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Abstract
Climate change realities such as high-temperature levels are among the causes of drought episodes
affecting the productivity and yield stability of crops worldwide. Breeders, therefore, have a daunt-
ing challenge to overcome and a large gap to seal in the agricultural sector arising due to drought
through the improvement of new tolerant germplasm. It is in this endeavour that the present study,
which included nine winter wheat genotypes grown in the greenhouse, was conducted to evaluate
their performance under well-watered and drought stress treatments for the traits: heading time,
plant height, above-ground biomass, seed number/plant, grain yield/plant, harvest index, root
length and root dry mass. A lower grain yield/plant was observed for each studied genotype
under drought stress conditions than for those under well-watered conditions. Additionally, grain
yield/plant depression varied from 69.64 to 81.73% depending on the genotype. Positive significant
correlations between grain yield/plant and heading time, above-ground biomass, and seed number/
plant under the drought stress treatment were obtained. Genotypes that recorded high root dry mass
had both high above-ground biomass and seed number/plant under drought stress conditions.
Positive correlations between grain yield/plant depression and plant height, seed number/plant,
and harvest index depressions were also observed. Grain yield for each genotype under drought
stress conditions was recorded, and the varieties ‘Plainsman V.’, ‘GK Berény’ and germplasm
‘PC61’, ‘PC110’ showed the best drought tolerance. These genotypes and germplasm will be used
in different drought tolerance experiments and breeding programmes.

Keywords: drought tolerance, grain yield, winter wheat

Introduction

Common wheat (Triticum aestivum L.) is one of the most
important strategic cereal crops in the world, grows in di-
verse environments, and is a major component of global
food security (Shahinnia et al., 2016; Nagy et al., 2018).
The 21st century continues to witness climate change real-
ities, such as elevated temperature levels, leading to the oc-
currence of drought episodes, which are one of the

environmental factors reducing the productivity of cereal
crops worldwide (Tuberosa, 2012; Ramya et al., 2016).

Drought tolerance, if taken as a concept, generally refers
to the ability of plants to preserve yield under water-limited
conditions (Hoffmann and Burucs, 2005), whereas from an
agronomic viewpoint, it can be interpreted as a plant’s abil-
ity to minimize yield loss as a result of scarce available
water (Clarke and McCaig, 1982). Characterization is still
the main criterion for examining and selecting drought-
tolerant breeding materials, which is based on drought-
adaptive and constitutive morpho-physiological traits
with grain yield and its components among these traits*Corresponding author. E-mail: janos.pauk@gabonakutato.hu
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(Passioura, 2012; Nagy et al., 2018). Knowledge about the
phenotype response of plants is urgently demanded in
breeding programmes to achieve high and stable yields
and thus be better prepared, considering climate change’s
threat to food security (Brown et al., 2014).

The shoot dryweight and yield parametersmeasured after
harvesting are relevant traits in characterising wheat geno-
types for drought tolerance (Majer et al., 2008). Moreover,
the importance of root traits in drought tolerance has been
well determined (Wasaya et al., 2018). Numerous studies
have shown the role of the deep and vigorous root systems
for higher yields in wheat (Manschadi et al., 2010; Wasson
et al., 2012), barley (Forster et al., 2005) and other cereal
crops, while some rice-executed experiments proved a not-
able lack of correlation between root features and drought
tolerance (Pantuwan et al., 2002; Subashri et al., 2009).

Flowering time is another critical factor in an ideal adap-
tation that affects the yield in environments with limited
water availability and distribution during the growing sea-
son (Tuberosa, 2012). Several trials that applied different le-
vels of water availability on various crops demonstrated the
association between the plasticity of yield and flowering
time (Sadras et al., 2009).

Evaluation of the yield performance of genotypes in dif-
ferent environments with varying water availability (well-
watered, more moderate water scarcity and severe
drought) allows effective prediction of the drought resist-
ance of genotypes (Mohammadi, 2016). Hence, phenotyp-
ing using controlled water regimes provides yield-based
germplasm screening, enabling the selection of genotypes
with high yields under both well-watered and drought
stress conditions (Mwadzingeni et al., 2016b). The targeted
traits for improving yield under water-limited conditions
must be genetically correlated with yield and have a higher
inheritability than the yield itself (Blum, 2018).

In this study, nine selected entries consisting of both
drought-tolerant and sensitive wheat varieties and germ-
plasm – previously tested in different phenotyping experi-
ments (Nagy et al., 2017; Nagy, 2019) – were tested. Their
performance was studied under well-watered and drought
stress treatments for the traits: heading time, plant height,
above-ground biomass, seed number/plant, grain yield/
plant, harvest index, root length and root dry mass.

Materials and methods

Plant material and cultivation method

This study involved nine wheat genotypes: six pre-selected
DH lines originating from a mapping population for drought
tolerance at Cereal Research Non-profit Ltd., Szeged,
Hungary, and grouped into two classifications based on
the study by Nagy (2019) – drought-tolerant (PC61, PC110

and PC332) and drought-sensitive (PC84, PC92 and PC94)
– and three other varieties from different sources. The latter
included varieties: ‘Plainsman V.’ (drought-tolerant), ‘GK
Berény’ (drought-tolerant) and ‘GK Élet’ (drought-sensitive)
andwere used as control genotypes under well-watered and
drought stress conditions. ‘Plainsman V.’ is a drought-
tolerant variety developed in Kansas, USA, in 1974. It is
hard red winter wheat, which gives moderate grain yield
with high protein content, and its maturity is early. ‘GK
Berény’ is a Hungarian registered variety that is drought-
tolerant and early maturing. ‘GK Élet’ is also a Hungarian
early maturing variety. As for the DH lines, they were de-
rived from the cross between the drought-tolerant
‘Plainsman V.’ and the drought-sensitive ‘Capelle Desprez’
(French) varieties (Gallé et al., 2009). They were developed
through another culture from the F1 generation following the
protocol of Pauk et al. (2003). The first phenotyping experi-
ment was carried out in the 2017–2018 season (Nagy, 2019)
in the greenhouse of the CR Ltd. in Szeged. The seeds were
sown on a 1:1 soil and sand mixture in a growing chamber.

One-week-old seedlings were transferred into a cold
chamber for vernalization for 6 weeks at 4°C under per-
manent dim light. After the vernalization period, each seed-
ling was transplanted into a plastic pot filled with a soil
mixture of 520 g peat soil, 1276 g dry sandy soil and 3 g
controlled-release fertilizer (Osmocote® Exact®, Scotts®

Company, Marysville, Ohio) comprised of NPK (16, 9,
12%, respectively) + MgO 2.5% +micro-elements.

Water management

Thewater capacity of the soil mixture used was determined
by calculating the difference between the weight of air-dry
soil and water-saturated soil (Cseri et al., 2013) before
planting. One hundred millilitres of water was then applied
to each seedling to ensure adaptation. All genotypes per
treatment were supplied with the same amount of water
each time (twice a week) with the average irrigation need
of the plants, which were different each watering day. The
average irrigation need was estimated for each of the plants
by calculating the difference between the mean of five
well-watered pots weight and the control weight (the dif-
ference between the weight of air-dry soil and water-
saturated soil). The well-watered plants were irrigated to
60% soil water capacity, while irrigation of the plants was
done to one-third of the soil water capacity in the drought
stress treatment. The amount of water added to each plant
during the growing season was 1654 ml in the drought
stress treatment, and 4962 ml in thewell-watered treatment.

Investigated traits

Several morphological traits were recorded, such as days to
heading, which was calculated for each plant when the
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upper half of the main spike emerged from the flag leaf
sheath. Plant height was recorded after flowering and mea-
sured from the ground to the top of the spike (the awn
length was not included).

When grains matured, the plants were harvested as a
whole, and each plant was placed into a thermostat cabinet
in a paper box for drying at 42°C until the weight stabilized.
Above-ground biomass weight, seed number/plant, grain
yield/plant, harvest index, root length and root weight
were then recorded.

Twoweeks after the harvest, roots were carefully removed
from the soil and washed, before being dried away from dir-
ect sunlight, after which the root dry mass was measured.

Experimental design and statistical analysis

The experiment was set up in a randomized complete
block design with two treatments (well-watered and
drought stress) and five replications. The period of the
treatments lasted from 31 January 2019 to 10 July 2019,
where the standard greenhouse wheat-growing pro-
gramme according to Cseri et al. (2013) and Paul et al.
(2016) was applied.

The collected data were entered into an Excel pro-
gramme and analysed using R software, version 3.6.1. (R
Core Team, 2019). Two-way analysis of variance was
used to calculate the standard errors (SE), the least signifi-
cant differences (LSD0.05), mean squares, the interaction
between genotypes and treatments, F value and F probabil-
ities for all phenotypic traits. The test of the correlation ma-
trix was conducted using Pearson product-moment type
and pairwise-P values to determine the significance of cor-
relation coefficient values. The fitted linear regression

model was used to determine the relationship between
the traits. Comparative analysis between two treatments
(well-watered and drought stress) was performed for
each trait to calculate the reduction value and the percent-
age of depression. Stress tolerance index (STI) was calcu-
lated according to Fernandez (1992), STI = (yw + ys)/ȳ

2
w

where yw is the grain yield of a genotype under well-
watered conditions, ys is the grain yield of a genotype
under drought stress conditions, and ȳw is the mean of
yields under well-watered conditions.

Results

The response of studied trait to water deficit

The statistical analysis of variance (two-way ANOVA) for all
studied traits is shown in Table 1. High significant differ-
ences of genotype and treatment effects were obtained in
all traits except root length. For root length, the genotype
effect was significant at P < 0.01, while the treatment effect
was significant at P < 0.05. The results of genotype and
treatment interaction effect revealed significant differences
at P < 0.001 in the traits of heading time and plant height,
and the significance at P < 0.05 was present in the traits of
above-ground biomass, seed number/plant, harvest index,
root length and root dry mass; in contrast, a non-significant
difference of genotype and treatment interactionwas found
in grain yield/plant.

In this study, the influence of water shortage on wheat
genotypes was observed on all investigated traits since
the plants changed their phenotype and dry matter accu-
mulation in response to drought stress. Figure 1 demon-
strates the effect of drought stress on the investigated traits.

Table 1. Analysis of two-way ANOVA for each studied trait (Main square)

Variance components df

Main square (MS)

Heading time (day) Plant height (cm) Above-ground biomass (g) Seed number/plant

Genotype 8 229.900*** 399.680*** 11.160*** 4766.500***
Treatment 1 214.680*** 10,070*** 1351.480*** 325,442***
Genotype × Treatment 8 9.980*** 77.050*** 1.780* 922.500*
Error 72 1.710 12.870 0.680 353.670

Variance components df Main square (MS)

Grain yield/plant (g) Harvest index (%) Root length (cm) Root dry mass (g)

Genotype 8 3.460*** 219.310*** 61.580** 0.058***
Treatment 1 424.710*** 3719.700*** 96.100* 0.375***
Genotype × Treatment 8 0.560 55.488* 46.025* 0.010*
Error 72 0.332 25.299 21 0.004

Significant differences at *P < 0.05, **P < 0.01, ***P < 0.001, respectively.
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Fig. 1. The responses of nine wheat genotypes under well-watered and drought stress conditions for the following agronomical
traits: (a) heading time, (b) plant height, (c) above-ground biomass, (d) seed number/plant, (e) grain yield/plant, (f) harvest index,
(g) root length, (h) root dry mass. Pl, Plainsman V.; GB, GK Berény; GÉ, GK Élet.
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Heading time

The number of days to flowering ranged from 60.2 d in ‘GK
Élet’ to 76 d in ‘Plainsman V.’ under well-watered condi-
tions, and from 58.2 d in ‘GK Élet’ to 76.40 d in
‘Plainsman V.’ under drought stress conditions. Drought
caused a decrease in days to flowering in all genotypes,
as compared to the well-watered conditions, except for
‘Plainsman V.’, which took 0.40 of a day longer to flower
under drought treatment compared to the control treat-
ment. Values of the decrease caused by drought were sig-
nificant in all genotypes except ‘Plainsman V.’ and ‘PC94’.
The decrease was the highest in ‘PC84’ and ‘PC110’ (6.60
and 4.40 d, respectively) (Fig. 1(a)).

Plant height

Water deficit affected the plant height of each studied
genotype significantly, as compared to the well-watered
conditions. Plant height varied from 64.6 cm in
‘Plainsman V.’ under drought stress to 75.60 cm in well-
watered conditions, representing the least variation.
‘PC332’ had the highest variation, between 50.80 cm
under drought stress and 80.2 cm in the well-watered
treatment. The genotypes ‘Plainsman V.’, ‘GK Berény’
and ‘GK Élet’ had the least decrease (11, 16.40 and 16.80
cm, respectively), while ‘PC332’ and ‘PC61’ had the high-
est decrease in this trait (29.40 and 26 cm, respectively)
(Fig. 2(b)).

Fig. 2. Comparison between replicates of roots under well-watered (WW) and drought-stress (DS) treatments for ‘Plainsman V.’,
‘PC61’ and ‘GK Élet’ genotypes: (a) the five root replicates of ‘Plainsman V.’ genotype under WW and DS treatments; (b) the five
root replicates of ‘PC61’ genotype underWWand DS treatments; (c) the five root replicates of ‘GK Élet’ genotype underWWand
DS treatments.
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Above-ground biomass

Each studied genotype exhibited a significant reduction in
above-ground biomass when drought stress was applied
compared to the well-watered conditions. The values of
this trait ranged from 9.73 g in ‘GK Élet’ to 14.46 g in
‘Plainsman V.’ in the well-watered treatment, and from
2.36 g in ‘GK Élet’ to 4.84 g in ‘Plainsman V.’ under
water-stress treatment. The lowest reductions in above-
ground biomass trait were observed at ‘PC84’, ‘PC94’ and
‘PC61’ (6.83, 7.05 and 7.33 g, respectively), while the highest
reductions were in the genotypes: ‘Plainsman V.’, ‘GK
Berény’ and ‘PC332’ (9.62, 8.40 and 7.69 g, respectively)
(Fig. 1(c)). The above-ground biomass depression percent-
age due to drought stress was between 64.99 and 75.75%, as
compared to the well-watered treatment. The genotypes
‘PC84’ and ‘Plainsman V.’ had the lowest depression (64.99
and 66.53%, respectively), while the depression percentage
was the highest in ‘GK Élet’, ‘PC92’ and ‘PC332’ (75.75, 73.73
and 71.67%, respectively) (online Supplementary Fig. S1(a)).

Seed number/plant

Water shortage caused a significant drop in the seed num-
ber/plant of each studied genotype; ‘PC84’ recorded the
lowest variation of this trait, between 43.20 under drought
stress and 128.40 under well-watered conditions, while ‘GK
Berény’ had the highest variation, between 68 under
drought stress treatment and 220.80 under well-watered
treatment. The lowest reduction values of seed number/
plant were in ‘PC84’, ‘PC61’ and ‘GK Élet’ (58.20, 109.60
and 111.40, respectively), while the genotypes ‘GK
Berény’, ‘PC332’ and ‘Plainsman V.’ had the highest reduc-
tion (152.80, 139 and 130.20, respectively) (Fig. 1(d)).

Seed number/plant depression among all genotypes dif-
fered between 64.84 and 79.01% under water-deficit condi-
tions compared to well-watered conditions. The lowest seed
number depression was found in the case of ‘Plainsman V.’,
‘PC84’ and ‘PC61’ (64.84, 66.36 and 67.57%, respectively),
while the genotypes ‘GK Élet’, ‘PC94’ and ‘PC92’ had the
highest depression percentage (79.01, 78.20 and 77.02%, re-
spectively) (online Supplementary Fig. S1(b)).

Grain yield/plant

The grain yield per plant of each studied genotype reduced
significantly under drought stress compared with the well-
watered conditions. The values of grain yield ranged from
3.62 g in ‘PC84’ to 7.18 g in ‘Plainsman V.’ under well-
watered treatment and from 0.93 g in ‘PC94’ to 2.18 g in
‘Plainsman V.’ under water depletion. The lowest reduction
values of grain yield/plant were in ‘PC84’, ‘PC110’ and
‘PC94’ (3.62, 3.90 and 4.16 g, respectively), while the

genotypes ‘GK Berény’, ‘Plainsman V.’ and ‘PC332’ had
the highest reduction values of grain yield/plant (5.08, 5
and 4.54 g, respectively) (Fig. 1(e)).

In this study, the grain yield/plant performance of geno-
types differed under the drought stress treatment compared
to the well-watered treatment, and the depression percent-
age was between 69.64 and 81.73%. The genotypes
‘Plainsman V.’, ‘GK Berény’ and ‘PC110’ achieved the
best performance of grain yield/plant according to the de-
pression index, where their grain yield/plant loss percen-
tages of well-watered grain yield/plant were the lowest
among all values (69.64, 76.51 and 77.08%, respectively),
while the highest loss percentages of grain yield/plant
were observed in ‘PC94’, ‘PC332’ and ‘PC92’ (81.73, 81.65
and 80.04%, respectively) (online Supplementary Fig. S1
(c)). The calculated STI of all genotypes revealed a vari-
ation in all values, which was between 0.289 and 0.179.
The highest values of STI were found in ‘Plainsman V.’,
‘GK Berény’ and ‘PC61’ (0.289, 0.261 and 0.214, respective-
ly); these genotypes had higher STI than the drought-
sensitive ‘GK Élet’ genotype (online Supplementary
Table S1).

Harvest index

All genotypes responded to water deficit with a harvest
index decrease. The harvest index varied from 45% in
‘Plainsman V.’ under drought stress treatment to 49.71%
under well-watered treatment – the smallest reduction –

and varied from 33.23% in ‘PC94’ under drought stress to
51.55% in well-watered conditions, representing the high-
est reduction. The genotypes ‘Plainsman V.’, ‘GK Élet’ and
‘PC92’ obtained the lowest reduction values of harvest
index (4.71, 7.18 and 11.53%, respectively), while the high-
est reduction values were obtained in ‘PC94’, ‘PC332’ and
‘PC84’ (18.32, 18.06 and 16.96%, respectively) (Fig. 1(f)).

The depression percentage of the harvest index caused
by water deficit was from 9.47 to 38.45%. The lowest per-
centage depression of this trait was observed in ‘Plainsman
V.’, ‘GK Élet’ and ‘GK Berény’ (9.47, 13.01 and 23.27%, re-
spectively), while the highest percentages of depression
were in ‘PC84’, ‘PC94’ and ‘PC332’ (38.45, 35.54 and
34.82%, respectively) (online Supplementary Fig. S1(d)).

Root length

The root length values ranged between 18.20 cm in ‘GK
Élet’ and 29.20 cm in ‘PC332’ under well-watered condi-
tions, while the values varied from 24.20 cm in ‘PC84’ to 27
cm in ‘PC61’ under water-deficit conditions. Drought stress
caused a non-significant root length reduction compared
with well-watered root length in some investigated geno-
types, namely ‘PC332’, ‘PC110’, ‘Plainsman V.’ and ‘PC84’
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genotypes (3.60, 2.40, 0.60 and 0.40 cm, respectively), but
the other genotypes (‘GK Berény’, ‘PC94’, ‘PC92’, ‘PC61’
and ‘GK Élet’) responded to water deficit by increasing
the root length compared with the well-watered root
length. The increase was significant in ‘PC61’ and ‘GK
Élet’ (7.40 and 8 cm, respectively) (Fig. 1(g)). Under
drought stress conditions, only four genotypes ‘PC84’,
‘Plainsman V.’, ‘PC110’ and ‘PC332’ had root length depres-
sions per 100 of well-watered root length – 1.63, 2.31, 8.28
and 12.33%, respectively – (online Supplementary
Fig. S1(e)).

Root dry mass

Figure 2 shows the difference between a group of roots
under well-watered conditions and a group of roots
under drought stress conditions for ‘Plainsman V.’, ‘PC61’
and ‘GK Élet’. A significant reduction was observed in the
root dry mass trait of most studied genotypes under
drought stress compared with well-watered conditions,
while the three genotypes ‘PC94’, ‘PC61’ and ‘PC110’
achieved non-significant reduction. Furthermore, these
three genotypes had the lowest decrease values among
all genotypes (0.043, 0.075 and 0.079 g, respectively),
whereas the highest decrease was in ‘Plainsman V.’ and
‘PC92’ (0.241 and 0.195 g, respectively). Under well-
watered conditions, plants attained root dry mass values
between 0.171 g in ‘PC94’ and 0.481 g in ‘Plainsman V.’,
while under drought stress, plants had values of root dry
mass from 0.072 g in ‘GK Élet’ to 0.240 g in ‘Plainsman V.’
(Fig. 1(h)).

The loss percentage of root dry mass due to drought
stress varied from 25.15 to 65.55%. The smallest depres-
sions of root dry mass under drought were in ‘PC94’,
‘PC332’ and ‘PC110’ (25.15, 36.40 and 38.35%, respective-
ly), while the highest depressions were recorded in ‘GK
Élet’, ‘PC92’ and ‘Plainsman V.’ (65.55, 65 and 50.10%, re-
spectively) (online Supplementary Fig. S1(f)).

Correlation between the studied traits under
well-watered and drought stress treatments

Table 2 shows the correlation coefficient values for the in-
vestigated traits. A positive significant correlation was ob-
tained between heading time and above-ground biomass
under well-watered and drought stress conditions, more-
over, heading time correlated significantly with grain
yield/plant and plant height under drought stress treat-
ment. Additionally, above-ground biomass showed a posi-
tive correlationwith each of the following traits: grain yield/
plant, root dry mass and seed number/plant under both
treatments. Grain yield/plant had a positive correlation
with seed number/plant under both treatments, while

root dry mass correlated positively with seed number/
plant under drought stress conditions. Grain yield/plant
had a non-significant correlation with plant height, harvest
index, root length and root dry mass, respectively, under
both conditions.

On the other hand, a significant positive correlation was
found between grain yield/plant depression and each of
these traits: plant height, seed number/plant and harvest
index depressions, while harvest index depression corre-
lated negatively and significantly with root dry mass de-
pression. Furthermore, a positive significant correlation
was observed between the above-ground biomass depres-
sion and the seed number/plant depression, and between
plant height depression and harvest index depression
(Table 3).

Relationships between some studied traits under
well-watered and drought stress conditions

Simple linear regression analysis showed the relationships
between some investigated traits (Fig. 3(a–i)). Under well-
watered conditions, strong significant relationships were
found between the grain yield/plant with both above-
ground biomass and seed number/plant. Moreover, above-
ground biomass had a strong significant relationship with
root dry mass, while the relationship between root dry
mass and grain yield/plant was non-significant. On the
other hand, under drought stress conditions, there were
moderate relationships between grain yield/plant and
both heading time and seed number/plant. There was a
strong and significant relationship between grain yield/
plant and above-ground biomass, while a non-significant
relationship was observed between yield/plant and root
dry mass. Root dry mass and above-ground biomass had
a strong positive significant relationship under drought
stress conditions.

Discussion

The global agricultural sector has been facing major chal-
lenges and difficulties arising from climate change realities,
and the need to produce 70% more food for the planet’s
rapidly increasing population is perpetually more urgent.
These and other factors hamper the productivity of crops,
thus crippling efforts to meet the food demand. Drought is
one of the environmental factors reducing the production
of cereal crops worldwide (Rivero et al., 2007; Parihar
et al., 2015; Ramya et al., 2016). Breeders try to overcome
this obstacle through the development, phenotyping and
selection of new drought-tolerant genotypes (Grzesiak
et al., 2019).

Shoot dry weight and grain yield parameters measured
after harvesting are relevant traits in characterising wheat
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Table 2. Correlation between all studied traits under well-watered (ww) and drought stress (ds) treatments

HT.ww HT.ds PH.ww PH.ds AGB.ww AGB.ds GY/p.ww GY/p.ds RL.ww RL.ds RDM.ww RDM.ds

HT.ww
HT.ds 0.927***
PH.ww ns ns
PH.ds 0.788* 0.872** 0.680*
AGB.ww 0.747** 0.860** ns 0.674*
AGB.ds 0.838** 0.830** ns ns 0.910***
GY/p.ww ns ns ns ns 0.880** 0.667*
GY/p. ds ns 0.795* ns ns 0.953*** 0.836** 0.918***
RL.ww ns ns ns ns ns ns ns ns
RL.ds ns ns ns ns ns ns ns ns ns
RDM.ww ns 0.697* ns ns 0.844** 0.836** ns 0.749* ns ns
RDM.ds 0.703* ns ns ns 0.730* 0.887** ns ns ns ns 0.839**
SN/p.ww ns ns ns ns 0.700* ns 0.832** ns ns ns ns ns
SN/p.ds ns ns ns ns 0.840** 0.838** 0.871* 0.784* ns ns ns 0.695*
HI.ww ns ns ns ns ns ns ns ns ns ns ns ns
HI.ds ns ns ns ns ns ns 0.676* ns ns ns ns ns

ns, correlation is not significant.
Correlation is significant at *P < 0.05, **P < 0.01, ***P < 0.001, respectively. Traits abbreviations: HT, heading time; PH, plant height; AGB, above-ground biomass; SN/p,
seed number/plant; GY/p, grain yield/plant; HI, harvest index; RL, root length; RDM, root dry mass.
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germplasm for drought tolerance (Majer et al., 2008). The
relative grain yield performance of genotypes in well-
watered and drought stress conditions is considered an es-
sential onset point to identify the traits associated with
drought resistance and select the drought-tolerant geno-
types (Sio-Se Mardeh et al., 2006). Subsequently, the
groups of target traits that are associated with grain yield
under drought stress conditions should be selected for
drought tolerance experiments (Mwadzingeni et al.,
2016a).

The opinions of researchers are diverse in connection
with the methods of phenotyping for drought tolerance
in wheat. The use of greenhouses allows for accurate con-
trol of the experimental environments – soil composition,
temperature degree and amount of added water (Gáspár
et al., 2005; Majer et al., 2008; Nagy et al., 2017; 2018). In
field experiments, however, breeders are unable to control
the environmental conditions, as the seasonal water avail-
ability for crops varies over the years within the same envir-
onment. Therefore, the controlled testing of environmental
interactions is of crucial importance in obtaining reliable re-
sults to select the improved genotypes (Al-salimiyia et al.,
2018).

Heading time is the most critical factor in an ideal adap-
tation that affects grain yield in environments that differ in
water availability and distribution during the growing sea-
son (Tuberosa, 2012). Earliness is an important parameter
for a breeding programme for drought stress tolerance
(Lopes et al., 2012; Nagy et al., 2017, 2018). Several trials,
which applied different levels of water availability on vari-
ous crops, demonstrated the relationship between the plas-
ticity of grain yield and heading time (Sadras et al., 2009). In
the current study, all the involved genotypes under drought
stress conditions had earlier heading times than under well-
watered conditions, except ‘Plainsman V.’, which achieved
a non-significant slight increase in heading time under

drought stress condition, as compared to the well-watered
one. Blum (2010) confirmed that a crop’s capacity to re-
duce the number of days to heading and days to maturity
may guarantee a drought escape. However, a plant’s life
cycle should not be too short, in order to avoid grain
yield loss (Mwadzingeni et al., 2016b). The significant cor-
relation between grain yield/plant and heading time under
drought stress conditions corroborates the findings of
Bennet et al. (2012) and Nagy et al. (2018) but is contrary
to Mwadzingeni et al. (2016b) findings since a weak correl-
ation was found between grain yield/plant and heading
time under the same conditions.

Plant height is an easy and suitable agronomic trait for
drought tolerance evaluation (Zhang et al., 2011). Under
drought conditions, phenotypic changes and the partition-
ing of dry matter can occur in plants as a response to water-
deficit stress (Passioura, 2012). In this study, the plant
height of each investigated germplasm was reduced
under drought stress as compared to the well-watered con-
ditions, with the reduction ranging between 11 and 29.40-
cm. Mwadzingeni et al. (2016b) verified that tall and
late-maturing genotypes have the capability and enough
time to accumulate photosynthesis assimilates, which
lead to higher grain yield under well-watered conditions.
In our study, the results disagreed with this finding under
well-watered conditions but agreed with this finding
under drought conditions. Our results showed that the
plant height trait did not correlate with harvest index
under either well-watered or drought stress conditions.
This finding was not harmonious with Slafer et al. (2005),
who reported that reduced plant height was related to
high harvest index.

In water-limited environments, the pattern of biomass al-
location is one of the important adaptive strategies in
wheat. Biomass accumulation and allocation are closely as-
sociated with the size of crop organs and plant architecture
(Wang et al., 2017). Water deficit negatively affects the bio-
mass production and accumulation of most crops (Grover
et al., 2001). Our results confirmed that all genotypes under
drought stress conditions had an average above-ground
biomass loss ranging from 64.99 to 75.75%. Root dry
mass under well-watered and drought stress conditions
had a strong positive correlation with the above-ground
biomass. Under drought stress, genotypes ‘Plainsman V.’
and ‘GK Berény’ had high above-ground biomass, in add-
ition to high root dry mass and grain yield/plant. The ability
of these two genotypes to uptake water and nutrients was
high under drought stress, which is reflected by the above-
ground biomass (Elazab et al., 2016). A positive correlation
was found between grain yield/plant and above-ground
biomass under both treatments. Our results were similar
to the recent findings by Nagy et al. (2018).

One of the strategies in plant breeding to improve the
adaptation to drought conditions is the selection of

Table 3. Correlations between plant height depression (PH.
D), above-ground biomass depression (AGB.D), seed number/
plant depression (SN/p.D), grain yield/plant depression (GY/p.
D), harvest index depression (HI.D), root dry mass depression
(RDM.D)

PH.D AGB.D SN/p.D GY/p.D HI.D

PH.D
AGB.D ns
SN/p.D ns 0.913***
GY/p.D 0.816** ns 0.687*
HI.D 0.705** ns ns 0.685*
RDM.D ns ns ns ns −0.700*

ns, correlation is not significant.
Correlation is significant at *P < 0.05, **P < 0.01, ***P < 0.001,
respectively.
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germplasm that has a relatively high yield under both stress
and non-stress conditions (Mwadzingeni et al., 2016a).
Grain yield improvement is still the focus of breeding pro-
grammes (Mason et al., 2013). However, Gao et al. (2015)
reported that therewere difficulties in selecting stable high-
yielding genotypes under different field conditions, owing
to the substantial influence of the environment on grain
yield. Grain yield/plant decreased in all investigated geno-
types under drought stress conditions compared to the
well-watered conditions. The grain yield depression

percentages varied from 69.64 to 81.73%. This was attribu-
ted to the reduction of the above-ground biomass and seed
number/plant traits. These results match the findings of
Nagy et al. (2018). All investigated genotypes responded
to drought stress with a significant harvest index reduction
compared to the well-watered conditions, except for geno-
types ‘Plainsman V.’ and ‘GK Élet’, in which case the reduc-
tion was non-significant. The study by Varga et al. (2015)
confirmed that there was an essential effect of harvest
index on yield. In our study, no correlation was found

Fig. 3. Simple relationships between some traits in the case of well-watered (WW) and drought-stress (DS) treatments: (a) the
relationship between AGB and GY/p under WW treatment; (b) the relationship between SN/p and GY/p under WW
treatment; (c) the relationship between RDM and GY/p under WW treatment; (d) the relationship between RDM and AGB
under WW treatment; (e) the relationship between HT and GY/p under DS treatment; (f) the relationship between AGB and
GY/p under DS treatment; (g) the relationship between SN/p and GY/p under DS treatment; (h) the relationship between
RDM and GY/p under DS treatment; (i) the relationship between RDM and AGB under DS treatment. Traits abbreviations:
see Table 2.
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between grain yield/plant and harvest index under drought
stress, which agrees with the findings of Nagy et al. (2018)
and is contrary to those of Varga et al. (2015). Our study
confirmed that the genotypes with high grain yield/plant
under both well-watered and drought stress conditions
also had a high STI value, which supports the findings of
Mwadzingeni et al. (2016b). Genotypes ‘Plainsman V.’,
‘GK Berény’, ‘PC61’ and ‘PC110’ recorded the highest
grain yield/plant under both conditions, in addition to the
best STI values. The obtained results confirmed the effi-
ciency of this index in selection.

The role of root traits in drought tolerance has been fairly
well-revealed in previous studies (Wasaya et al., 2018),
highlighting that the effect of water deficit on plants even-
tually causes an increase in root growth (Keim and
Kronstad, 1981). In our study, wheat genotypes responded
differently to drought stress for the root length trait, in that
genotypes ‘GK Berény’, ‘PC61’, ‘GK Élet’, ‘PC92’ and ‘PC94’
recorded increased root length rates ranging between 2.36
and 43.96% under drought stress compared towell-watered
conditions, while a depression ranging between 1.63 and
12.33% was obtained for this trait in ‘Plainsman V.’,
‘PC110’, ‘PC332’ and ‘PC84’ under drought stress. The
roots play an important role in up-taking water and nutri-
ents from deep soil layers during drought stress, and affect
grain yield by their size and architecture, influenced by the
distribution of soil moisture and the level of competition for
water resources within the plant community (King et al.,
2009; Wasaya et al., 2018). Under drought stress, faster-
growing genotypes with deeper elongating roots should
be utilized in breeding programmes to ensure the stability
of grain yield, as they can exploit moisture in deep soil
layers.

A study by Tomar et al. (2016) on PVC pipes revealed
that root length correlated positively with both above-
ground biomass and grain yield under drought stress,
while root dry mass did not achieve a correlation with
grain yield under the same conditions. Several other studies
have also highlighted the role of deep and vigorous root
systems for increased grain yield in wheat (Manschadi
et al., 2010; Wasson et al., 2012), barley (Forster et al.,
2005) and other cereal crops. The findings in this study,
however, were in contrast with those of the above-
mentioned studies because the root length and root dry
mass were not in correlation with the grain yield under
drought stress conditions. Similar results were reported in
experiments carried out on rice, which demonstrated a not-
able lack of correlation between root features and drought
tolerance (Pantuwan et al., 2002; Subashri et al., 2009).
Nagy et al. (2018), in their experiment, did not find a cor-
relation between root dry mass and grain yield either. The
non-correlation between root features and grain yield/
plant in this study may have been due to the use of pots,
thus creating a restriction for deep root penetration.

Therefore, the large root systems could not be an advan-
tage for the plants. This result agreed with the findings of
Elazab et al. (2016), in which there was also restricted
root growth in their experiment that was executed in
lysimeters.

On the other hand, the current study recorded a positive
correlation under drought stress conditions between root
dry mass and both above-ground biomass and seed num-
ber/plant. A negative correlation was obtained between
root dry mass and above-ground biomass under a water-
deficit regime in the study of Elazab et al. (2016). Root
dry mass depression was recorded for all studied geno-
types under water-deficit conditions compared to well-
watered conditions. The values of depression percentage
varied from 25.15 to 65.55%. The study of root traits as a se-
lection criterion for drought tolerance faces the challenge
of phenotyping field-grown plant roots (Richards, 2008;
Leitner et al., 2014), where the structure and composition
of the soil are obstacles in obtaining precise values for
root features in the field study. For this reason, the use of
greenhouse pot experiments under controlled conditions
presents a solution. However, caution is required when ap-
plying this type of study, since a lack of quality and quantity
of root informationmay cause inconsistencies of phenotyp-
ing between studies. Moreover, the study under controlled
conditions, in comparison to field conditions, concentrates
on the effects of one factor (water regime), while disregard-
ing the interactions between the root system and other en-
vironmental factors at the soil level, such as soil type,
fertilizer applications, plant density and tillage process
(Zhang et al., 2009; Shen et al., 2013). The study of single
plants grown in greenhouse pots or tubes does not mirror
the situation of plants grown in the field. Overall, our study
shows that selecting drought-tolerant genotypes based on
root length and root dry mass traits could be inefficient
since a weak correlation between them and grain yield/
plant was recorded. Further studies on wheat in the field,
growth chambers and the greenhouse, using a high num-
ber of genotypes to investigate this kind of correlation,
are recommended.

In conclusion, the irrigation system utilized in this study
can be applied efficiently for the evaluation and selection
of drought-tolerant genotypes in breeding programmes.
Every genotype showed depression under water-deficit
conditions compared to well-watered conditions in all in-
vestigated traits. Each tested genotype had a grain yield
under drought stress treatment. Genotypes ‘Plainsman V.’,
‘GK Berény’ and ‘PC61’ had the highest tolerance for
drought among the investigated genotypes based on
grain yield depression and STI value. A positive significant
correlation was obtained between grain yield/plant and
seed number/plant under both well-watered and drought
stress conditions. This study found that selection among
genotypes for high above-ground biomass leads to
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selection for high grain yield/plant under both conditions.
It highlights the importance of genotypes with high above-
ground biomass and seed number/plant for increasing
grain yield under water-deficit conditions. It was also estab-
lished that genotypes with higher root dry mass have high-
er above-ground biomass under drought stress conditions.
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Szechyńska-Hebda M (2019) Variation among wheat
(Triticum aestivum L.) genotypes in response to the drought
stress: I–selection approaches. Journal of Plant Interactions
14: 30–44.

Hoffmann B and Burucs Z (2005) Adaptation of wheat (Triticum
aestivum L) genotypes and related species to water defi-
ciency. Cereal Research Communications 33: 681–687.

Keim DL and Kronstad WE (1981) Drought response of winter
wheat cultivars grown under field stress conditions 1. Crop
Science 21: 11–15.

King CA, Purcell LC and Brye KR (2009) Differential wilting among
soybean genotypes in response towater deficit. Crop Science
49: 290–298.

Leitner D, Meunier F, Bodner G, Javaux M and Schnepf A (2014)
Impact of contrasted maize root traits at flowering on water
stress tolerance – a simulation study. Field Crops Research
165: 125–137.

Lopes MS, Reynolds MP, Jalal-Kamali MR, Moussa M, Feltaous Y,
Tahir ISA, Barma N, Vargas M, Mannes Y and Baum M (2012)
The yield correlations of selectable physiological traits in a
population of advanced spring wheat lines grown inwarm and
drought environments. Field Crops Research 128: 129–136.

Majer P, Sass L, Lelley T, Cseuz L, Vass I, Dudits D and Pauk J
(2008) Testing drought tolerance of wheat by a complex
stress diagnostic system installed in greenhouse. Acta
Biologica Szegediensis 52: 97–100.

Manschadi AM, Christopher JT, Hammer GL and Devoil P (2010)
Experimental andmodelling studies of drought-adaptive root

O. Z. Kanbar et al.380

https://doi.org/10.1017/S1479262120000398 Published online by Cambridge University Press

https://doi.org/10.1017/S1479262120000398
https://doi.org/10.1017/S1479262120000398
https://doi.org/10.1017/S1479262120000398
https://www.jstor.org/stable/24104280
https://www.jstor.org/stable/24104280
https://www.jstor.org/stable/24104280
https://doi.org/10.1017/S1479262120000398


architectural traits in wheat (Triticum aestivum L.). Plant
Biosystems 144: 458–462.

Mason RE, Hays DB, Mondal S, Ibrahim AMH and Basnet BR
(2013) QTL for yield components and canopy temperature
depression in wheat under late sown field conditions.
Euphytica 194: 243–259.

Mohammadi R (2016) Efficiency of yield-based drought tolerance
indices to identify tolerant genotypes in durum wheat.
Euphytica 211: 71–89.

Mwadzingeni L, Shimelis H, Dube E, Laing MD and Tsilo TJ
(2016a) Breeding wheat for drought tolerance: progress and
technologies. Journal of Integrative Agriculture 15: 935–943.

Mwadzingeni L, Shimelis H, Tesfay S and Tsilo TJ (2016b)
Screening of bread wheat genotypes for drought tolerance
using phenotypic and proline analyses. Frontiers in Plant
Science 7: 1276.

Nagy É (2019) The phenotype and genotype results of a wheat
drought tolerance mapping population. PhD thesis, Szent
István University.

Nagy É, Lantos C and Pauk J (2017) Selection of drought tolerant
and sensitive genotypes from wheat DH population. Acta
Physiologiae Plantarum 39: 261.

Nagy É, Lehoczki-Krsjak S, Lantos C and Pauk J (2018)
Phenotyping for testing drought tolerance on wheat varieties
of different origins. South African Journal of Botany 116:
216–221.

Pantuwan G, Fukai S, Cooper M, Rajatasereekul S and O’toole JC
(2002) Yield response of rice (Oryza sativa L.) genotypes to
drought under rainfed lowland: 3. Plant factors contributing
to drought resistance. Field Crops Research 73: 181–200.

Parihar P, Singh S, Singh R, Singh VP and Prasad SM (2015) Effect
of salinity stress on plants and its tolerance strategies: a re-
view. Environmental Science and Pollution Research 22:
4056–4075.

Passioura JB (2012) Phenotyping for drought tolerance in grain
crops: when is it useful to breeders? Functional Plant Biology
39: 851–859.

Pauk J, Mihály R and Puolimatka M (2003) Protocol of wheat
(Triticum aestivum L.) anther culture. In: Maluszynski M,
Kasha KJ, Forster BP and Szarejko I (eds) Doubled Haploid
Production in Crop Plants, a Manual. Dordrecht: Springer,
pp. 59–64.

Paul K, Pauk J, Deák Z, Sass L and Vass I (2016) Contrasting re-
sponse of biomass and grain yield to severe drought in
Cappelle Desprez and Plainsman V wheat cultivars. PeerJ 4:
e1708.

R Core Team (2019) R: A language and environment for statistical
computing. R Foundation for Statistical Computing. Vienna,
Austria. URL https://www.R-project.org/.

Ramya P, Singh GP, Jain N, Singh PK, Pandey MK, Sharma K,
Kumer A, Harikrishna and Prabhu KV (2016) Effect of re-
current selection on drought tolerance and related morpho-
physiological traits in bread wheat. PLoS ONE 11: e0156869.

Richards RA (2008) Genetic opportunities to improve cereal root
systems for dryland agriculture. Plant Production Science 11:
12–16.

Rivero RM, Kojima M, Gepstein A, Sakakibara H, Mittler R,
Gepstein S and Blumwald E (2007) Delayed leaf senescence
induces extreme drought tolerance in a flowering plant.
Proceedings of the National Academy of Sciences of the USA
104: 19631–19636.

Sadras VO, Reynolds MP, De la Vega AJ, Petrie PR and Robinson R
(2009) Phenotypic plasticity of yield and phenology in
wheat, sunflower and grapevine. Field Crops Research 110:
242–250.

Shahinnia F, Le Roy B, Laborde B, Sznajder B, Kalambettu P,
Mahjourimjad S, Tillbrook J and Fleury D (2016) Genetic
association of stomatal traits and yield in wheat grown in low
rainfall environments. BMC Plant Biology 16: 150.

Shen Y, Li S and Shao M (2013) Effects of spatial coupling of water
and fertilizer applications on root growth characteristics and
water use of winter wheat. Journal of Plant Nutrition
36:515–528.

Sio-Se Mardeh A, Ahmadi A, Poustini K and Mohammadi V (2006)
Evaluation of drought resistance indices under various en-
vironmental conditions. Field Crops Research 98: 222–229.

Slafer GA, Araus JL, Royo C and Del Moral LFG (2005) Promising
eco-physiological traits for genetic improvement of cereal
yields in Mediterranean environments. Annals of Applied
Biology 146: 61–70.

Subashri M, Robin S, VinodKK, Rajeswari S,MohanasundaramKand
Raveendran TS (2009) Trait identification and QTL validation
for reproductive stage drought resistance in rice using selective
genotyping of near flowering RILs. Euphytica 166: 291–305.

Tomar RSS, Tiwari S, Naik BK, Chand S, Deshmukh R, Mallick N,
Singh S, Singh NK and Tomar SMS (2016) Molecular and
morpho-agronomical characterization of root architecture at
seedling and reproductive stages for drought tolerance in
wheat. PLoS ONE 11: e0156528.

Tuberosa R (2012) Phenotyping for drought tolerance of crops in
the genomics era. Frontiers in Physiology 3: 347.

Varga B, Vida G, Varga-László E, Bencze S and Veisz O (2015)
Effect of simulating drought in various phenophases on the
water use efficiency of winter wheat. Journal of Agronomy
and Crop Science 201: 1–9.

Wang JY, Turner NC, Liu YX, Siddique KH and Xiong YC (2017)
Effects of drought stress onmorphological, physiological and
biochemical characteristics of wheat species differing in
ploidy level. Functional Plant Biology 44: 219–234.

Wasaya A, Zhang X, Fang Q and Yan Z (2018) Root phenotyping
for drought tolerance: a review. Agronomy 8: 241.

WassonAP, Richards RA, Chatrath R, Misra SC, Prasad SS, Rebetzke
GJ, Kirkegaard JA, Christopher J andWatt M (2012) Traits and
selection strategies to improve root systems andwater uptake
in water-limited wheat crops. Journal of Experimental
Botany 63: 3485–3498.

Zhang X, Chen S, Sun H, Wang Y and Shao L (2009) Root size,
distribution and soil water depletion as affected by cultivars
and environmental factors. Field Crops Research 114:75–83.

Zhang J, Hao C, Ren Q, Chang X, Liu G and Jing R (2011)
Associationmapping of dynamic developmental plant height
in common wheat. Planta 234: 891–902.

Winter wheat drought tolerance 381

https://doi.org/10.1017/S1479262120000398 Published online by Cambridge University Press

https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1017/S1479262120000398

	Characterization of winter wheat (Triticum aestivum L.) germplasm for drought tolerance
	Abstract
	Introduction
	Materials and methods
	Plant material and cultivation method
	Water management
	Investigated traits
	Experimental design and statistical analysis

	Results
	The response of studied trait to water deficit
	Heading time
	Plant height
	Above-ground biomass
	Seed number/plant
	Grain yield/plant
	Harvest index
	Root length
	Root dry mass
	Correlation between the studied traits under well-watered and drought stress treatments
	Relationships between some studied traits under well-watered and drought stress conditions

	Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


