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Abstract Understanding the theoretical aspects of crops
drought resistance is fundamental for maintaining the
present rate of yield growth which is the key factor in the
prospect of increasing world population. Achievements in
plant physiology and biochemistry uncovered many
metabolic pathways and defined indicators of plant resis-
tance to environmental stresses. Genetic research con-
tributed to discoveries of gene regulation in stress
tolerance. As the result of fast development of genetics,
phenomics became a hold-up of further functional research.
In this paper, problems related to phenotype requirements
for crops cultivation in drought threatened areas will be
presented against the background of achievements in
metabolomics and genomics. Theoretical speculations of
Blum on crop water use efficiency will be examined
against the results of Sirius simulation with HadCM3 cli-
mate projections and against practical phenological re-
quirements for present crops.
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Introduction

The increase of crop yields in the last five decades resulted,
to a significant degree, from the green revolution, which
introduced dwarf wheat varieties and a steady improve-
ment of their harvest index (HI) achieved by the reduction
of stem length (Aniot 2010; Borlaug 2007). In the 1990s, a
considerable yield stagnancy was observed in countries
with highly developed agriculture and intensive manage-
ment, while, in some years, the yield production dropped
significantly below the prognostic values, e.g., in Great
Britain where yield per hectare neared 10 t (Fig. 1) both in
breeding experiments and agricultural holdings. Wheat
yield at the >8 t/ha level is primarily the result of HI op-
timization, the observed stagnancy means reaching this
value (~0.64) (Jaggard et al. 2010).

While in Poland, the mean yield of winter wheat in-
creased from 1.28 t/ha in 1960 to 4.43 t/ha in 2013 (Fig. 1)
(Oleksiak 2013), it was interrupted by substantial reduc-
tions caused, among others, by droughts which, in 2006,
occurred during stem formation and grain filling stages,
critical for wheat yield (Craufurd et al. 2013). In Poland,
yield stagnation has not yet been observed since yields in
agricultural holdings are about half the value of yields
achieved in breeding experiments. Yielding potential of
Polish wheat varieties is very high, e.g., in the Agro-In-
dustrial Complex Kietrz located in areas of optimal climate
and rich soils (50.0833N, 18.0000E), winter wheat culti-
vars, Bamberka and Muszelka, under intensive farming,
produce a yield of 110 dt/ha in an area of over 2000 ha.
Lower average yield in smaller farms results from lower
level of agrotechnology and low inputs in cropping. Bigger
farms use, among others, precise administration of fertil-
izers based on knowledge about mineral content in the soil.
Information is fed into a computer in the form of a map of
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Fig. 1 Wheat yield in Great Britain (blue line) and Poland (brown
line) since 1950 (T. Oleksiak, personal communication; Mackay et al.
2011, modified)

soil mineral content and total mineral content that should
be evenly dispensed in every square meter of the field.
Based on these maps and GPS, precise doses of fertilizers
are administered. Furthermore, large farms also apply full
plant protection procedures.

Home Grown Cereals Authority (HGCA), the agency of
the British Agriculture and Horticulture Development
Board (AHDB), financed by agricultural producers with no
participation of the government or corporations, indicates
the following causes (besides HI) of stagnant yields:
changing weather conditions, particularly increasing soil
water deficit, increasing UV-B radiation, soil compaction
and acidification, water draining land improvement sys-
tems and costs of cereal seed (Knight et al. 2012).

In this article, attention will be focused on implications
of changes in weather conditions for plant breeders. We
will review biochemical and physiological indices of plant
drought resistance, discuss effective use of water by crop
plants as well as modeling of future wheat ideotypes using
statistical forecasting.

Agricultural drought phenomenon

In the climate zone of Central Europe, one of the crucial
causes of agricultural drought is variation in precipitation
type from continuous to convectional, related to tem-
perature rise (Easterling et al. 2000, Sillmann and Roeck-
ner 2008; Trenberth et al. 2003). Extreme events of
rainfall, supplying large amounts of water in a short period
of time, has increased and replaced moderate rains and
drizzles. This process can be illustrated by a trend line of
precipitation values on wet days above the 95th percentile
of Gaussian distribution of mean daily precipitation in
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Central Europe (Fig. 2). Furthermore, Easterling et al.
(1997) compared global weather data and, based on the
1939-1994 period, demonstrated a linear upward trend of
days with heavy rains, with the increase rate of 3.9 % per
decade, while total precipitation decreased at a rate of 1 %
of the annual precipitation/decade for European Russia. In
the case of Germany, 6.5 % increase of heavy rains is
predicted for every degree of temperature rise (Tomassini
and Jacob 2009). Additionally, rainfall use efficiency has
been decreasing, since the retention of water from heavy
rainfall in the arable layer is less effective (Labgdzki 2006).
The agricultural drought in Poland is monitored by the
Institute of Soil Science and Plant Cultivation-IUNG
(Doroszewski et al. 2012). The country is threatened by
drought since the annual freshwater use exceeds 25 % of
total resources, while, according to the UN, withdrawal no
higher than 20 % guarantees its natural renewal. FAO
(2003) indicates that in Europe only Macedonia, Germany,
Spain and Bulgaria are at greater risk than Poland. These
conditions create two problems: the general one of how to
protect freshwater resources and the specific one of what
crop phenotypes can assure stable yields in drought-
threatened areas. In our discussion of phenotypic require-
ments for modern cereal crop varieties, we will focus on
wheat, the main grain crop in the European Union, where
on average 46 %, and specifically in Poland 28 %, of the
total arable area is used for its cultivation (GUS 2013).

Plant responses to drought on molecular

and physiological levels

Biochemical and physiological studies on drought influ-
ence on plants are systematically summarized in review

papers (Foyer and Noctor 2009; Jogaiah et al. 2013;
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Fig. 2 Trend (straight line) of increasing rainfall rate (mm) above the
95th percentile of mean daily rainfall on wet days in Central Europe
(Sillmann and Roeckner 2008, modified)
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Labudda and Azam 2014; Reynolds and Tuberosa 2008).
Much research was based on Arabidopsis thaliana as a
model organism. Very often, the experiments involved
drought treatment under conditions that were definitely
different from the field conditions (Claeys et al. 2014;
Vadez et al. 2013a).

In the case of higher plants, including crops, the phe-
nomena of dehydration tolerance and dehydration avoid-
ance are types of reactions to water shortage in arable soil.
These two responses to drought stress are complementary
(Levitt 1972). The terms: “drought stress avoidance and
tolerance” are fundamental and relevant to the physio-
logical status of plants in the conditions of water shortage.
The term “drought resistance” is a common working
phrase used, i.e., by breeders working toward better
yielding crops in drought-threatened areas (Blum 2011b).

Water shortage induces dysfunction of plant vital pro-
cesses leading to the inhibition of growth and development
and, in case of long-term water deficit, to tissue decay. It is
accompanied by the reduction of water potential and cel-
lular activity, turgor and cell volume reduction, inducing
increase of osmoprotectant concentration, changes in
macromolecule structure and spatial relationship between
cellular compartments accompanied by reduced transpira-
tion and photosynthesis. These processes often result in
reduced crop yield which is unacceptable from the eco-
nomic point of view (Kacperska 2002; Maseda and Ferniez
2006; Richards et al. 2010).

At the biochemical level, dehydration-tolerant plants are
characterized by: (1) more effective identification and
transduction of signals (including ABA) (Cutler et al. 2010;
Pantin et al. 2013); (2) more efficient systems of protein
repair or proteolytic removal (Grudkowska and Zagdariska
2004); (3) better protection of cell membranes by osmo-
protectants (Iturriaga et al. 2009; Zhang et al. 2009); (4) the
existence of LEA proteins (abundant late embryogenesis)
interacting primarily with trehalose (Iturriaga 2008; Car-
amelo and Tusem 2009; Hussain et al. 2011); (5) more
stable photosynthesis (Jaleel et al. 2009; Pinheiro and
Chaves 2011); (6) more stable mitochondria metabolism
(Atkin and Macherel 2009; Zagdanska, 1997); and (7)
more stable tissue oxidation—reduction potential sustained
by mechanisms inhibiting generation of free radicals as
well as by their effective inactivation (Miller et al. 2010).

At the molecular level, drought induces the expression
of several genes including those encoding protective
metabolites (i.e., LEA proteins, Hsp (Heat shock proteins),
proline, glycine betaine); genes for sugar osmoprotectant
(mannitol and trehalose) synthesis; genes for enzymes
maintaining the correct cell membrane structure, e.g., -3
and A-6 desaturases; genes encoding protein-modifying
enzymes: proteinases and proteases as well as phos-
phatases; genes for enzymes degrading reactive oxygen

species (ROS) molecules and enzymes affecting the cell
oxidation—reduction potential: dismutases, catalases, per-
oxidases and reductases; and cellular transporter genes:
aquaporins. Among genes encoding signal transductors,
kinase genes and genes for transcription factors encoding
proteins from the following families can be found: DREB
(dehydration response elements binding), ERF (ethylene
responsive transcription factor), WRKY (transcription
factors with the conserved amino acid sequence:
WRKYGQK), MYB (MYeloBlastosis), bHLH (basic Helix
Loop Helix), bZIP (basic Leucine Zipper Domain), NAC
(transcription factors of Nam, Atafl and Cuc2, genes
possessing common domain) and genes encoding zinc
finger protein family (Gosal et al. 2009). Regulation of
drought-induced modifications of gene expression by
RNAi was also studied (Bhatnagar-Mathur et al. 2008).
The genes for phytohormone synthesis and phytohormone-
dependent stress defense signaling such as ABA and gib-
berellin, jasmonic acid and brassinosteroids were also
identified to be engaged in drought resistance regulation
(Fleury et al. 2010; Hu and Xiong 2014; Shinozaki and
Yamaguchi-Shinozaki 2007; Zhou et al. 2014).

Despite muli-year studies on plant genomes, proteomes
and metabolomes, the data regarding mechanisms of plant
tolerance to environmental stresses are still insufficient for
a complete understanding of the processes determining
stress tolerance and consequently for economically suc-
cessful genetic manipulations (Atkinson and Urwin 2012;
Bhatnagar-Mathur et al. 2008; Rybka 2011; Tardieu 2010;
Vadez et al. 2013b). Legitimizations for economically vi-
able genetic manipulation are recent results of studies on
DREBIA transgenic groundnut (Vadez et al. 2013c).
Biochemical theoretical achievements are reflected in
practice by detection of higher ABA Ilevel in leaves of
drought-tolerant near isogenic lines (NILs) of pearl millet
(Kholova et al. 2010b) as well as in proof of aquaporin
functions in turgor maintenance under high vapor pressure
deficit (Vadez et al. 2014). However, the extraction of
genetic components of complex qualitative traits is still
laborious and expensive, since the diversity of phenotypes
resulting from complex interaction between plant and en-
vironment is difficult to describe due to the multitude of
variables in the ‘genotype—environment’ interactions
(Houle et al. 2010). This brings a new meaning to pheno-
types in field observation as well as in the frames of
functional genomics and phenomics studies (Araus and
Cairns 2014; Chern et al. 2011; Craufurd et al. 2013;
Schoppach and Sadok 2012; Vadez et al. 2008).

Recently, Vadez and co-workers (2013b) reviewed
aspects of plant water balance and determinants of crop
yield under soil water scarcity. Water-capturing process
related to root structure and water conservation for growth
phases most sensitive to drought are the key factors
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guaranteeing effective crop production in drought-threat-
ened areas. The mechanisms influencing root water uptake
and its usage by shoots are highly complex (Passioura
2012). Although cultivars with deeper roots with proper
architecture are often considered to be more water stress
tolerant, it is not a sufficient selection trait to ensure
achieving the breeding goal. Besides positive correlations
found between root structure and water extraction, there are
some reports showing a poor relation between roots and
water uptake among grain crops and legumes (Vadez et al.
2013b). This controversy partially results from technical
difficulties concerning root studies as well as non-uniform
water availability in the soil. Until new experimental
methods are introduced, the non-destructive measurements
of water uptake at consecutive growth phases, using new
lysimetric methods, seem to be an easier target for studies
on relations between water capture and crop yield (Vadez
et al. 2008, 2014).

It is postulated that genotype adaptation to water
shortage is beneficial if this genotype is able to take ad-
vantage of small amounts of water available at critical
stages of growth. The grain filling period was confirmed
experimentally as the important one (Christopher et al.
2008; Vadez et al. 2013b; Wasson et al. 2012). Ten mil-
limeters of subsoil water absorbed after anthesis by wheat
roots, between depths of 1.35 and 1.85 m, would increase
the grain yield by 0.62 t ha~' (Kirkegaard et al. 2007),
which constitutes about 25 % of the global average yield of
wheat per hectare. Water extraction by roots at later stages
of cereal plants growth would be possible, if roots con-
tinued to grow till that time, a feature which should be
screened in breeding processes. Such an approach to the
problem of water uptake by the roots is appropriate only for
soil profiles which are sufficiently deep and rich in water.
Water extraction at later stages appears to be dependent on
water-saving mechanisms at earlier stages of plant growth
and on shoot water demand. Since root and shoot growth
are under the same genetic control, faster root growth can
cause quick exploration of soil water. For this reason, faster
rate of root growth should be an important trait for geno-
types extracting all soil-available water prior to maturity in
climate conditions of short rainfall duration or in areas with
deep soil profiles rich in water in deeper layers (Vadez
et al. 2013b). Despite the difficulties in testing and corre-
lation with the yield not always being observed, roots seem
to be the force of the second green revolution which will
increase the crop yield to feed future generations (Gewin
2010).

Water conservation on plant and canopy level is the
second most important factor of field water stress tolerance
underlined by Vadez and co-authors (2013b). The rate of
leaf canopy development and the leaf area at a time close to
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anthesis are crucial components for determining water
usage. Fast canopy development reduces soil transpiration
and thereby water loss during the vegetation (Blum 2011b).
On the other hand, it was shown that genotypes of legume,
such as chickpea, peanut, cowpea as well as sorghum,
tolerant to water stress, have smaller leaf canopy at the
vegetative stage. Experiment on maize showed leaf size
reduction under water pressure deficit and also under low
vapor pressure deficit, documenting hydraulic control of
leaf development. Comprehension of genetic and interac-
tive environmental determinants of leaf size would be
profitable for breeding crops dedicated to specific envi-
ronments (Vadez et al. 2013b).

Besides the leaf size, leaf conductance also influences
water usage. It was demonstrated that chickpea, cowpea
and pearl millet under well-watered conditions differ
within the genotype in leaf canopy conductance measured
by the gravimetric method. The studied genotypes also
differed in sensitivity to vapor pressure deficit (Zaman-
Allah et al. 2011; Belko et al. 2013; Kholova et al. 2010a).
The interactions of hormonal and hydraulic signals in
control of stomata conductance do not raise doubts
(Comstock 2002; Mott 2007). For increasing crop tran-
spiration efficiency genotypes sensitive to vapor pressure
deficit, partially closing stomata as the answer to drought
and reversing to primary transpiration rate after the rain or
irrigation would be appropriate for breeding (Vadez et al.
2013b).

In parallel with adaptive mechanisms, as a result of
natural selection or selective breeding, dehydration avoid-
ance systems have been introduced into crop cultivars: (1)
temporal coordination of water availability and demand (in
Poland—earliness, germination in soil drought conditions);
(2) fast germination and tillering to shade the soil; (3) short
growing period (plants finish their growth before drought
occurrence) or the opposite—long growing period (such
plants usually develop deeper root systems); (4) lower leaf
permeability due to wax, so that transpiration occurs only
through stomata, as evaporation other than through stomata
is unproductive for photosynthesis and (5) leaf drying, thus
reducing water demand. Biomass accumulation in vegeta-
tive cells and allocation of assimilates primarily into grains
during the grain filling stage despite soil moisture deficits
are also important drought avoidance mechanisms (Zag-
dariska and Kozdéj 1994; Zurek 2004).

Phenotypic assessment is presently a bottleneck in the
study of genotype—environment interaction (Yang et al.
2013), e.g., mapping based on 20 populations consisting of
200 lines, out of which 5 single plants are selected, requires
20,000 estimates of a single phenotype trait in one location
(White et al. 2012). There is an urgent need for high-
quality phenotyping (Craufurd et al. 2013) and, hence, the
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development of phenomics, which allows acquiring multi-
parameter data regarding a complete plant, many pheno-
types of one genotype in many environments based on
mass and automated measurements in state-of-the-art
glasshouses. At the same time, phenotyping based on hy-
perspectral data collected from fields is being developed
(Cabrera-Bosquet et al. 2012; Gnyp et al. 2014; Granier
et al. 2006; Lopes et al. 2014). Clearly defined objectives
and conditions for statistical algorithms would make the
analysis of such huge sets of data feasible (Craufurd et al.
2013; Liu et al. 2010).

Drought and efficient water use by crop plants

Selection toward higher yielding cultivars has been com-
monly supported by midday differential canopy tem-
perature measurements, as the marker correlated negatively
with the yield (Amani et al. 1996). Following the proof of
Blum (2009), on the basis of Passioura equation, the direct
proportion of transpiration and biomass production can be
evaluated. Since ¥ = WU x WUE x HI, where Y is grain
yield, WU is water use (dm3), WUE is water-use efficiency
(kg dm™?) and HI is harvest index (Reynolds and Tuberosa
2008), the assumption that WUE = B/WU (B—biomass)
leads to equation: Y = B x HI. If B is replaced with de
Wit algorithm, B = mT/E, where m is a crop constant, T is
crop transpiration and E, is free water (potential)
evaporation. The direct proportion Y o T is reached. WUE
at the leaf level corresponds to transpiration efficiency (TE;
the amount of transpired water per unit of assimilated CO,)
which is the result of dynamic balance between photo-
synthetic activity, intra-leaf CO, concentration and stomata
response to environmental stimuli. Carbon isotope dis-
crimination and stomata conductivity have long been used
as markers in selection work as well (Fischer et al. 1998).
Such a selection resulted in higher yielding genotypes
under drought stress (Blum et al. 1982; Izanloo et al. 2008)
as well as on sufficiently watered soils (Fischer et al. 1998;
Lu et al. 1994; Shimshi and Ephrat 1975). Even though in
1990 it was mentioned that the warmest wheat cultivars
under well-watered conditions had the highest relative
yields when exposed to deficit irrigation (Pinter et al.
1990), the negative correlation between canopy tem-
perature and crop yield has been used as a marker in
breeding work (Feng et al. 2009). This tactic may have
partly arisen from the negative correlation between canopy
temperature and crop disease resistance, with the main
biotic cause of chlorophyll decay entailing the reduction of
CO, fixation and the increase of leaf surface temperature
(Eyal and Blum 1989). Selection for higher yielding
genotypes on the basis of high stomatal conductance over
time led to unintended promotion of genotypes with lower

efficiency of transpiration and water use (Blum 2009;
Tardieu 2012).

In the face of water scarcity, the enhancement of crop
production should be achieved primarily by capturing all
available soil water by the end of the crop cycle and its
complete utilization in carbon assimilation, which would
ensure the effective use of water (EUW) (Blum 2009). It is
possible for crops to select toward effective use of water,
since there is a high variation in transpiration in breeding
materials. Fish and Earl (2009) determined the coefficients
of variation for transpiration of several species with results:
30 % for cotton, 41 % for peanut, 25 % for sorghum, 32
and 17 % for wheat, 18 % for soybean and 11 % for pea.
Kemanian et al. (2005) indicated an almost twofold range
of TE values for barley varieties and threefold range for
wheat varieties. Also, TE coefficient of variation for maize,
a C4 plant which uses water more “economically” by
nature, is >50 % (Du et al. 2009). Research data
(Bactawska-Krzeminska 1973; Fish and Earl 2009; Stre-
beyko 1973) have shown the potential of intra-species
variation which can be explored to target water-effective
breeds.

Breeding crops efficiently using water is being driven by
noticeable shift toward statistically modeled decision
making. That shift is manifested by the change of per-
spective from searching for alleles or traits conferring
drought tolerance to asking the question whether a given
allele could ensure a positive influence on yield over a
sufficiently long time in a given area, how it will be af-
fected by the climate change as well as what is the trade-off
between risk avoidance and maintained performance
(Tardieu 2010). Such an approach is closely related to the
regionalization of crop production, since most frequent soil
types and weather conditions must be characterized for a
particular region to search for traits most effective at the
present and in the future, ensuring the best water utilization
for yield production (Kholova et al. 2013). The pioneering
grain sorghum breeding program run by Cooper in Aus-
tralia resulted in model construction combining phenotypic
data and parental diversity described by RFLP markers
with potential use in the selection of hybrid breeding
(Jordan et al. 2003). His work at Pioneer Hi-Bred Inc.,
based on genetic, physiological and environmental
knowledge, resulted in maize DH lines with improved
drought tolerance (Messina et al. 2011). Studies on pearl
millet enabled the identification of terminal drought-toler-
ant genotypes with transpiration rate lower than sensitive
forms in hydrologically optimal conditions (Kholova et al.
2010a, b). Two mechanisms of water saving in well-wa-
tered conditions were postulated, related to biochemical
(ABA) and physical (hydraulic) signals transduction
(Kholova et al. 2010b). For post-rainy season sorghum in
India, the model was constructed to narrow the search of
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(rabi) sorghum-adaptive traits and management practices
under severe drought (Kholova et al. 2013, 2014).

Since crop adaptation to drought conditions mainly
concerns the plant water economy (Blum 2011a; Vadez
et al. 2013a), success in breeding cultivars for drought-
threatened areas “requires an understanding of plant traits
affecting yield under water deficit as well as an under-
standing of their mutual and environmental interactions.
Given that the phenotypic evaluation of germplasm/
breeding material is limited by the number of locations and
years of testing, crop simulation modeling becomes a
powerful tool for navigating the complexity of biological
systems, for predicting the effects on yield and for deter-
mining the probability of success of specific traits or trait
combinations across water stress scenarios” (Vadez et al.
2013b).

Crop phenotype modeling as a support tool
for breeding

The genetic/biochemical determinants of plant responses to
drought under climate change scenarios with increasing
temperatures and transitions of precipitation character are
forecasted to affect strongly the crop production (Jogaiah
et al. 2013; Lobell and Tebaldi 2014; Marciniska et al.
2013). To meet the growing food demand, new approaches
in methods of plant breeding are being developed, among
which decision-support methods based on empirical (sta-
tistical) or mechanistic modeling are becoming increas-
ingly important (Thakur 1991; Passioura 1996; Tardieu
2010). For agronomic purposes, the empirical models are
largely constructed on the basis of statistical fitting of the
yield to weather data, while mechanistic models utilize
measured parameters essential for describing the phases of
crop life cycle: vegetative and reproductive growth at tar-
get conditions. Modeling is advanced, i.e., for calculation
of transpiration at the canopy level, projection of the crop
yield for the current year or designing new cropping sys-
tems (Tardieu 2010). Gene networks and biochemical
pathways are recently being constructed on the bases of
metabolomic, transcriptomic and genomic data (Yonekura-
Sakakibara et al. 2013), since the future crop ideotyping is
less advanced (Tardieu 2010). It is believed that modeling
and crop ideotyping can link phenotype complexity with
genomic data in a way useful for breeding purposes
(Hammer et al. 2004, 2010).

Since there are several crop models used around the
world with different levels of uncertainties in simulated
results, in October 2010 the global Agricultural Models
Intercomparison and Improvement Project (AgMIP) was
established for identification and prioritization of crop
agronomic strategies for future climate scenarios as well as
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economic circumstances (Anonymous 2014). Cultivar-
specific groups were formed for wheat, maize, rice, sug-
arcane, potato, sorghum, millet, peanut and soybean stud-
ies. It was decided that the wheat studies would comprise
27 models listed by Rosenzweig et al. (2013, 2014), among
which better known are: CERES developed at Michigan
State University (Ritchie et al. 1998), EPIC constructed by
USDA, AquaCrop by FAO (Gassman et al. 2004) and
APSIM developed by CSIRO in Australia (Hammer et al.
2010). Here, the model Sirius, included also in AgMIP
comparisons, developed in the UK and exploited by
Rothamsed Research (Brooks et al. 2001), which works
well for temperate climates (Semenov and Stratonovitch
2013; Semenov et al. 2014; Asseng et al. 2013), will be
discussed. It includes the HadCM3 package for climate
projection (Porter and Semenov 2005). In 2010, the genetic
(evolutionary) algorithm with self-adaptation capacity
(GA-SA) was added to the Sirius model to optimize wheat
ideotypes for target environments (Semenov and Strato-
novitch 2013). In general, the genetic algorithms are in-
spired by the Darwin’s theory of natural selection
producing optimal phenotypes for specific and strictly de-
termined environments from random and unidirectional
mutations in the organism’s genome. The statistical ef-
fectiveness and quality of combinatorial optimization of
genetic algorithms depend highly on how well scoring
function and goals are defined. The simulation process,
which itself is quite complicated, depends on many dif-
ferent factors that have significant influence on the final
result. Algorithm construction, definition of scoring func-
tion and information coding determine the model quality.
In models destined for plant breeding, yield is the final
measure. The main events affecting its height are: atmo-
spheric conditions and environmental stresses. In repetitive
calculations, optimized parameters, providing the best
target achievement, are chosen and, as in the natural se-
lection process, used in ensuing computation cycle (Koza
et al. 2003). In the simplest cases, the algorithm does not
require any changes during the simulation process; how-
ever, reference experiments confirming the effectiveness of
the calculation method are carried out in most cases (Wolf
et al. 1996).

The Sirius mechanistic model of wheat response to en-
vironmental variation supported by GA-SA self-adaptation
genetic algorithm was calibrated for modern wheat culti-
vars and the simulation accuracy was experimentally ver-
ified in a large spectrum of environmental conditions in
Europe, New Zealand, Australia and the USA (Semenov
and Stratonovitch 2013). It calculates the biomass pro-
duction based on data concerning photosynthetically active
radiation (PAR) and grain growth. Leaf area index (LAI) is
calculated using thermal time sub-model. Both LAI and
radiation-use efficiency form the basis for forecasting
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water and nitrogen deficiencies in plant development.
Phenological development is modeled based on the rate of
the main stem leaf appearance and their final number, with
daylength and vernalization impact. As the Sirius model
developers say: “despite there being no calculation of tiller
dynamics or grain number, the model accurately simulated
the behavior of crops exposed to a wide range of condi-
tions” (Jamieson et al. 1998). The modeling group con-
cluded that “the accurate prediction of phenological
development and LAI is much more important for grain
yield prediction than are the components of yield” (tiller
dynamics or grain number). “Although grain population is
not a necessary step in yield calculation in Sirius, the
model proved useful in investigating the effects of stress in
setting grain number. The analysis showed that the influ-
ence of stress on partitioning of biomass to the ear during
pre-anthesis ear growth was much more important in de-
termining grain number than was the effect on biomass
accumulation during the same phase” (Jamieson et al.
1998).

In statistical modeling of wheat ideotypes toward 2050s
using Sirius, five parameter groups covering nine physio-
logical traits were used. The range of each parameter was
estimated and calibrated based on experiments performed
worldwide (Semenov et al. 2014).

1. Parameters characterizing photosynthesis: light con-
version efficiency (L), dimensionless unit within the
1-1.10 range. Modeling indicated the possibility of
increased carbon assimilation efficiency by 10 % at the
present level of Rubisco activity and lower CO,
concentration in the atmosphere in the future.

2. Parameters describing plant phenology—timing and
duration of key developmental events: phyllochron
(Ph), trait of growth defined by time elapsing between
the visual appearance of the first leaf and next ones
within the range of 70-140 (°C days) (McMaster
2005); daylength response (Pp) within the range of
0.05-0.7 (number of leaves x h™' daylength); duration
of grain filling (Gf) within the range of 500-900 (°C
days). Modifications of duration and time of each
growth stage depending on seasonal changes of quality
and intensity of solar radiation and on seasonal water
accessibility are crucial for crop yield (Akkaya et al.
2006; Richards 2006). Sirius optimizes these factors
according to weather scenarios. Earlier flowering and
longer grain filling duration can positively affect yield.

3. Parameters characterizing canopy: ratio of leaf area to
soil area (A) within the range of 0.003-0.01 (m? leaf/
m? soil) and ‘stay green’ parameter (S) with values of
1-2 (dimensionless). By modeling, leaf area index
(LAJ) is also changed which affects light use efficiency
and transpiration and hence growth rate. Delaying leaf

senescence prolongs assimilation period and conse-
quently increases yield.

4. Parameters characterizing drought tolerance: response

of photosynthesis to water stress (Wsa) within the
range of 0.1-0.21 (dimensionless) and acceleration of
leaf senescence (WSS) with the values of 1.2-1.9
(dimensionless). Both biomass production related to
photosynthesis efficiency and leaf senescence are
proportional to drought tolerance, thus increasing
drought resistance and, consequently, positively affect
parameters determining yield.

5. Parameters characterizing root water uptake: rate of

water uptake (Ru) within the range of 1-7 (%). This
parameter is difficult to measure; however, it was
observed that in drought conditions, slower root water
uptake can ultimately accomplish longer periods of
water availability in soil and, in fact, higher yield in
water deficit conditions (Manschadi et al. 2006).

The objective of wheat ideotypes modeling was to es-
timate those relative values of physiological parameters
that would ensure yield maximization till 2050 at each of
the selected sites in Europe, characterized by different
climate conditions (Table 1). Climate projections were
generated by the HadCM3 global climate model (Meehl
et al. 2007 after Semenov et al. 2014). In case of each site,
the same type of soil (Hafren) with available water capacity
of 177 mm was fixed. Already at the first iterations with the
use of the GA-SA algorithm searching for local maxima in
multi-parameter bases, parameters of duration of grain
filling (Gf), maximum leaf area (A) and °‘stay green’
(S) reached their maximum possible values, i.e., their
relative values were 1. After adopting these maximum
values for future wheat ideotypes, in the next iteration
cycles, the convergence of parameters characterizing plant
phenology was observed: phyllochron (Ph) for a large area
from 37.4N to 49.5N and —5.9W to 21.6E and responses to
photoperiod (Pp) at sites of Tylstrup and Debrecen as well
as Warsaw and Mannheim. Parameters describing plant
response to drought stress such as accelerated leaf senes-
cence (WSS) and response of photosynthesis (WSA)
showed convergence only at those sites where water defi-
cits could have significant impact on grain yield. WSS
indicated convergence for Warsaw, Rothamsted and from
Debrecen to Seville; WSA for Rothamsted, Mannheim and
Debrecen. The values of these parameters were zero, which
means that both accelerated leaf senescence (WSS) and
disturbed photosynthesis caused by water stress are unde-
sired characteristics. In case of Warsaw, Rothamsted and
Mannheim, the model projected the need to maintain root
water uptake parameter at the level of 94 % of the initially
assumed maximum value, which indicates the importance
of this trait of the wheat ideotype modeled by Sirius for
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Table 1 Normalized coefficients (0—1 range) of wheat phenotypes
for local scale climate scenarios for 2050. Gf duration of grain filling,
A maximum area of flag leaf, S ‘stay green’, Ru rate of water uptake,
Wsa response of photosynthesis to water stress, Wss maximum

acceleration of leaf senescence, Pp daylength response/photoperiod,
Ph phyllochron, L light conversion efficiency (Semenov et al. 2014,
modified)

Site GPS Annual  Normalized coefficients
data rainfall - - -

(mm) Duration Maximum ‘Stay  Phyllochron Daylength Maximum Response of Rate of
of grain  area of flag green’ response acceleration of ~ photoperiod to  water
filling leaf leaf senescence  water stress uptake
Gf-1 A-2 S-3 Pp Wss Wsa Ru

Tylstrup, 9.9°/ 668 1 1 1 0.51 0.39 0 0.28 0.59
Denmark 57.2°

Edinburgh, —3.3°/ 650 1 1 1 0.28 0.07 0.48 0.15 0.06
UK 55.9°

Warsaw, 21.1°/ 458 1 1 1 0.49 0.47 0 0.37 0.94
Poland 52.1°

Wageningen, 5.7°/ 765 1 1 1 0.71 0 0.93 0.18 0.69
Holland 52.0°

Rothamsted, —0.4°/ 693 1 1 1 0.61 0.24 0 0 0.94
UK 51.8°

Mannheim, 8.6°/ 641 1 1 1 0.56 0.47 0.29 0 0.94
Germany 49.5°

Debrecen, 21.6°/ 563 1 1 1 0.56 0.39 0 0 0.12
Hungary 47.6°

Clermont- 3.1°/ 600 1 1 1 0.56 0.31 0 0.47 0.47
Ferrand, 45.8°
France

Montagnano, 11.8°/ 752 1 1 1 0.56 0.11 0 0.66 0.25
Italy 43.3°

Seville, Spain  —5.9°/ 542 1 1 1 0.56 0.05 0 0.54 0.63

37.4°

conditions in Poland. At the same time, Semenov et al.
(2014) noticed that the trait that requires selection based on
specific root parameters is difficult to examine. Model re-
sults show that environment-specific variety improvement
based on weather probability scenarios can be a plant
breeding-supporting method in the future (Vadez et al.
2013b).

Conclusions

Presently, agriculture is at its turning point (Aniot 2010).
Prior to marker-assisted selection and genetic modifica-
tions, plant ideotypes have to be precisely defined (Araus
and Cairns 2014). Although modeling of crop ideotypes for
future decades in the prospect of climate change is a form
of setting priorities, only the consensus between theoretical
results and conventional breeding, extremely successful in
improving plant performance under water deficit, will al-
low to create directions for plant breeding (Tardieu 2012).

There is a need for critical reference of practical
breeding to theoretical models as well. Results of literature
searches indicate that the Rothamsted Research collects
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data on the variability of traits in accordance with the
priorities generated by the Sirius model (Driever et al.
2014; Khattak et al. 2014). In Poland, the cereal ideotypes
are defined on the basis of traits: morphological (plant
height, ear length, size of the flag leaf) and phenological
(date of commencement of vegetation after winter dor-
mancy, terms of earing and ripening). Disease resistance is
also an important trait. On the basis of breeding evaluation,
a modern cereal ideotype should be characterized by: a
later heading for the reason of longer period to form more
ear buds; a fast grain filling, which is especially important
during drought period; a fast transport of assimilates to the
grain; short and rigid stems, which prevents lodging in
dense sowing; high mass of 1000 grains and high density in
standard mass per storage volume; sprouting resistance and
tolerance to plant diseases. An interdisciplinary, critical
discussion about the results of modeling is needed from the
perspective of practical breeding.

These priorities do not directly take into account the
aspects related to the efficiency of water use by crops
(Gago et al. 2014; Tallec et al. 2013). Judging by the
rapidly growing number of publications, the problem is
increasingly discussed by scientists working in the field of
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plant breeding (Harb et al. 2010). In the reality of agri-
culture and science funding in Poland, it can be anticipated
that development and implementation of screening tools
for abiotic stresses tolerance and/or avoidance as well as
efficient use of water by crop plants will be based on hy-
perspectral analysis (Costa et al. 2013; Gnyp et al. 2014;
Liu et al. 2010). The essential issues of crop improvement
can be specified and resolved as a result of close coop-
eration between scientists and breeders (Starck 2009).
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