979; Turner, 1986;
Bidinger and Witcombe, 1989) due to the reduced time available
for photosynthetic production and seed nutrient accumulation
necessary for higher grain yield (Ludlow, 1989; Radhika and
Thind, 2014).

However, this is not always the case. Incidences where
wheat with EFT/EM and SVP traits showed a HYP and
produced more grain than wheat with traditional FT under
non-stressed conditions have been described in both computer
simulations and experimental approaches in field trails (Stapper
and Fischer, 1990). For example, throughout Central Asia,
EFT/EM wheat has been predicted to grow faster, produce
more biomass and yield better in the face of climate change.
A potential negative effect of EFT wheat with SVP in this
region of Asia was not recorded in modeling, with possible
limits on biomass accumulation found to be “more than counter-
balanced by more favorable growth conditions” (Sommer et al.,
2013). Experimentally, one such scenario was proven in ‘open-
air facilities’ in Northern China and Tibet, where wheat
plants grown in artificially warmed fields (0.5–1◦C higher
than that of non-warmed fields) produced more green leaf
area, spikes and biomass, and finally increased yield by 8.4–
11.4%, in association with both EFT and SVP of 5–9 and
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13–14 days, respectively (Zheng et al., 2015; Zheng C. et al.,
2016).

There are published reports describing EFT/EM wheat
germplasms producing significantly improved HYP in the
absence of drought. A study involving the introgression of
Vrn-B1 alleles into breeding material with different genetic
backgrounds showed a change to EFT by an average of 2.6 days
and a significantly increased HYP in non-stressed conditions
in field trials, by the main yield components of both grain
per spike and spike weight (Iqbal et al., 2007; Nitcher et al.,
2014).

In Western Australia, two commercial EM wheat cultivars
and five early/very early-maturing breeding lines produced
significantly higher grain yield compared to commercial later-
maturating wheat controls in two sites over four seasons (Regan
et al., 1997). The analysis of yield components indicated a higher
Harvest Index (better partitioning of dry matter in grains), and
fewer spikelets but with higher seed weight in EM wheats, which
were significant in value compared to controls. Because the
vegetative period was shorter in EM wheats, the plants had better
utilization of solar energy, nutrients and water, resulting in more
rapid growth. The presented results indicated that WUE was
significantly higher among all studied EM cultivars and very
early maturing breeding lines compared to controls (Regan et al.,
1997).

Commercial cultivars of wheat with EFT/EM traits must
have an exceptional HYP. This depends on the combination
of strong and vigorous early growth, high nutrient and WUE,
balanced photosynthesis and respiration, and the production of
more biomass prior to anthesis for fast and effective uptake of
metabolites into seeds, all culminating in high yield and good
quality wheat grain (Slafer et al., 1994; Richards, 1996; Passioura,
2012). Without HYP, the traits of EFT/EM have a positive effect
on commercial wheat production only when limited by terminal
drought conditions.

PRACTICAL PERSPECTIVES

Drought escape is an important strategy that can improve crop
yields. It is beneficial for yield stability of crops such as wheat
under conditions of an approaching terminal drought. In this
scenario, EFT and SVP are beneficial relative to plants with a
later FT and longer vegetative period. In favorable conditions,
if no drought event occurs, the advantages of EFT/EM can be
detrimental to yield. However, there are several cases indicating
that the boost seen in the growth of EFT/EM wheat plants can
produce significantly higher grain yield potential even under
non-stressed conditions.

Ideally, wheat farmers should be able to choose which varieties
to plant based on the relative probability of a future terminal
drought and balance their risk by using cultivars with the FT and
vegetative phase that best suits their conditions. Mismatches in
the prognosis and choice of wheat genotypes can, of course, result
in losses at harvest.

Biologically, a DE growth habit does not mean that wheat
plants with EFT/EM traits are more or less sensitive to

drought. Indeed, the DE strategy assumes active growth and
metabolism for the rapid completion of the life-cycle before
drought events occur. However, if drought stress occurs earlier
DE plants can gradually switch to DA with the succulent
strategy or a more advanced drought tolerance strategy such
as osmolyte production and high WUE (Ashraf et al., 2011).
This can provide flexibility and a greater adaptive capacity in
wheat plants exposed to the changed environments (Zlatev and
Lidon, 2012). There is no biological barrier to producing or
finding recombinant breeding lines from hybrids combining
genes for both EFT and tolerance to dehydration/drought
(Fitter and Hay, 2002). To illustrate this point, wheat plants
show a range of plasticity in response to terminal drought.
The development of both shallow and deep roots in wheat
plants is reported to be advantageous for grain yield in
conditions of either early or late terminal drought (Ehdaie
et al., 2012). Another example of the combined plant strategy
and plasticity can be seen in the newly developed EM bread
wheat cultivar Konde INIA in southern Chile. It was reported
that this variety produced 20% higher yield potential in
non-stressed conditions compared to controls in addition to
being well adapted to drought stress (Jobet et al., 2015).
Similar results were reported in sorghum (Reddy et al.,
2009), and in winter wheat in Hungary, where EM cultivars
showed the best yield average overall after three years of
field trials with ideal conditions, and moderate and severe
drought, compared to varieties with a regular maturing time
(Ágoston and Pepó, 2006). In legumes, a single EFT/EM
groundnut cultivar Fleur 11 was reported as the most productive
one among four studied, both in well-watered and drought
field trials, where an efficient DE strategy was associated
with HYP, quick growth and high WUE (Clavel et al.,
2005).

A breeding program has been established based on similar
wheat genotypes, with the potential to support grain yield both
in the absence and presence of early drought at vegetative and
pre-anthesis stages (Bidinger and Witcombe, 1989) but greater
effort is required in this research and breeding area. Farmers
should be able to choose from a wide array of genotypes with a
pattern of maturity suitable for their given location and sowing
time (Zheng et al., 2013). Wheat cultivars with EFT/EM traits
can provide high yield in both terminal drought and non-stressed
conditions.

AUTHOR CONTRIBUTIONS

YS generated an idea and wrote first draft of the manuscript. LZ
and AK collected data for section 1 and edited all sections
after completing. SJ and VS collected data, wrote, and
revised the Sections “EFT and EM in Wheat Represents
Successful Strategies Against Terminal Drought in a
Mediterranean-Type Climate” and “EFT and EM Wheat
Can Have Comparatively HYP”. FK and SdG collected
data and completed the Sections “Mechanism of DE in
Plants: Early Flowering” and “DE and EFT/EM Can Provide
Benefits to Plants Under Drought Stress”. KS edited the

Frontiers in Plant Science | www.frontiersin.org 5 November 2017 | Volume 8 | Article 1950

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-08-01950 November 15, 2017 Time: 15:33 # 6

Shavrukov et al. Early Flowering as a Drought Escape Mechanism

Section “Comparison of DE and DA”. PL coordinated the all parts
of the review and made final corrections and revisions.

FUNDING

This research was supported by the Ministry of Education and
Science, Kazakhstan (Research program N 0106/15), Winter
Cereal Trust, South Africa, and the Australian Research Council

Industrial Transforming Research Hub for Genetic diversity and
molecular breeding for wheat in a hot and dry climate, Australia
(Project no. IH130200027).

ACKNOWLEDGMENT

We want to thank Carly Schramm for critical comments in the
manuscript.

REFERENCES
Acevedo, E., and Ceccarelli, S. (1989). “Role of the physiologist-breeder in a

breeding program for drought resistance conditions,” in Drought Resistance in
Cereals, ed. F. W. G. Baker (Wallingford: CAB International), 117–139.

Acevedo, E. H., Silva, P. C., Silva, H. R., and Solar, B. R. (1999). “Wheat
production in Mediterranean environments,” in Ecology and Physiology of Yield
Determination Wheat, eds E. H. Satorre and G. A. Slafer (New York: Food
Products Press), 295–331.

Ágoston, T., and Pepó, P. (2006). Analysis of the yield potential and quality
parameters of winter wheat varieties in the Hajdúság region of Hungary.
Növénytermelés 55, 371–382.

Álvaro, F., Isidro, J., Villegas, D., García del Moral, L. F., and Royo, C. (2008).
Breeding effects on grain filling, biomass partitioning, and remobilization in
Mediterranean durum wheat. Agron. J. 100, 361–370. doi: 10.2134/agronj2007.
0075

Araus, J. L., Slafer, G. A., Reynolds, M. P., and Royo, C. (2002). Plant breeding and
water relations in C3 cereals: What should we breed for? Ann. Bot. 89, 925–940.
doi: 10.1093/aob/mcf049

Araus, J. L., Slafer, G. A., Royo, C., and Serret, M. D. (2008). Breeding for yield
potential and stress adaptation in cereals. Crit. Rev. Plant Sci. 27, 377–412.
doi: 10.1080/07352680802467736

Arraudeau, M. A. (1989). “Breeding strategies for drought resistance,” in Drought
Resistance in Cereals, ed. F. W. G. Baker (Wallingford: CAB International),
107–116.

Ashraf, M., Akram, N. A., Al-Qurainy, F., and Foolad, M. R. (2011). Drought
tolerance: roles of organic osmolytes, growth regulators, and mineral nutrients.
Adv. Agron. 111, 249–296. doi: 10.1016/B978-0-12-387689-8.00002-3

Austin, R., Edrich, J., Ford, M., and Balkwell, R. (1977). The fate of the dry matter
carbohydrates and 14C lost from the leaves and stems of wheat during grain
filling. Ann. Bot. 41, 1309–1321. doi: 10.1093/oxfordjournals.aob.a085419

Barry, S. (1995). Vernal pools on California’s annual grasslands. Rangelands 17,
173–175.

Bentley, A. R., Jensen, E. F., Mackay, I. J., Hönicka, H., Fladung, M., Hori, K., et al.
(2013). “Flowering time,” in Genomics and Breeding for Climate-Resilient Crops,
Vol. 2, ed. C. Kole (Berlin: Springer-Verlag), 1–67.

Bernal, M., Estiarte, M., and Peñuelas, J. (2011). Drought advances spring growth
phenology of the Mediterranean shrub Erica multiflora. Plant Biol. 13, 252–257.
doi: 10.1111/j.1438-8677.2010.00358.x

Bidinger, F. R., and Witcombe, J. R. (1989). “Evaluation of specific drought
avoidance traits as selection criteria for improvement of drought resistance,”
in Drought Resistance in Cereals, ed. F. W. G. Baker (Wallingford: CAB
International), 151–164.

Bodner, G., Nakhforoosh, A., and Kaul, H. P. (2015). Management of crop water
under drought: a review. Agron. Sustain. Dev. 35, 401–442. doi: 10.1007/s13593-
015-0283-4

Brill, R. (2015). “Effect of anthesis date on grain yield and yield components
of wheat – Trangie 2009-2012. Building productive, diverse and sustainable
landscapes,” in Proceedings of the 17th ASA Conference, 20–24 September 2015,
Hobart.

Bueckert, R. A., and Clarke, J. M. (2013). Review: annual crop adaptation to abiotic
stress on the Canadian prairies: six case studies. Can. J. Plant Sci. 93, 375–385.
doi: 10.4141/CJPS2012-184

Campoli, C., and Korff, M. (2014). Genetic control of reproductive development in
temperate cereals. Adv. Bot. Res. 72, 131–158. doi: 10.1016/B978-0-12-417162-
6.00005-5

Chaves, M. M., Maroco, J. P., and Pereira, J. S. (2003). Understanding plant
responses to drought: from genes to the whole plant. Funct. Plant Biol. 30,
239–264. doi: 10.1071/FP02076/1445-4408/03/030239

Chew, Y. H., and Halliday, K. J. (2011). A stress-free walk from Arabidopsis to
crops. Curr. Opin. Biotech. 22, 281–286. doi: 10.1016/j.copbio.2010.11.011

Clavel, D., Drame, N. K., Roy-Macauley, H., Braconnier, S., and Laffray, D. (2005).
Analysis of early responses to drought associated with field drought adaptation
in four Sahelian groundnut (Arachis hypogaea L.) cultivars. Environ. Exp. Bot.
54, 219–230. doi: 10.1016/j.envexpbot.2004.07.008

Distelfeld, A., Li, C., and Dubcovsky, J. (2009). Regulation of flowering in temperate
cereals. Curr. Opin. Plant Biol. 12, 178–184. doi: 10.1016/j.pbi.2008.12.010

Dolferus, R. (2014). To grow or not to grow: a stressful decision for plants. Plant
Sci. 229, 247–261. doi: 10.1016/j.plantsci.2014.10.002

Ehdaie, B., Layne, A. P., and Waines, J. G. (2012). Root system plasticity to drought
influences grain yield in bread wheat. Euphytica 186, 219–232. doi: 10.1007/
s10681-011-0585-9

Fang, Y., and Xiong, L. (2015). General mechanisms of drought response and their
application in drought resistance improvement in plants. Cell. Mol. Life Sci. 72,
673–689. doi: 10.1007/s00018-014-1767-0

Farooq, M., Hussain, M., and Siddique, K. H. M. (2014). Drought stress in wheat
during flowering and grain-filling periods. Crit. Rev. Plant Sci. 33, 331–349.
doi: 10.1080/07352689.2014.875291

Farooq, M., Hussain, M., Wahid, A., and Siddique, K. H. M. (2012). “Drought
stress in plants: an overview,” in Plant Responses to Drought Stress, ed. R. Aroca
(Berlin: Springer-Verlag), 1–33.

Fischer, R. A. (1979). Growth and water limitation to dryland wheat yield in
Australia: a physiological framework. J. Austr. Inst. Agric. Sci. 45, 83–94.

Fitter, A., and Hay, R. eds (2002). “Introduction: Evolution of adaptation,” in
Environmental Physiology of Plants, 3rd Edn (San Diego: Academic Press),
14–17. doi: 10.1016/B978-0-08-054981-1.50006-7

Fletcher, A. L., Robertson, M. J., Abrecht, D. G., Sharma, D. L., and Holzworth,
D. P. (2015). Dry sowing increases farm level wheat yields but not production
risks in a Mediterranean environment. Agric. Syst. 136, 114–124. doi: 10.1016/j.
agsy.2015.03.004

Francia, E., Tondelli, A., Rizza, F., Badeck, F. W., Nicosia, O. L. D., Taner, A., et al.
(2011). Determinants of barley grain yield in a wide range of Mediterranean
environments. Field Crop. Res. 120, 169–178. doi: 10.1016/j.fcr.2010.09.010

Franks, S. J. (2011). Plasticity and evolution in drought avoidance and escape in the
annual plant Brassica rapa. New Phytol. 190, 249–257. doi: 10.1111/j.1469-8137.
2010.03603.x

Franks, S. J., Sim, S., and Weis, A. E. (2007). Rapid evolution of flowering time by
an annual plant in response to a climate fluctuation. Proceed. Natl. Acad. Sci.
U.S.A. 104, 1278–1282. doi: 10.1073/pnas.0608379104

French, R. J., and Schultz, J. E. (1984). Water use efficiency of wheat in a
Mediterranean type environment. a. relation between yield water use and
climate. Aust. J. Agric. Res. 35, 743–764. doi: 10.3389/fpls.2017.01251

Fukai, S., Sittisuang, P., and Chanphengsay, M. (1998). Increasing production of
rainfed lowland rice in drought prone environments: a case study in Thailand
and Laos. Plant Prod. Sci. 1, 75–82. doi: 10.1626/pps.1.75

Gaur, P. M., Krishnamurthy, L., and Kashiwagi, J. (2008). Improving drought-
avoidance root traits in chickpea (Cicer arietinum L.) - current status of research
at ICRISAT. Plant Prod. Sci. 11, 3–11. doi: 10.1626/pps.11.3

Gouache, D., Le Bris, X., Bogard, M., Deudon, O., Pagé, C., and Gate, P. (2012).
Evaluating agronomic adaptation options to increasing heat stress under
climate change during wheat grain filling in France. Eur. J. Agron. 39, 62–70.
doi: 10.1016/j.eja.2012.01.009

Frontiers in Plant Science | www.frontiersin.org 6 November 2017 | Volume 8 | Article 1950

https://doi.org/10.2134/agronj2007.0075
https://doi.org/10.2134/agronj2007.0075
https://doi.org/10.1093/aob/mcf049
https://doi.org/10.1080/07352680802467736
https://doi.org/10.1016/B978-0-12-387689-8.00002-3
https://doi.org/10.1093/oxfordjournals.aob.a085419
https://doi.org/10.1111/j.1438-8677.2010.00358.x
https://doi.org/10.1007/s13593-015-0283-4
https://doi.org/10.1007/s13593-015-0283-4
https://doi.org/10.4141/CJPS2012-184
https://doi.org/10.1016/B978-0-12-417162-6.00005-5
https://doi.org/10.1016/B978-0-12-417162-6.00005-5
https://doi.org/10.1071/FP02076/1445-4408/03/030239
https://doi.org/10.1016/j.copbio.2010.11.011
https://doi.org/10.1016/j.envexpbot.2004.07.008
https://doi.org/10.1016/j.pbi.2008.12.010
https://doi.org/10.1016/j.plantsci.2014.10.002
https://doi.org/10.1007/s10681-011-0585-9
https://doi.org/10.1007/s10681-011-0585-9
https://doi.org/10.1007/s00018-014-1767-0
https://doi.org/10.1080/07352689.2014.875291
https://doi.org/10.1016/B978-0-08-054981-1.50006-7
https://doi.org/10.1016/j.agsy.2015.03.004
https://doi.org/10.1016/j.agsy.2015.03.004
https://doi.org/10.1016/j.fcr.2010.09.010
https://doi.org/10.1111/j.1469-8137.2010.03603.x
https://doi.org/10.1111/j.1469-8137.2010.03603.x
https://doi.org/10.1073/pnas.0608379104
https://doi.org/10.3389/fpls.2017.01251
https://doi.org/10.1626/pps.1.75
https://doi.org/10.1626/pps.11.3
https://doi.org/10.1016/j.eja.2012.01.009
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-08-01950 November 15, 2017 Time: 15:33 # 7

Shavrukov et al. Early Flowering as a Drought Escape Mechanism

Greenup, A., Peacock, W. J., Dennis, E. S., and Trevaskis, B. (2009). The molecular
biology of seasonal flowering-responses in Arabidopsis and the cereals. Ann.
Bot. 103, 1165–1172. doi: 10.1093/aob/mcp063

Hadjichristodoulou, A. (1988). “Stability of performance of cereals in low-rainfall
areas as related to adaptive traits,” in Drought Tolerance in Winter Cereals, eds
J. P. Shrivastava, E. Porceddu, E. Acevedo, and S. Varma (Chichester: John
Willey and Sons), 191–200.

Hill, C. B., and Li, C. (2016). Genetic architecture of flowering phenology in
cereals and opportunities for crop improvement. Front. Plant Sci. 7:1906.
doi: 10.3389/fpls.2016.01906

Ihsan, M. Z., El-Nakhlawy, F. S., Ismail, S. M., Fahad, S., and Daur, I. (2016). Wheat
phenological development and growth studies as affected by drought and late
season high temperature stress under arid environment. Front. Plant Sci. 7:795.
doi: 10.3389/fpls.2016.00795

Inagaki, M. N., Valkoun, J., and Nachit, M. M. (2007). Effect of soil water deficit
on grain yield in synthetic bread wheat derivatives. Cereal Res. Commun. 35,
1603–1608. doi: 10.1556/crc.35.2007.4.7

Iqbal, M., Navabi, A., Salmon, D. F., Yang, R. C., Murdoch, B. M., Moore, S. S., et al.
(2007). Genetic analysis of flowering and maturity time in high latitude spring
wheat: genetic analysis of earliness in spring wheat. Euphytica 154, 207–218.
doi: 10.1007/s10681-006-9289-y

Isidro, J., Álvaro, F., Royo, C., Villegas, D., Miralles, D. J., and del Moral, L. F. G.
(2011). Changes in duration of developmental phases of durum wheat caused
by breeding in Spain and Italy during the 20th century and its impact on yield.
Ann. Bot. 107, 1355–1366. doi: 10.1093/aob/mcr063

Jobet, C., Matus, I., Madariaga, R., Campillo, R., Zuñiga, J., Mejías, J., et al. (2015).
Konde INIA: first doubled haploid winter wheat cultivar for southern Chile.
Chil. J. Agric. Anim. Sci. 31, 234–238.

Joudi, M., Ahmadi, A., Mohammadi, V., Abbasi, A., and Mohammadi, H.
(2014). Genetic changes in agronomic and phenologic traits of Iranian wheat
cultivars grown in different environmental conditions. Euphytica 196, 237–249.
doi: 10.1007/s10681-013-1027-7

Kadioglu, A., and Terzi, R. (2007). A dehydration avoidance mechanism: leaf
rolling. Bot. Rev. 73, 290–302. doi: 10.1663/0006-8101(2007)73[290:ADAMLR]
2.0.CO;2

Kamran, A., Iqbal, M., and Spaner, D. (2014). Flowering time in wheat (Triticum
aestivum L.): a key factor for global adaptability. Euphytica 197, 1–26.
doi: 10.1007/s10681-014-1075-7

Kelly, M., and Levin, D. A. (2000). Directional selection on initial flowering date
in Phlox drummondii (Polemoniaceae). Am. J. Bot. 87, 382–391. doi: 10.2307/
2656634

Kenney, A. M., McKay, J. K., Richards, J. H., and Juenger, T. E. (2014). Direct
and indirect selection on flowering time, water-use efficiency (WUE, δ13C), and
WUE plasticity to drought in Arabidopsis thaliana. Ecol. Evol. 4, 4505–4521.
doi: 10.1002/ece3.1270

Khanna-Chopra, R., and Singh, K. (2015). “Drought resistance in crops:
physiological and genetic basis of traits for crop productivity,” in Stress
Responses in Plants: Mechanisms of Toxicity and Tolerance, eds B. N. Tripathi
and M. Müller (New York, NY: Springer), 267–292.

Kooyers, N. J. (2015). The evolution of drought escape and avoidance in natural
herbaceous populations. Plant Sci. 234, 155–162. doi: 10.1016/j.plantsci.2015.
02.012

Kottmann, L., Wilde, P., and Schittenhelm, S. (2016). How do timing, duration,
and intensity of drought stress affect the agronomic performance of winter rye?
Eur. J. Agric. 75, 25–32. doi: 10.1016/j.eja.2015.12.010

Krannich, C. T., Maletzki, L., Kurowsky, C., and Horn, R. (2015). Network
candidate genes in breeding for drought tolerant crops. Int. J. Mol. Sci. 16,
16378–16400. doi: 10.3390/ijms160716378

Kumar, P., Sao, A., Salam, J. L., Kanwar, R. R., Kumari, P., Gupta, A. K., et al.
(2016). Formulating phenological equations for rainfed upland rice in Bastar
plateau and assessment of genotype x environment interaction. Pak. J. Bot. 48,
1609–1618.

Lawlor, D. W. (2013). Genetic engineering to improve plant performance
under drought: physiological evaluation of achievements, limitations, and
possibilities. J. Exp. Bot. 64, 83–108. doi: 10.1093/jxb/ers326

Laxman, Singh, V., Solanki, Y. P. S., and Redhu, A. S. (2014). Phenological
development, grain growth rate and yield relationships in wheat cultivars under

late sown condition. Ind. J. Plant Physiol. 19, 222–229. doi: 10.1007/s40502-014-
0105-8

Levitt, E. (1980). “Chapter 4. Drought avoidance,” in Responses of Plants to
Environmental Stresses, Vol. 2, ed. E. Levitt (New York, NY: Academic Press),
93–103.

Liu, B., Asseng, S., Müller, C., Ewert, F., Elliott, J., Lobell, D. B., et al. (2016). Similar
estimates of temperature impacts on global wheat yield by three independent
methods. Nat. Clim. Change 6, 1130–1136. doi: 10.1038/nclimate3115

Loss, S. P., and Siddique, K. H. M. (1994). Morphological and physiological traits
associated with wheat yield increases in Mediterranean environments. Adv.
Agric. 52, 229–276. doi: 10.1016/S0065-2113(08)60625-2

Ludlow, M. M. (1989). “Strategies of response to water stress,” in Structural and
Functional Responses to Environmental Stresses: Water Shortage, eds K. H.
Kreeb, H. Richter, and T. M. Hinckley (Hague: SPB Academic Publishing),
269–281.

Ludlow, M. M., and Muchow, R. C. (1990). A critical evaluation of traits for
improving crop yields in water-limited environments. Adv. Agric. 43, 107–152.
doi: 10.1016/S0065-2113(08)60477-0

Malik, I. A., Ali, Y., Saleem, M., and Tahir, G. R. (1989). Yield stability of
induced-early-maturing mutants of mungbean (Vigna radiata) and their use in
a multiple-cropping system. Field Crops Res. 20, 251–259. doi: 10.1016/0378-
4290(89)90069-5

Meyre, D., Leonardi, A., Brisson, G., and Vartanian, N. (2001). Drought-
adaptive mechanisms involved in the escape/tolerance strategies of Arabidopsis
Landsberg erecta and Columbia ecotypes and their F1 reciprocal progeny.
J. Plant Physiol. 158, 1145–1152. doi: 10.1078/S0176-1617(04)70141-8

Miyazawa, Y., Yamazaki, T., Moriwaki, T., and Takahashi, H. (2011). Root tropism:
its mechanism and possible functions in drought avoidance. Adv. Bot. Res. 57,
349–375. doi: 10.1016/B978-0-12-387692-8.00010-2

Mondal, S., Singh, R. P., Crossa, J., Huerta-Espino, J., Sharma, I., Chatrath, R.,
et al. (2013). Earliness in wheat: a key to adaptation under terminal and
continual high temperature stress in South Asia. Field Crops Res. 151, 19–26.
doi: 10.1016/j.fcr.2013.06.015

Mondal, S., Singh, R. P., Mason, E. R., Huerta-Espino, J., Autrique, E., and Joshi,
A. K. (2016). Grain yield, adaptation and progress in breeding for early-
maturing and heat-tolerant wheat lines in South Asia. Field Crops Res. 192,
78–85. doi: 10.1016/j.fcr.2016.04.017

Nagarajan, S., Anand, A., and Chaudhary, H. B. (2008). Response of spring wheat
(Triticum aestivum) genotypes under changing environment during grain
filling period. Ind. J. Agric. Sci. 78, 177–179.

Nitcher, R., Pearce, S., Tranquilli, G., Zhang, X., and Dubcovsky, J. (2014). Effect of
the Hope FT-B1 allele on wheat heading time and yield components. J. Hered.
105, 666–675. doi: 10.1093/jhered/esu042

Parmesan, C., and Yohe, G. (2003). A globally coherent fingerprint of climate
change impacts across natural systems. Nature 421, 37–42. doi: 10.1038/
nature01286

Passioura, J. B. (2012). Phenotyping for drought tolerance in grain crops: when is
it useful to breeders? Funct. Plant Biol. 39, 851–859. doi: 10.1071/FP12079

Perry, M. W., and D’Antuono, M. F. (1989). Yield improvement and associated
characteristics of some Australian spring wheat cultivars introduced between
1860 and 1982. Aust. J. Agric. Res. 40, 457–472.

Radhika, and Thind, S. K. (2014). Comparative yield responses of wheat genotypes
under sowing date mediated heat stress conditions on basis of different stress
indices. Ind. J. Ecol. 41, 339–343.

Reddy, B. V. S., Ramesh, S., Reddy, P. S., and Kumar, A. A. (2009). “Genetic
enhancement for drought tolerance in Sorghum,” in Plant Breeding Reviews,
Vol. 31, ed. J. Janick (Hoboken: Wiley-Blackwell), 189–222.

Regan, K. L., Siddique, K. H. M., Tennant, D., and Abrecht, D. G. (1997).
Grain yield and water use efficiency of early maturing wheat in low rainfall
Mediterranean environments. Aust. J. Agric. Res. 48, 595–603. doi: 10.1071/
A96080

Riboni, M., Galbiati, M., Tonelli, C., and Conti, L. (2013). GIGANTEA enables
drought escape response via abscisic acid-dependent activation of the florigens
and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS. Plant Physiol. 162,
1706–1719. doi: 10.1104/pp.113.217729

Richards, R. A. (1996). Defining selection criteria to improve yield under drought.
Plant Growth Regul. 20, 157–166. doi: 10.1007/BF00024012

Frontiers in Plant Science | www.frontiersin.org 7 November 2017 | Volume 8 | Article 1950

https://doi.org/10.1093/aob/mcp063
https://doi.org/10.3389/fpls.2016.01906
https://doi.org/10.3389/fpls.2016.00795
https://doi.org/10.1556/crc.35.2007.4.7
https://doi.org/10.1007/s10681-006-9289-y
https://doi.org/10.1093/aob/mcr063
https://doi.org/10.1007/s10681-013-1027-7
https://doi.org/10.1663/0006-8101(2007)73[290:ADAMLR]2.0.CO;2
https://doi.org/10.1663/0006-8101(2007)73[290:ADAMLR]2.0.CO;2
https://doi.org/10.1007/s10681-014-1075-7
https://doi.org/10.2307/2656634
https://doi.org/10.2307/2656634
https://doi.org/10.1002/ece3.1270
https://doi.org/10.1016/j.plantsci.2015.02.012
https://doi.org/10.1016/j.plantsci.2015.02.012
https://doi.org/10.1016/j.eja.2015.12.010
https://doi.org/10.3390/ijms160716378
https://doi.org/10.1093/jxb/ers326
https://doi.org/10.1007/s40502-014-0105-8
https://doi.org/10.1007/s40502-014-0105-8
https://doi.org/10.1038/nclimate3115
https://doi.org/10.1016/S0065-2113(08)60625-2
https://doi.org/10.1016/S0065-2113(08)60477-0
https://doi.org/10.1016/0378-4290(89)90069-5
https://doi.org/10.1016/0378-4290(89)90069-5
https://doi.org/10.1078/S0176-1617(04)70141-8
https://doi.org/10.1016/B978-0-12-387692-8.00010-2
https://doi.org/10.1016/j.fcr.2013.06.015
https://doi.org/10.1016/j.fcr.2016.04.017
https://doi.org/10.1093/jhered/esu042
https://doi.org/10.1038/nature01286
https://doi.org/10.1038/nature01286
https://doi.org/10.1071/FP12079
https://doi.org/10.1071/A96080
https://doi.org/10.1071/A96080
https://doi.org/10.1104/pp.113.217729
https://doi.org/10.1007/BF00024012
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-08-01950 November 15, 2017 Time: 15:33 # 8

Shavrukov et al. Early Flowering as a Drought Escape Mechanism

Schmalenbach, I., Zhang, L., Reymond, M., and Jiménez-Gómez, J. M. (2014). The
relationship between flowering time and growth responses to drought in the
Arabidopsis Landsberg erecta x Antwerp-1 population. Front. Plant Sci. 5:609.
doi: 10.3389/fpls.2014.00609

Serraj, R., Bidinger, F. R., Chauhan, Y. S., Seetharama, N., Nigam, S. N., and
Saxena, N. P. (2003). “Management of drought in ICRISAT cereal and legume
mandate crops,” in Water Productivity in Agriculture: Limits and Opportunities
for Improvement, eds J. W. Kijne, R. Barker, and D. Molden (Wallingford: CABI
Publishing), 127–144.

Sherrard, M. E., and Maherali, H. (2006). The adaptive significance of drought
escape in Avena barbata, an annual grass. Evolution 60, 2478–2489. doi: 10.1111/
j.0014-3820.2006.tb01883.x

Sial, M. A., Dahot, M. U., Arain, M. A., Laghari, K. A., Mangrio, S. M., and Mangan,
B. N. (2008). Evaluation of wheat mutant lines for yield and yield components
under different sowing dates. Pak. J. Biotech. 5, 27–38.

Slafer, G. A., Saforre, E. H., and Andrade, F. H. (1994). “Increases in grain
yield in bread wheat from breeding and associated physiological changes,” in
Improvement of Field Crop, ed. G. A. Slafer (New York, NY: Marcel Dekker Inc.),
1–67.

Sommer, R., Glazirina, M., Yuldashev, T., Otarov, A., Ibraeva, M., Martynova, L.,
et al. (2013). Impact of climate change on wheat productivity in Central
Asia. Agric. Ecosyst. Environ. 178, 78–99. doi: 10.1016/j.agee.2013.
06.011

Song, Y. H., Ito, S., and Imaizumi, T. (2013). Flowering time regulation:
photoperiod- and temperature-sensing in leaves. Trends Plant Sci. 18, 575–583.
doi: 10.1016/j.tplants.2013.05.003

Stapper, M., and Fischer, R. A. (1990). Genotype, sowing date and plant spacing
influence on high-yielding irrigated wheat in Southern New South Wales. III.
Potential yields and optimum flowering dates. Aust. J. Agric. Res. 41, 1043–1056.
doi: 10.1071/AR9901043

Turner, N. C. (1986). Adaptation to water deficits: a changing perspective. Aust. J.
Plant Physiol. 13, 175–190. doi: 10.1071/PP9860175

Turner, N. C., Wright, G. C., and Siddique, K. H. M. (2001). Adaptation of
grain legumes (pulses) to water-limited environments. Adv. Agron. 71, 193–271.
doi: 10.1016/S0065-2113(01)71015-2

Van Oosterom, E. J., and Acevedo, E. (1993). Leaf area and crop growth in relation
to phenology of barley in Mediterranean environments. Plant Soil 148, 223–237.
doi: 10.1007/BF00012860

Van Oosterom, E. J., Mahalakshmi, V., Bidinger, F. R., and Rao, K. P. (1996).
Effect of water availability and temperature on the genotype-by-environment
interaction of pearl millet in semi-arid tropical environments. Euphytica 89,
175–183. doi: 10.1007/BF00034603

Verslues, P. E., Agarwal, M., Katiyar-Agarwal, S., Zhu, J., and Zhu, J. K. (2006).
Methods and concepts in quantifying resistance to drought, salt and freezing,

abiotic stresses that affect plant water status. Plant J. 45, 523–529. doi: 10.1111/
j.1365-313X.2005.02593.x

Verslues, P. E., and Juenger, T. E. (2011). Drought, metabolites, and Arabidopsis
natural variation: a promising combination for understanding adaptation to
water-limited environments. Curr. Opin. Plant Biol. 14, 240–245. doi: 10.1016/
j.pbi.2011.04.006

Yue, B., Xue, W., Xiong, L., Yu, X., Luo, L., Cui, K., et al. (2006). Genetic basis of
drought resistance at reproductive stage in rice: separation of drought tolerance
from drought avoidance. Genetics 172, 1213–1228. doi: 10.1534/genetics.105.
045062

Zhang, H., Berger, J. D., and Milroy, S. P. (2013). Genotype ×

environment interaction studies highlight the role of phenology
in specific adaptation of canola (Brassica napus) to contrasting
Mediterranean climates. Field Crops Res. 144, 77–88. doi: 10.1016/j.fcr.2013.
01.006

Zheng, B., Biddulph, B., Li, D., Kuchel, H., and Chapman, S. (2013). Quantification
of the effects of VRN1 and Ppd-D1 to predict spring wheat (Triticum
aestivum) heading time across diverse environments. J. Exp. Bot. 64, 3747–3761.
doi: 10.1093/jxb/ert209

Zheng, B., Chenu, K., and Chapman, S. C. (2016). Velocity of temperature
and flowering time in wheat – assisting breeders to keep pace with
climate change. Global Change Biol. 22, 921–933. doi: 10.1111/gcb.
13118

Zheng, C., Chen, C., Zhang, X., Song, Z., Deng, A., Zhang, B., et al. (2016). Actual
impacts of global warming on winter wheat yield in Eastern Himalayas. Int. J.
Plant Prod. 10, 159–174.

Zheng, C. Y., Chen, J., Song, Z. W., Deng, A. X., Jiang, L. N., Zhang, B. M.,
et al. (2015). Differences in warming impacts on wheat productivity among
varieties released in different eras in North China. J. Agric. Sci. 153, 1353–1364.
doi: 10.1017/S0021859615000118

Zlatev, Z., and Lidon, F. C. (2012). An overview on drought induced changes in
plant growth, water relations and photosynthesis. Emir. J. Food Agric. 24, 57–72.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Shavrukov, Kurishbayev, Jatayev, Shvidchenko, Zotova,
Koekemoer, de Groot, Soole and Langridge. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 8 November 2017 | Volume 8 | Article 1950

https://doi.org/10.3389/fpls.2014.00609
https://doi.org/10.1111/j.0014-3820.2006.tb01883.x
https://doi.org/10.1111/j.0014-3820.2006.tb01883.x
https://doi.org/10.1016/j.agee.2013.06.011
https://doi.org/10.1016/j.agee.2013.06.011
https://doi.org/10.1016/j.tplants.2013.05.003
https://doi.org/10.1071/AR9901043
https://doi.org/10.1071/PP9860175
https://doi.org/10.1007/BF00012860
https://doi.org/10.1007/BF00034603
https://doi.org/10.1111/j.1365-313X.2005.02593.x
https://doi.org/10.1111/j.1365-313X.2005.02593.x
https://doi.org/10.1016/j.pbi.2011.04.006
https://doi.org/10.1016/j.pbi.2011.04.006
https://doi.org/10.1534/genetics.105.045062
https://doi.org/10.1534/genetics.105.045062
https://doi.org/10.1016/j.fcr.2013.01.006
https://doi.org/10.1016/j.fcr.2013.01.006
https://doi.org/10.1093/jxb/ert209
https://doi.org/10.1111/gcb.13118
https://doi.org/10.1111/gcb.13118
https://doi.org/10.1017/S0021859615000118
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Early Flowering as a Drought Escape Mechanism in Plants: How Can It Aid Wheat Production?
	Preamble
	Comparison Of Drought Escape And Drought Avoidance
	Mechanism Of Drought Escape In Plants: Early Flowering
	Drought Escape And Early Flowering Time/Early Maturing Can Provide Benefits To Plants Under Drought Stress
	Early Flowering Time And Early Maturing In Wheat Represents Successful Strategies Against Terminal Drought In A Mediterranean-Type Climate
	Early Flowering Time And Early Maturing Wheat Can Have Comparatively High Yield Potential
	Practical Perspectives
	Author Contributions
	Funding
	Acknowledgment
	References


