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Drought is a devastating environmental constraint affecting the agronomic production of
barley. To facilitate the breeding process, abundant germplasm resources and reliable
evaluation systems to identify the true drought-tolerant barley genotypes are needed. In
this study, 237 cultivated and 190 wild barley genotypes, originating from 28 countries, were
screened for drought tolerance under the conditions of both water deficit and polyethylene
glycol (PEG)-simulated drought at seedling stage. Drought stress significantly reduced the
plant growth of all barley genotypes, but no significant difference in drought-induced reduction
in the performance of barley seedlings was observed under these two drought conditions.
Both cultivated and wild barley subspecies displayed considerable genotypic variability in
drought tolerance, which underpinned the identification of 18 genotypes contrasting in
drought tolerance. A comparative analysis of drought effects on biomass, water relation,
photosynthesis, and osmotic adjustment was undertaken using these contrasting barley
genotypes, in order to verify the reliability of the screening and to obtain the credible traits as
screening criteria of drought tolerance in barley. As expected, the selected drought-tolerant
genotypes showed much less reduction in shoot biomass than drought-sensitive ones under
water deficit, which was significantly positively correlated with the results of large-scale
screening, confirming the reliability of the screening for drought tolerance under two drought
conditions in this study. Likewise, the traits of water relation, photosynthetic activity, and
osmotic adjustment differed greatly between the contrasting genotypes under water deficit
stress, and they were highly correlated to the growth of barley seedlings, suggesting the
potential of them to be the selection criteria for drought tolerance. The analysis of the variable
importance of these traits in drought tolerance indicated that sap osmolality and relative water
content in the youngest fully-expanded leaf are the suitable selection criteria of screening for
drought tolerance in barley at seedling stage.
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INTRODUCTION

Drought is the most devastating environmental constraint
causing much more yield loss than any other abiotic stress
(Farooq et al., 2009; Kadam et al., 2014). It occurs virtually in
all climate regions, and the drought-prone areas accounted for
16.2–41.2% of arable land worldwide (Wang et al., 2014; Kebede
et al., 2019). Additionally, it has been predicted that the drought
frequency and severity will increase in presently dry regions due
to climate change (Intergovernmental Panel on Climate Change,
2014). Drought affects almost all stages of growth and
development during plant life cycle, inducing dramatic decline
in photosynthesis, floral abnormalities, spikelet/kernel sterility,
grain yield and quality losses (Kadam et al., 2014). Meanwhile,
world population is expected to increase from 7.7 billion
currently to 9.7 billion in 2050 (United Nations: Department
of Economic and Social Affairs - Population Division, 2019),
which will seriously challenge the global food security. To
overcome the increasing requirement of agricultural
production in the future climate scenarios, the most effective
and economic approach is to breed cultivars with high drought
tolerance. However, due to limited availability of resistance
sources, very little progress in breeding drought tolerant crop
has been made.

Barley (Hordeum vulgare) ranks the fourth largest cereals in
terms of production worldwide with multipurpose use as animal
feed, human food, and brewing material. It has been documented
that drought stress could severely reduce grain yield by 49–87%
in barley (Samarah, 2005; Samarah et al., 2009). Breeding
drought-tolerant barley cultivars seems the most effective and
economic approach to minimize the adverse effects of drought
stress on barley yield production. However, the genetic diversity
in barley has been drastically narrowed during long-term
domestication, especially by the activities of modern breeding
and cultivation (Nevo and Chen, 2010). Genetic variation in
barley cultivars was much smaller than that in the wild
populations, and only 40% of the alleles found in wild barley
were present in cultivars (Ellis et al., 2000). Modern barley
cultivars are becoming more vulnerable to abiotic and biotic
stresses, and their monotonous genetic background is hindering
the breeding and improvement of barley varieties (Zhao et al.,
2010). As the progenitor of cultivated barley, wild barley
(Hordeum spontaneum) shows a much wider adaptability to
ecological range differing in water availability, temperature, soil
type, altitude, and vegetation (Nevo and Chen, 2010). It has been
considered in many researches that wild and cultivated barley
genotypes demonstrate varying ability to acclimate to drought
stress (Gunasekera et al., 1994; Baum et al., 2003; Lakew et al.,
2011; Barati et al., 2015; Barati et al., 2017). Therefore, it is
promising to identify the drought-tolerant germplasms from
wild barley and to integrate elite traits from wild to cultivated
barley for drought tolerance.

Evaluating and identifying drought-tolerant genotypes are
critical to all studies concerning drought tolerance (Cattivelli
et al., 2008). Diverse genetic resources, reliable traits, and
accurate phenotyping methods, as well as appropriate growth
Frontiers in Plant Science | www.frontiersin.org
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stages when drought stress may occur are crucial in identifying
drought tolerant materials. Morphological and physiological
variations under drought stress are the reflection of plant
genetic diversity in drought tolerance, and the genotypes with
high adaptability to drought stress can be candidate genetic
resources to improve drought tolerance in barley varieties
(Nevo and Chen, 2010). So far, a series of agronomic,
morphological, physiological, and metabolic traits have been
extensively used for screening for drought tolerance, including
yield formation (Mwadzingeni et al., 2016), leaf and root
morphologies (Hargreaves et al., 2009; Lonbani and Arzani,
2011), biomass production (Szira et al., 2008; Zhao et al.,
2010), relative water content (Szira et al., 2008; Yadav et al.,
2019), stomatal conductance (Munns et al . , 2010),
photosynthetic parameters (Lawlor and Cornic, 2002),
chlorophyll fluorescence (Oukarroum et al., 2007; Su et al.,
2015), and the accumulation of amino acids (Mwadzingeni
et al., 2016; Yadav et al., 2019). All these traits have been
demonstrated to be significantly correlated with drought
tolerance in different plant species, and some of them have
been used as the selection criteria in drought tolerant barley
breeding programs (Sallam et al., 2019). However, which of these
traits could be the superior selection criterion to select the most
drought tolerant barley genotypes should be carefully considered
(Sallam et al., 2019). For instance, leaf fresh matter, leaf dry
matter, and relative water content are considered as the basic
traits that are widely used in drought experiments in wheat and
barley, whereas Hasanuzzaman et al. (2017) found that the
variation in these parameters showed no significant correlation
with the genotypic difference in drought tolerance in barley. The
authors considered that chlorophyll content and fluorescence
parameters could be the highly suitable indicators in screening
barley germplasm for drought tolerance (Hasanuzzaman et al.,
2017). However, there was also a viewpoint that chlorophyll
fluorescence is not a suitable indicator of genotypic differences in
the growth response to water stress, because this measurement is
generally made on a single leaf and could not reflect the
performance of the whole plant (Munns et al., 2010). In
addition, many of the above researches on barley used very
limited genotypes or genetic population lines for screening for
drought tolerance, which might compromise the universality of
the results and the possibility of extrapolation to the other
genotypes (Varshney et al., 2012; Jabbari et al., 2018; Sallam
et al., 2019). Therefore, a large-scale screening practice including
hundreds or thousands of barley genotypes with diverse
origination regions is very necessary to identify the target
genotypes contrasting in drought tolerance.

The search for the best medium for growing plants to impose
a controlled water deficit has been going on for decades, without
a clear resolution (Munns et al., 2010). In most studies on
screening for drought tolerance, drought stress is commonly
induced by either (1) terminating water irrigation to plants
grown in field trials covered with shelter or pots with soil in
greenhouse (Hargreaves et al., 2009; Munns et al., 2010) or (2)
creating an elevated osmotic potential to the plants grown in gel
or hydroponic medium with different osmoticums like
July 2020 | Volume 11 | Article 1159
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polyethylene glycol (PEG) and mannitol (Luo et al., 2015; Feng
et al., 2016; Meng et al., 2016). When applying the treatment of
water deficit in the field or in the pots with soil, not only soil
drying process is hard to maintain at a uniform and constant
water potential through the whole soil profile, but also the effect
of drought stress on plants may be affected by other factors like
erratic weather patterns, soil-borne diseases, soil mineral
nutrition, spatial variation, etc. (Munns et al., 2010; Sallam
et al., 2016; Sallam et al., 2018). Another problem with soil in
pots is that they easily become saturated at the bottom
(Passioura, 2006), so that often plants in soil with a moderate
water deficit perform better growth than those under the control
condition (Munns et al., 2010). All these limitations could lead to
a reduction in the repeatability in drought severity and
consequently the efficiency of phenotypic selection in the work
with real soil. On the other hand, it has been recommended that
testing drought tolerance using PEG-stimulated osmotic stress
under controlled conditions is useful when working in the field
where many factors are not controlled (Sallam et al., 2018). But,
PEG solution is very viscous and limits O2 movement to roots so
that the roots become O2 deficient, which may interfere with ion
transport in plant roots (Munns et al., 2010; Dubois and Inzé,
2020). Furthermore, the practicability of using PEG-induced
osmotic stress to represent drought stress has been increasingly
queried by several researches (Verslues et al., 2006; Skirycz et al.,
2010; Claeys et al., 2014; Dubois and Inzé, 2020), because PEG
solutions may induce the short-term hyperosmotic shock to
plants but not the gradually-emerged long-term low water
potential stress as soil drying does. All the above facts suggest
that there is no perfect medium to impose the controlled water
deficit to plants, all have limitations including pots containing
real soil, that is, soil imported from the field. To ensure the
accuracy of the screening for drought tolerance, therefore, it is
necessary to evaluate the same genotypes using multi methods of
drought stress to select the elite genotypes for target traits.

Accordingly, 237 cultivated and 190 wild barley genotypes
originating from 28 countries were screened for drought
tolerance in this study at seedling stage under the conditions of
both PEG-stimulated and water deficit. Based on their
performance in terms of relative fresh weight, relative dry
weight, and relative water content of shoots, 18 genotypes were
identified showing the constant difference in drought tolerance
under two drought conditions. Subsequently, the drought
tolerance of these genotypes was further verified under water
deficit with various physiological traits including fresh weight,
dry weight, relative water content, chlorophyll content and
fluorescence, stomatal conductance and leaf sap osmolality.
The ultimate aims of the present study were 1) to identify the
best suitable drought-tolerant or -sensitive cultivated and wild
barley germplasms with the constant difference in drought
tolerance under different drought conditions; 2) to develop a
feasible and reproducible way of imposing the drought stress on
plants; and 3) to assess the suitability of various physiological
indices as the feasible criteria of barley drought tolerance
for high-throughput screening of barley germplasm at
seedling stage.
Frontiers in Plant Science | www.frontiersin.org 3
MATERIALS AND METHODS

Plant Materials and Growth Conditions
In total, 237 cultivated (Hordeum vulgare) and 190 wild
(Hordeum spontaneum) barley originating from 28 countries
(Supplemental Table S1) were used in this study to screen for
drought tolerance. Seeds were surface-sterilized for 15 min with
10% commercial NaClO (0.52% final concentration of active Cl)
and then rinsed for 30 min with tap water (Cai et al., 2019).
Sterilized seeds were placed on BSM (basic salt media, 0.5 mM
KCl and 0.1 mM CaCl2)-soaked filter paper in petri dishes and
germinated in the dark at 25 ± 1°C for 48 h in a controlled
growth chamber. Uniform well-germinated seeds were
transplanted into 50-hole seedling trays (5 × 5 cm each hole)
filled with vermiculite of equal volume. For each barley genotype,
ten germinated seeds were planted in five holes in five individual
trays with two seeds in each hole. All the trays were numbered
and placed on 17 double-layered racks (L125 × W55 × H220 cm)
in a well-controlled plant growth room (approx. 30 m2) with four
trays on each layer. Barley seedlings were grown with one-fifth
Hoagland solution (pH 6.0) (Wu et al., 2016) with a photoperiod
of 16/8 h, light intensity of 200 ± 25 µmol·m−2·s−1, temperature
of 22/18°C (day/night), and relative humidity of 60%. The
nutrient solution in each tray was maintained at the same level
by adding the solution twice per day with measuring cylinder.
With barley seedlings growing to have two fully-expanded leaves
(12 days post transplantation), the drought treatments
were imposed.

Drought Stress Treatments
Screening for Drought Tolerance
To investigate the genotypic variation in drought tolerance, 12-
day barley seedlings were subjected to drought stress in two ways:
1) terminate the supply of nutrient solution for 10 days, termed
as water deficit (WD); and 2) elevate the osmotic potential in
trays by washing vermiculite with 20% (w/v) PEG8000 (P103734,
Aladdin, Shanghai, China) solution (prepared in the background
of one-fifth Hoagland solution. Tavakol et al., 2018; Cai et al.,
2019) for three times and keep the osmotic potential with 20%
(w/v) PEG8000 solution for another 5 days, termed as PEG-
simulated drought (PEG). The seedlings grown with Hoagland
solution under the same environmental condition were
considered as control. The whole experiment was set up in a
randomized block design with three treatments being three
blocks. In each block, all the trays were swapped randomly
every day to minimize the systematic error induced by spatial
location. At the end of drought treatments, the shoots of barley
seedlings were excised from basal conjunction to determine fresh
weight, dry weight and water content. In the experiment of
screening, fresh shoots were sampled from barley seedlings
grown under either control or drought conditions and
immediately weighed to obtain the shoot fresh weight (FW).
Thereafter, the weighed shoots were dried in the oven at 75°C to
constant weight and then weighed for the shoot dry weight
(DW). The water content (WC) in shoot was calculated using the
following formula: WC = (FW − DW)/FW × 100. Five replicates
July 2020 | Volume 11 | Article 1159
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were determined for each combination of genotype and
drought treatment.

Verification of Drought Tolerance
Based on the results from the work of screening for drought
tolerance, eighteen barley genotypes, which displayed the
consistent performance under both water-deficit and PEG-
simulated drought stresses, were selected for further
verification of their tolerance to drought stress. Barley
seedlings were grown in 0.6 L pots containing vermiculite with
nine plants per pot. Each barley genotype was grown in three
individual pots. The growth condition and water-deficit drought
treatment were the same as described above. The plants well-
irrigated with adequate one-fifth Hoagland solution were
considered as the control. The plants were grown for 10 d
before drought stress started. After onset of water-deficit
drought stress for 14 d, the seedlings were sampled for
investigation of fresh weight, dry weight, water content, leaf
chlorophyll content and fluorescence, leaf stomatal conductance
and leaf sap osmolality. In the experiment of verification, shoot
fresh and dry weights were determined as described for
screening. To determine the relative water content (RWC) in
barley leaves, the entire fresh oldest and youngest fully-expanded
leaves from barley seedlings grown under control and drought
conditions were respectively sampled and weighed immediately
for the fresh weight (FW). The weighed leaves were then soaked
in deionized water for 2 h at room temperature, then leaves were
dried with kimwipes (34155, Kimtech, Kimberly-Clark, USA)
softly and their turgid weights (TW) were recorded immediately.
Relative water content was calculated using the following
formula: RWC = (FW − DW)/(TW − DW) × 100. Five
replicates were determined for each combination of genotype
and drought treatment.

Chlorophyll Content, Chlorophyll
Fluorescence, and Stomatal Conductance
Chlorophyll content of both the oldest and youngest fully-
expanded leaves was measured using a SPAD meter (SPAD-
502 Plus, Konica Minolta, Inc. Tokyo, Japan). To measure leaf
chlorophyll fluorescence, barley seedlings were dark-adapted for
30 min, and the chlorophyll fluorescence was measured for the
oldest and youngest fully-expanded leaves using a portable
fluorimeter (OS-30p+, Opti-Sciences, Inc. Hudson, NH, USA).
The maximum quantum efficiency of photosystem II (Fv/m = (Fm
− Fo)/Fm) was recorded at a saturating actinic light (660 nm) with
an intensity of 1,100 µmol·m−2·s−1. Stomatal conductance (gs)
was recorded from the youngest fully-expanded leaves using a
porometer (Leaf Porometer SC-1, Decagon Devices, Inc.
Pullman, WA, USA). All the above measurements were
conducted in the middle part of the fully-expanded leaves
following the manufacturer’s instructions. Five replicates were
randomly taken for each barley genotype under either control or
drought conditions.

Leaf Sap Osmolality
Both the oldest and youngest fully-expanded leaves and stems
were collected separately and stored in 1.5 ml centrifuge tubes
Frontiers in Plant Science | www.frontiersin.org 4
immediately at −20°C. Tissue sap was extracted through freeze–
thawing method. The extracts were centrifuged at 10,000 g for
3 min, and the supernatant was then collected in clean tubes.
Osmolality was determined using a vapor pressure osmometer
(Vapro 5600, Wescor Inc. Logan, UT, USA).

Statistical Analysis
Statistical analyses were performed using SPSS Statistics 20
(IBM Corp. Armonk, New York, NY, USA). All data in the
figures were given as mean ± SD. General Linear Model ANOVA
analysis was used to confirm the significance of the means.
Significance of differences were compared by Tukey HSD
(honestly significant difference) test. The regression between
two drought treatments was fitted with SigmaPlot 12.5 (Systat
Software, Inc. San Jose, USA). Cluster analysis of 427 genotypes
based on shoot fresh weight, dry weight, and water content was
conducted using TBtools (Chen et al., 2020). Hierarchical cluster
analysis and Partial Least Squares-Discriminant Analysis (PLS-
DA) on barley genotypes from the experiments of both screening
and verification were conducted by MetaboAnalyst online
analysis software 4.0 (Chong et al., 2019). Correlation analysis
between screening and verification and between physiological
parameters in the verification was performed with R script.
RESULTS

Considerable Genotypic Variations in
Drought Tolerance Exist for Both
Cultivated and Wild Barley Under Two
Different Drought Treatments
Compared with control, both water deficit and PEG-simulated
drought significantly reduced shoot fresh weight, dry weight, and
water content in cultivated and wild barley, but a higher
reduction was observed in cultivated than in wild barley
(Table 1). The vermiculite was totally dried out at the end of
experiments under water-limited drought conditions. It was
easily found that both the drought treatments significantly
inhibited the growth of barley seedlings (Table 1). Shoot fresh
weight, dry weight, and water content were all decreased under
drought treatments by 1.5–84.6%, 0.6–69.4%, and 0.1–37.5%,
respectively (P < 0.01, Table 1). Considerable genotypic variation
was observed either between the cultivated genotypes or between
the wild ones under both control and drought conditions (P <
0.01, Table 1). The coefficient of variation among the cultivated
and wild barley genotypes ranged from 0.17 to 0.35 for fresh
weight, 0.16 to 0.57 for dry weight, and 0.02 to 0.07 for water
content, respectively. Likewise, significant difference was
observed between barley subspecies (P < 0.05, Table 1). Wild
barley showed higher shoot fresh weight and dry weight than the
cultivated barley under both WD and PEG conditions,
suggesting a better performance of wild barley than cultivated
barley under drought stress. However, the difference in shoot
water content (ShootWC) between two barley subspecies was not
significant (Table 1). Hierarchical cluster and Partial Least
Squares-Discriminant Analysis (PLS-DA) was then conducted
July 2020 | Volume 11 | Article 1159
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based on the reduction of shoot fresh weight, dry weight, and
water content in all barley genotypes under both WD and PEG
conditions (Figure 1). Results showed that all the barley
genotypes used in this study were classified into four clusters,
including 42 genotypes (one cultivated and 41 wild) in cluster I,
118 genotypes (20 cultivated and 98 wild) in cluster II, 10
genotypes (all cultivated) in cluster III, and 257 genotypes (206
cultivated and 51 wild) in cluster IV (Supplemental Table S2),
with cluster I tending to be more tolerant to drought stress than
the other clusters. Furthermore, most of cultivated and wild
barley genotypes were clearly separated (Figures 1B). The most
important features causing segregation of drought tolerance
between barley genotypes were the reduction in fresh weight
under WD and PEG conditions (Figure 1C).

The effect of drought type (i.e. WD and PEG) on the
performance of barley seedlings under drought stress in shoot
fresh weight, dry weight, and water content was also analyzed.
Surprisingly, no significant difference between WD and PEG was
observed for all the measurements (Table 1). A correlation
analysis based on the reduction of shoot fresh weight, dry
weight and water content in all barley genotypes was
Frontiers in Plant Science | www.frontiersin.org 5
conducted between WD and PEG treatments. As expected, a
very high correlation (r = 0.78, P < 0.0001, Figure 2) was found
between the two drought treatments in this study, further
proving the non-significant difference between WD and PEG.

Verification of the Drought Tolerance of
Barley Genotypes Under Water Deficit
To verify the reliability of the drought tolerance screening results,
eighteen genotypes with consistent performance under WD and
PEG conditions were selected to investigate more measurements
under the treatment of water deficit (Supplemental Table S3).
Dramatic phenotypic difference was observed between drought
sensitive and tolerant genotypes (Figure 3). After onset of 14-day
water-deficit drought stress, the growth of shoot in drought
sensitive genotypes was greatly inhibited and their leaves showed
clear symptoms of wilting and chlorosis. Similar results were also
found in the drought tolerant genotypes, but the symptoms of
the inhibition in plant growth and leaf wilting were much lighter
than the sensitive ones. Furthermore, the process of the growth
development in drought-sensitive genotypes W73 andW130 was
significantly delayed by the treatment of water deficit, whereas no
July 2020 | Volume 11 | Article 1159
TABLE 1 | The performance of 237 cultivated and 190 wild barley genotypes under different drought treatments.

PEG-simulated Water-deficit

Cultivated barley Wild barley Cultivated barley Wild barley

Control Drought Drought:
Control

Control Drought Drought:
Control

Control Drought Drought:
Control

Control Drought Drought:
Control

Fresh weight (g·plant−1)
Min 0.36 0.12 0.22 0.40 0.17 0.24 0.54 0.26 0.15 0.60 0.22 0.18
Max 1.50 0.65 0.85 1.82 0.74 0.98 2.06 0.74 0.80 2.11 0.87 0.88
Mean 0.64 0.30 0.46 0.71 0.41 0.61 1.13 0.50 0.46 1.03 0.61 0.62
CV 0.29 0.35 0.25 0.35 0.21 0.24 0.22 0.17 0.25 0.23 0.17 0.24
Genotypes ** ** ** ** ** ** ** **
Drought
treatments

** ** ** **

Subspecies * *
Drought types N.S.

Dry weight (g·plant−1)
Min 0.04 0.02 0.34 0.04 0.02 0.34 0.05 0.04 0.39 0.09 0.06 0.31
Max 0.24 0.13 0.95 0.28 0.16 0.99 0.32 0.16 0.98 0.33 0.17 1.00
Mean 0.08 0.05 0.72 0.09 0.07 0.78 0.14 0.10 0.74 0.15 0.11 0.79
CV 0.49 0.42 0.16 0.57 0.35 0.18 0.26 0.21 0.19 0.27 0.16 0.19
Genotypes ** ** ** ** ** ** ** **
Drought
treatments

** ** ** **

Subspecies * *
Drought types N.S.

Water content (%)
Min 81 68 0.83 80 64 0.78 81 57 0.66 82 53 0.63
Max 92 90 0.98 92 90 1.00 92 90 0.99 89 86 0.99
Mean 88 81 0.92 88 84 0.95 88 79 0.90 85 81 0.95
CV 0.03 0.04 0.03 0.03 0.05 0.04 0.02 0.07 0.06 0.02 0.05 0.04
Genotypes ** ** ** ** ** ** ** **
Drought
treatments

** ** ** **

Subspecies N.S. N.S.
Drought types N.S.
*, **: Significance at P < 0.05 or P < 0.01 level. N.S., Not significant.
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such phenomenon was observed for the other genotypes. Next,
the difference in drought tolerance between the sensitive and
tolerant genotypes was further comparatively investigated with
more measurements.

Biomass and Relative Water Content
After the water-deficit drought treatment, five physiological
parameters, including fresh weight, dry weight, and shoot
water content and relative water content of the oldest
(OLRWC) and youngest (YLRWC) fully-expanded leaves,
were all reduced (Figures 4 and 5). To exhibit the difference
between genotypes more clearly, the ratio of drought to
control (RatioD:C = drought/control) was calculated for each
Frontiers in Plant Science | www.frontiersin.org 6
genotype. The RatiosD:C of shoot fresh weight in drought
tolerant genotypes ranged from 0.45 to 0.78, significantly
higher than those of drought sensitive genotypes ranging
from 0.15 to 0.36 (Figure 4A). Likewise, the RatiosD:C of
shoot dry weight in tolerant genotypes (0.69–1.00) were nearly
2-fold of those in sensitive ones (0.50–0.68) (Figure 4B). The
difference in leaf relative water content between sensitive and
tolerant genotypes was much larger than that in shoot water
content (Figure 5). On average, the tolerant genotypes
displayed 2.7-fold higher RatiosD:C in both OLRWC and
YLRWC than the sensitive ones (Figures 5A, B). However,
their difference in shoot water content was restricted to 1.4-
fold (Figure 5C).
A

B C

FIGURE 1 | Classification of 237 cultivated and 190 wild barley genotypes according to relative shoot fresh weight, dry weight, and water content of drought to
control. (A) Cluster analysis of 427 barley genotypes; (B) 3D scores plot between the selected principal components of PLS-DA; (C) Important features identified by
PLS-DA. PEGRFW, PEGRDW, PEGRWC: Relative fresh weight, dry weight, and water content of drought to control under PEG-simulated drought; WDRFW,
WDRDW, WDRWC: Relative fresh weight, dry weight, and water content of drought to control under water-limited drought.
July 2020 | Volume 11 | Article 1159
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Chlorophyll Content, Chlorophyll Fluorescence and
Stomatal Conductance
Water-deficit drought stress dramatically decreased chlorophyll
contents in both the oldest (OLSPAD) and youngest (YLSPAD)
Frontiers in Plant Science | www.frontiersin.org 7
fully-expanded leaves, in a genotype-dependent manner (Figures 6A,
B). Because of the total necrosis of the oldest leaves in drought-
sensitive genotypes (Figure 3), their chlorophyll contents were all
below the detectable level (Figure 6A). So, the chlorophyll
fluorescence and stomatal conductance were no more measured in
oldest fully-expanded leaf. On the other hand, OLSAPD values were
all available in drought-tolerant genotypes with the RatiosD:C ranging
from 0.34 to 0.82 (Figure 6A). The symptom of chlorosis was much
relieved in the youngest fully-expanded leaves, except the sensitive
genotypes C173 and W67 (Figure 6B). RatiosD:C of YLSPAD of
drought-tolerant and -sensitive genotypes were 0.61–0.81 and N.D.–
0.67, respectively (Figure 6B). Unexpectedly, the sensitive genotype
W153 showed quite similar RatiosD:C of YLSPAD with the tolerant
genotypes W186 and C118, leading to the difference between the
sensitive group and the tolerant one not significant. These results
indicated that the chlorophyll content might not be a good screening
proxy for drought tolerance in barley as reported in the previous
studies (Hasanuzzaman et al., 2017; Banks, 2018). Initial chlorophyll
fluorescence (YLFo), PSII photochemical efficiency (YLFv/m), and
stomatal conductance (YLgs) in the youngest fully-expanded leaves
were also measured (Figures 6C–E). RatiosD:C of YLFo among
drought tolerant and sensitive genotypes were 0.75–1.00 and 0.38–
0.84, respectively (Figure 6C). Drought-sensitive genotypes showed a
very little difference in YLFv/m with the tolerant ones, showing quite
similar RatiosD:C of YLFv/m with them as 0.84–0.95 and 0.93–0.98,
respectively (Figure 6D). YLgs was measured in only three drought-
sensitive genotypes, with the RatiosD:C ranging from 0.16 to 0.42
(Figure 6E). RatiosD:C of YLgs in drought-tolerant genotypes varied
from 0.12 to 0.62. Surprisingly, drought-sensitive C190 and W73
maintained relatively high RatiosD:C of YLgs as some drought-tolerant
genotypes like W76 and C118, suggesting an inappropriateness of gs
as the selection criterion for drought tolerance.

Leaf and Stem Sap Osmolality
Osmotic adjustment by accumulating more osmoticums like
sugars, amino acids and K+ is one of the most important
strategies for plants to cope with drought stress. As expected,
water-deficit drought stress in this study significantly increased
the osmolality in barley leaves and stems (Figure 7). And, the
extents of such increase in osmolality differed greatly between
sampling tissues and barley genotypes. The osmolality in the
oldest fully-expanded leaf (OLOsmo) was notably higher than
those in the youngest fully-expanded leaf (YLOsmo) and stem
(StemOsmo) due to the larger loss of water in it (Figures 3 and
7). Furthermore, drought-sensitive genotypes exhibited much
more remarkable increase in OLOsmo, YLOsmo, and StemOsmo
in comparison to drought-tolerant genotypes. On average,
RatiosD:C of OLOsmo, YLOsmo, and StemOsmo in drought-
sensitive genotypes were 2.8-, 2.3-, and 2.1-fold larger than those
in drought-tolerant ones.

The Reliability of the Screening for
Drought Tolerance and the Promising
Selection Criterion for It
Correlation analysis based on the traits of fresh weight, dry
weight, and shoot water content revealed a high consistence
A

B

C

FIGURE 2 | Correlation of the adverse impacts between PEG-simulated
drought and water deficit. The correlation between two drought treatments
was analyzed based on the relative fresh weight (A), dry weight (B) and water
content (C) in shoots of all 427 barley genotypes. ** indicates the significant
difference at P < 0.01. Black line indicates the dynamic regression fit curve
between two drought treatments, and blue and red lines indicate the 95%
confidence and 95% prediction of the regression respectively.
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between the experiment of screening and the one of verification
(Figure 8A), and the results of hierarchical cluster analysis and
principle component analysis (PCA) also showed that the
sensitive and tolerant genotypes were clearly separated
(Figures 9A, B). These results demonstrated the reliability of
the practice of screening for drought tolerance in this study.
Next, the correlation of four categories of physiological
parameters in the experiment of verification, including biomass
(FW and DW), water relation (OLRWC, YLRWC, and
ShootWC), photosynthetic activity (OLSPAD, YLSPAD, YLFo,
YLFv/m, and YLgs), and osmotic adjustment (OLOsmo, YLOsmo,
and StemOsmo), were further analyzed to certify the drought
tolerance of the selected barley genotypes (Figure 8B). Results
showed that biomass of barley seedlings remarkably correlated
with the parameters of water relation (r = 0.74–0.95, P < 0.001),
photosynthetic activity (r = 0.62–0.90, P < 0.01), and osmotic
adjustment (r = −0.74–−0.90, P < 0.001), and the correlation of
fresh weight with these parameters were all comparatively higher
than dry weight (Figure 8B). Furthermore, water relation
strongly correlated with the process of osmotic adjustment as
expected (r = −0.78–−0.93, P < 0.001; Figure 8B). However,
much lower correlation was observed between photosynthetic
activity and the other three categories of parameters (Figure 8B).
The hierarchical cluster and PLS-DA analysis of these
parameters indicated that the traits of osmotic adjustment
differed greatly with the other traits involved in biomass
production, water relation, and photosynthetic activity
(Figures 9A, C). A further analysis of the Variable Importance
in Projection (VIP) showed that OLOsmo, YLOsmo, and
StemOsmo were the most important PLS loadings to explain
the genotypic variation in drought tolerance, and their best
alterative was YLRWC (Figure 9D).
FIGURE 3 | Performance of 18 selected barley genotypes under the control and water-limited drought conditions.
Frontiers in Plant Science | www.frontiersin.org 8
A

B

FIGURE 4 | Effects of water-limited drought on shoot biomass production of 18
barley genotypes. (A) Shoot fresh weight; (B) Shoot dry weight. Data are mean ±
SD of five individual measurements. G, genotype; D, drought treatment; G × D,
interaction between genotype and drought treatment; DS, drought sensitivity.
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DISCUSSION

Natural Populations With Wide Diversity
Are the Valuable Source for Evaluating
Drought Tolerance in Barley
Identifying and selecting the true drought-tolerant genotypes is
very challenging. The key point of identifying the true drought-
tolerant genotypes is the reliable phenotyping. In the past decades,
the assessment of drought tolerance has been widely conducted
in the drought tolerant crop breeding programs (Labuschagne
et al., 2008; Jain et al., 2013; Monneveux et al., 2013;
Frontiers in Plant Science | www.frontiersin.org 9
Djemel et al., 2018). To accelerate the identification of useful
parents and genes, most of these researches used the bi-parental
populations from the genetically dissimilar parents as the
phenotyping plant materials. However, the genetic diversity in
barley has been drastically narrowed during long-term
domestication, especially by the activities of modern breeding
and cultivation (Nevo and Chen, 2010). As a result, the chance of
identifying the useful genes conferring drought tolerance has
been sharply restricted, consequently leading to very limited
success has been obtained in the drought tolerant crop breeding
(Cominelli et al., 2013; Fita et al., 2015). Various studies on the
breeding for drought tolerance have suggested the importance of
diverse natural populations in the identification of useful parents
and genes for improving drought tolerance in crops (Varshney
et al., 2012; Jabbari et al., 2018; Sallam et al., 2019). In the present
study, 237 cultivated and 190 wild barley genotypes originating
from 28 countries were screened for drought tolerance. These
barley genotypes existed with great variation in shoot biomass
(fresh and dry weight) and water content under both control and
two drought conditions (water deficit and PEG-simulated)
(Table 1). Moreover, two barley subspecies, cultivated and
wild, significantly differed from each other in drought
tolerance, with better performance observed in wild barley
than cultivated barley under drought stress (Table 1; Figure
1). Similar results have been reported in the previous studies on
Tibet wild barley (Zhao et al., 2010) and Fertile Crescent wild
barley (Tyagi et al., 2011). According to hierarchical cluster
analysis, all the barley genotypes could be classified into four
clusters (Figure 1A). We next selected 18 genotypes to verify the
reliability of the screening with more investigations. As expected,
the selected drought-sensitive and -tolerant genotypes exhibited
the consistent difference in performance under drought
condition as they did in the experiment of screening, and
could be significantly distinguished with each other (Figures
3–7, 9). These genotypes displayed a great potential as the
contrasting parents to generate the bi-parental populations for
identifying the elite QTLs and genes conferring drought
tolerance. All these results suggest that the 427 barley
genotypes used in this study, especially the wild barley, could
be a valuable plant material source for identifying useful parents
and genes in drought tolerance breeding.

Evaluating the Same Materials Under
Different Drought Conditions Is More
Promising to Identify the True Drought
Tolerant Genotypes
In general, drought is a slow-onset and intricate stress to plants,
and the severity of drought depends on various factors, like
amount of watering, duration of water deficit, irrigation method,
soil properties, and environmental temperature (Macnicol et al.,
1993; Savin and Nicolas, 1996; Wallwork et al., 1998). Many
studies have observed the spatial and time variation in drought
tolerance assessment because the drought stress usually is hard to
be repeated between locations and years (Zekri, 1991; Raggi,
1992). Therefore, it is very necessary to test the drought tolerance
in more than one location or/and year in the target
A

B

C

FIGURE 5 | Effects of water-limited drought on the water relation of 18
barley genotypes. (A, B) Relative water content of the oldest and youngest
fully-expanded leaves; (C) Water content of the whole shoot. Data are mean
± SD of five individual measurements. G, genotype; D, drought treatment;
G × D, interaction between genotype and drought treatment; DS, drought
sensitivity.
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environments, or even better under controlled conditions
(Sallam et al., 2018). So far, a lot of efforts have been given to
develop the uniform, stable, and reliable drought condition. Pot
culture with soil seems a good attempt to provide plants the most
similar environments as field conditions. However, soil is
complicated in constituents, and it is very difficult to maintain
a uniform and constant water status and nutrient availability
(Passioura, 2006; Munns et al., 2010), resulting in a reduction in
the repeatability in drought severity and consequently the
efficiency of phenotyping. Another successful attempt is
elevating the osmotic potential in the external environment to
simulate the drought stress with PEG (Kaufmann and Eckard,
1971). PEG has a high molecular weight (6,000 or 8,000 g·mol−1),
and it is is easy to induce the satisfied and constant osmotic stress
Frontiers in Plant Science | www.frontiersin.org 10
in the culture using a timescale of days (Lawlor, 1970; Szira et al.,
2008). It has been previously reported that drought stress
induced by PEG had similar effects on the growth parameters
as did by water withholding (Molnár et al., 2004), and it
generated reproducible effects on plant growth at seedling
stages (Szira et al., 2008). Thus, PEG solutions with different
concentrations have been widely applied in studies on evaluating
and phenotyping of drought tolerance (Szira et al., 2008; Munns
et al., 2010; Luo et al., 2015; Meng et al., 2016). However, there is
a consideration that osmotic stress is too simple and quick-effect
to delegate the complicated and slow-onset drought stress
(Dubois and Inzé, 2020). Therefore, it is preferable and
recommendable to evaluate the same genotypes under different
drought conditions. In the present study, the phenotyping of
A B

D

E

C

FIGURE 6 | Effects of water-limited drought on chlorophyll content, chlorophyll fluorescence, and stomatal conductance of 18 barley genotypes. (A, B) SPAD value
of the oldest and youngest fully-expanded leaf; (C, D) the initial (Fo) and maximum quantum efficiency (Fv/m) of photosystem II; (E) stomatal conductance (gs) of the
youngest fully-expanded leaf. Data are mean ± SD of five individual measurements. G, genotype; D, drought treatment; G × D, interaction between genotype and
drought treatment; DS, drought sensitivity.
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drought tolerance in barley genotypes was conducted under the
conditions of both water-deficit and PEG-simulated drought.
Although the two types of drought treatments spent different
times before the symptoms of stress appeared, there was no
significant difference observed between water-deficit and PEG-
simulated drought in the inhibition effects on barley plants
(Table 1). Furthermore, their adverse impacts on barley
growth were significantly positively correlated when fresh
weight, dry weight, and water content of shoots were all taken
into consideration (Figure 2). All these results revealed the
reliability of the screening for drought tolerance under water-
deficit and PEG-simulated drought conditions in this study,
which was further demonstrated by further investigations of 18
genotypes (Figures 3–9).
Frontiers in Plant Science | www.frontiersin.org 11
Growth medium is another noteworthy factor affecting the
practice of screening. PEG is easy to make osmotic solutions at
different concentrations, but PEG solutions are viscous and the
viscosity increases as concentrations increase, so O2 diffusion to
roots is inevitably limited at varying levels and hypoxia stress
may occur (Mexal et al., 1975; Verslues et al., 1998; Munns et al.,
2010). In addition, without supporting in solutions, roots are
prone to be damaged during aeration and changing solutions
(Miller, 1987), which may increase the penetration of PEG into
plants and consequently affect their performance in response to
drought stress. In this study, we used vermiculite, which is
odorless, lightweight, non-toxic, and sterile and will not rot,
deteriorate or mold, as the growth media to support barley roots.
In this way, growth medium had a uniform composition, and gas
permeability and water retention were well balanced. It not only
reduced the occurrence of the other stimuli than osmotic stress
to affect the accuracy of the experiment, but also was time- and
labor-saving and suitable for large-scale screening practice.

Using the Appropriate Assay and Traits Is
Critical to Obtain the Accurate
Phenotyping for Drought Tolerance
The assessment of drought tolerance is the prerequisite of all
studies concerning drought tolerance (Cattivelli et al., 2008).
Drought tolerance is determined by identifying a trait that can
be used to measure the effects of drought stress on plants
(Sallam et al., 2019). Traditionally, drought tolerance is usually
estimated using yield loss under drought conditions, but field
trials are time-, cost- and labor-consuming and easily affected
by environmental variation (Yadav et al., 2019). So, increasing
studies are on phenotyping drought tolerance using other traits
tightly related to drought tolerance, including morphology
(root and plant), biomass production (leaf and shoot fresh
weight and dry weight), water relation (relative water content
and leaf wilting), photosynthetic activity (SPAD, Fv/m, gs, An,
etc.), osmotic adjustment (Osmo, accumulation of amino acids,
sugars, polyols etc.), nutrient relations (K+, Ca2+, etc.), and
oxidative status (enzymatic activity, ROS accumulation, MDA)
(Lawlor and Cornic, 2002; Oukarroum et al., 2007; Szira et al.,
2008; Hargreaves et al., 2009; Munns et al., 2010; Zhao et al.,
2010; Cai et al., 2019; Yadav et al., 2019). Of them, fresh matter,
dry matter, and relative water content are basic traits that are
widely used in drought experiments in barley (Sallam et al.,
2019). Accordingly, the reduction in shoot fresh weight, dry
weight, and water content was used as the traits for the
screening practice of drought stress in the present study
(Table 1; Figures 1 and 2). Indeed, no matter under what
kind of drought conditions, the contrasting genotypes in
drought tolerance were successfully identified using these
three traits (Figure 3), which was verified by the other traits
(Figures 4–7). However, the investigation of these traits is a
destructive method, which does not allow the “outstanding”
individuals to be tracked in long term and be later used in a
drought tolerance breeding program. So, the other simple,
rapid, and nondestructive methods are required for the large-
scale screening of drought tolerance. In this case, 18
A

B

C

FIGURE 7 | Effects of water-limited drought on tissue sap osmolality of 18
barley genotypes. (A, B) Sap osmolality of the oldest and youngest fully-
expanded leaf; (C) Sap osmolality of stem. Data are mean ± SD of five
individual measurements. G, genotype; D, drought treatment; G × D,
interaction between genotype and drought treatment; DS, drought sensitivity.
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contrasting barley genotypes identified in the experiment of
screening were further investigated in terms of biomass
production (shoot fresh weight and dry weight), water
relation (OLRWC, YLRWC, and ShootWC), photosynthetic
activity (OLSPAD, YLSPAD, YLFo, YLFv/m, and YLgs), and
osmotic adjustment (OLOsmo, YLOsmo, and StemOsmo) to
find out the feasible traits as screening criteria of drought
tolerance in barley at seedling stage. As expected, the selected
drought-tolerant genotypes showed much less reduction in
shoot fresh weight and dry weight than the drought-sensitive
ones under water-deficit drought condition (Figure 4), which
was significantly positively correlated with the results of
Frontiers in Plant Science | www.frontiersin.org 12
screening (Figure 8A). Likewise, the contrasting genotypes
differed greatly in water relation (YLRWC and ShootWC),
photosynthetic activity (OLSPAD, YLFv/m, and YLgs), and
osmotic adjustment (OLOsmo, YLOsmo, and StemOsmo)
under the water-limited drought stress (Figures 5–7).
Furthermore, all these investigated traits were not only
significantly correlated with each other (P < 0.05–0.001) but
also remarkably correlated with biomass (Figure 8B),
indicating that any of them has the potential to be the
selection criterion for drought tolerance screening. Indeed,
fresh matter, dry matter, and relative water content have
been widely used in drought experiments in barley (Sallam
A

B

FIGURE 8 | Correlation between physiological parameters. (A) Correlation of the data between the experiments of screening and verification of drought tolerance;
(B) Correlation of physiological parameters in the experiment of drought tolerance verification. S, screening; V, verification; OL, the oldest fully-expanded leaf; YL, the
youngest fully-expanded leaf; FW, fresh weight; DW, dry weight; RWC, relative water content; gs, stomatal conductance; Osmo, osmolality. *, ** and *** indicate the
significant difference at P < 0.05, P < 0.01 and P < 0.001, respectively.
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et al., 2019). In chickpea, a significant and well-defined
relationship was also observed between relative water
content and drought tolerance (Gunes et al., 2008). In
addition, chlorophyll fluorescence has been recommended as a
tool to identify drought stress in Acer species and barley
(Hasanuzzaman et al., 2017; Banks, 2018). In the present study,
surprisingly, the traits of osmotic adjustment (OLOsmo, YLOsmo,
and StemOsmo) were assessed as the most important features to
explain the genotypic variation in drought tolerance by PLS-DA
analysis (Figure 9D). Unfortunately, the measurement of
osmolality on stem is also destructive, which dramatically
Frontiers in Plant Science | www.frontiersin.org 13
diminished the practical value of its utilization in screening for
tolerance. On the other hand, it should be noted that the necrosis
and wilting of the oldest fully-expanded leaf in some genotypes
may be attributed to physiological senescence, as they were also
visualized even under control condition (Figure 3). Therefore, the
measurements on the oldest fully-expanded leaf could not be
recommended as the credible traits for drought tolerance in barley.
Accordingly, only the measurement of osmolality on the youngest
fully-expanded leaf (YLOsmo) was left. However, single-trait
evaluation for drought tolerance to distinguish between tolerant
and sensitive genotypes is quite risky and is normally not
A B

DC

FIGURE 9 | Classification of 13 physiological parameters in the experiment of drought tolerance verification. (A) Hierarchical cluster analysis; (B, C) 2D scores plot
between the selected principal components and loadings plot for the selected principal components of PLS-DA; (D) Important features identified by PLS-DA. OL, the
oldest fully-expanded leaf; YL, the youngest fully-expanded leaf; FW, fresh weight; DW, dry weight; RWC, relative water content; gs, stomatal conductance; Osmo,
osmolality.
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recommendable. To address this issue, the relative water content
in the youngest fully expanded leaf (YLRWC), the VIP score of
which ranked right behind the traits of osmotic adjustment, is the
best alternative of credible trait for drought tolerance as YLOsmo.
Actually, it has been already reported that relative water content in
the youngest fully-expanded leaf of cowpea, mungbean, and snap
bean estimated during pod formation and in flag leaf of wheat
during anthesis was positively correlated with seed yield (Kumar
and Sharma, 2010). In addition, the measurements of osmolality
and relative water content in leaf can be easily conducted using
several leaf discs and cause little damage to plants. Taken together,
sap osmolality and relative water content in the youngest fully-
expanded leaf are the appropriate selection criteria of screening for
drought tolerance in barley at seedling stage.
CONCLUSIONS AND PROSPECTS

Both the cultivated and wild barley subspecies displayed the
considerable genotypic variation in drought tolerance, showing
a potential value of these barley germplasms for identifying the
useful parents and genes for drought tolerance breeding.
Although no significant difference was found between PEG-
simulated drought and water-deficit drought in their adverse
effects on barley seedlings, it is more promising to identify the
true and stable drought tolerant genotypes under two drought
conditions. Sap osmolality and relative water content in the
youngest fully-expanded leaf could be the highly suitable
selection criteria of screening for drought tolerance in barley
at seedling stage.
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Fita, A., Rodrıǵuez-Burruezo, A., Boscaiu, M., Prohens, J., and Vicente, O. (2015).
Breeding and domesticating crops adapted to drought and salinity: A new
paradigm for increasing food production. Front. Plant Sci. 6, 978. doi: 10.3389/
fpls.2015.00978

Gunasekera, D., Santakumari, M., Glinka, Z., and Berkowitz, G. A. (1994). Wild
and cultivated barley genotypes demonstrate varying ability to acclimate to
plant water deficits. Plant Sci. 99 (2), 125–134. doi: 10.1016/0168-9452(94)
90169-4

Gunes, A., Inal, A., Adak, M. S., Bagci, E. G., Cicek, N., and Eraslan, F. (2008).
Effect of drought stress implemented at pre- or post-anthesis stage on some
physiological parameters as screening criteria in chickpea cultivars. Russ. J.
Plant Physiol. 55, 59–67. doi: 10.1134/s102144370801007x

Hargreaves, C. E., Gregory, P. J., and Bengough, A. G. (2009). Measuring root
traits in barley (Hordeum vulgare ssp. vulgare and ssp. spontaneum) seedlings
using gel chambers, soil sacs and X-ray microtomography. Plant Soil 316, 285–
297. doi: 10.1007/s11104-008-9780-4

Hasanuzzaman, S. L., Brodribb, T. J., Zhou, M., and Shabala, S. (2017). Assessing
the suitability of various screening methods as a proxy for drought tolerance in
barley. Funct. Plant Biol. 44 (2), 253–266. doi: 10.1071/FP16263

Intergovernmental Panel on Climate Change (2014). Climate Change 2013 – The
Physical Science Basis. Cambridge University Press. doi: 10.1017/
CBO9781107415324

Jabbari, M., Fakheri, B. A., Aghnoum, R., Mahdi Nezhad, N., and Ataei, R. (2018).
GWAS analysis in spring barley (Hordeum vulgare L.) for morphological traits
exposed to drought. PloS One 13, e0204952. doi: 10.1371/journal.pone.
0204952

Jain, A., Balaravi, P., and Shenoy, V. (2013). Assessment of yield based selection
under managed field stress condition for breeding for rice yield improvement
under drought. Biol. (Bratisl). 68, 569–576. doi: 10.2478/s11756-013-0194-2

Kadam, N. N., Xiao, G., Melgar, R. J., Bahuguna, R. N., Quinones, C., Tamilselvan, A.,
et al. (2014). “Chapter Three - Agronomic and physiological responses to high
temperature, drought, and elevated CO2 interactions in cereals,” in Advances in
Agronomy. Ed. D. Sparks (Salt Lake City: Academic Press), 111–156. doi: 10.1016/
B978-0-12-800131-8.00003-0

Kaufmann, M. R., and Eckard, A. N. (1971). Evaluation of water stress control
with polyethylene glycols by analysis of guttation. Plant Physiol. 47, 453–456.
doi: 10.1104/pp.47.4.453

Kebede, A., Kang, M. S., and Bekele, E. (2019). “Chapter Five - Advances in
mechanisms of drought tolerance in crops, with emphasis on barley,” in
Advances in Agronomy. Ed. D. L. Sparks (Salt Lake City: Academic Press),
265–314. doi: 10.1016/bs.agron.2019.01.008

Kumar, A., and Sharma, K. D. (2010). Leaf water content - a simple indicator of
drought tolerance in crop plants. Indian J. Agric. Sci. 80, 1095–1097.

Labuschagne, M. T., Verhoeven, R., and Nkouanessi, M. (2008). Drought tolerance
assessment of African cowpea accessions based on stomatal behaviour and cell
membrane stabil ity. J . Agric. Sci . 146, 689–694. doi: 10.1017/
S002185960800806X

Lakew, B., Eglinton, J., Henry, R. J., Baum, M., Grando, S., and Ceccarelli, S.
(2011). The potential contribution of wild barley (Hordeum vulgare ssp.
spontaneum) germplasm to drought tolerance of cultivated barley (H.
vulgare ssp. vulgare). Field Crops Res. 120 (1), 161–168. doi: 10.1016/
j.fcr.2010.09.011

Lawlor, D. W., and Cornic, G. (2002). Photosynthetic carbon assimilation and
associated metabolism in relation to water deficits in higher plants. Plant Cell
Environ. 44, 275–294. doi: 10.1046/j.0016-8025.2001.00814.x

Lawlor, D. W. (1970). Absorption of polyethylene glycols by plants and their
effects on plant growth. New Phytol. 69, 501–513. doi: 10.1111/j.1469-
8137.1970.tb02446.x
Frontiers in Plant Science | www.frontiersin.org 15
Lonbani, M., and Arzani, A. (2011). Morpho-physiological traits associated with
terminal drought stress tolerance in triticale and wheat. Agron. Res. 9, 315–329.

Luo, J., Tang, S., Peng, X., Yan, X., Zeng, X., Li, J., et al. (2015). Elucidation of
cross-talk and specificity of early response mechanisms to salt and PEG-
simulated drought stresses in Brassica napus using comparative proteomic
analysis. PloS One 10, e0138974–e0138974. doi: 10.1371/journal.pone.
0138974

Macnicol, P. K., Jacobsen, J. V., Keys, M. M., and Stuart, I. M. (1993). Effects of
heat and water stress on malt quality and grain parameters of Schooner barley
grown in cabinets. J. Cereal Sci. 18, 61–68. doi: 10.1006/jcrs.1993.1034

Meng, S., Zhang, C., Su, L., Li, Y., and Zhao, Z. (2016). Nitrogen uptake and
metabolism of Populus simonii in response to PEG-induced drought stress.
Environ. Exp. Bot. 123, 78–87. doi: 10.1016/j.envexpbot.2015.11.005

Mexal, J., Fisher, J. T., Osteryoung, J., and Reid, C. P. (1975). Oxygen availability in
polyethylene glycol solutions and its implications in plant-water relations.
Plant Physiol. 55, 20–24. doi: 10.1104/pp.55.1.20

Miller, D. M. (1987). Errors in the measurement of root pressure and exudation
volume flow rate caused by damage during the transfer of unsupported roots
between solutions. Plant Physiol. 85, 164–166. doi: 10.1104/pp.85.1.164
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Monneveux, P., Ramıŕez, D. A., and Pino, M.-T. (2013). Drought tolerance in
potato (S. tuberosum L.): Can we learn from drought tolerance research in
cereals? Plant Sci., 205–206, 76–86. doi: 10.1016/j.plantsci.2013.01.011

Munns, R., James, R. A., Sirault, X. R. R., Furbank, R. T., and Jones, H. G. (2010).
New phenotyping methods for screening wheat and barley for beneficial
responses to water deficit. J. Exp. Bot. 61, 3499–3507. doi: 10.1093/jxb/erq199

Mwadzingeni, L., Shimelis, H., Tesfay, S., and Tsilo, T. J. (2016). Screening of
bread wheat genotypes for drought tolerance using phenotypic and proline
analyses. Front. Plant Sci. 7, 1276. doi: 10.3389/fpls.2016.01276

Nevo, E., and Chen, G. (2010). Drought and salt tolerances in wild relatives for
wheat and barley improvement. Plant Cell Environ. 33, 670–685. doi: 10.1111/
j.1365-3040.2009.02107.x

Oukarroum, A., Madidi, S., Schansker, G., and Strasser, R. J. (2007). Probing the
responses of barley cultivars (Hordeum vulgare L.) by chlorophyll a
fluorescence OLKJIP under drought stress and re-watering. Environ. Exp.
Bot. 60, 438–446. doi: 10.1016/j.envexpbot.2007.01.002

Passioura, J. B. (2006). The perils of pot experiments. Funct. Plant Biol. 33, 1075–
1079. doi: 10.1071/FP06223

Raggi, V. (1992). Changes in water relations and in some physiological functions
of bean under very light osmotic shock induced by polyethylene glycol. Physiol.
Plant 84, 537–548. doi: 10.1111/j.1399-3054.1992.tb04702.x

Sallam, A., Dhanapal, A. P., and Liu, S. (2016). Association mapping of winter
hardiness and yield traits in faba bean (Vicia faba L.). Crop Pasture Sci. 67, 55–
68. doi: 10.1071/CP15200

Sallam, A., Mourad, A. M.II, Hussain, W., and Stephen Baenziger, P. (2018).
Genetic variation in drought tolerance at seedling stage and grain yield in low
rainfall environments in wheat (Triticum aestivum L.). Euphytica 214, 169.
doi: 10.1007/s10681-018-2245-9

Sallam, A., Alqudah, A. M., Dawood, M. F. A., Baenziger, P. S., and Börner, A.
(2019). Drought stress tolerance in wheat and barley: Advances in physiology,
breeding and genetics research. Int. J. Mol. Sci. 20, 3137. doi: 10.3390/
ijms20133137

Samarah, N. H., Alqudah, A. M., Amayreh, J. A., and McAndrews, G. M. (2009).
The effect of late-terminal drought stress on yield components of four barley
cultivars. J. Agron. Crop Sci. 195, 427–441. doi: 10.1111/j.1439-
037X.2009.00387.x

Samarah, H. N. (2005). Effects of drought stress on growth and yield of barley.
Agron. Sustain. Dev. 25, 145–149. doi: 10.1051/agro:2004064

Savin, R., and Nicolas, M. E. (1996). Effects of short periods of drought and high
temperature on grain growth and starch accumulation of two malting barley
cultivars. Funct. Plant Biol. 23, 201–210. doi: 10.1071/PP9960201

Skirycz, A., de Bodt, S., Obata, T., de Clercq, I., Claeys, H., de Rycke, R., et al.
(2010). Developmental stage specificity and the role of mitochondrial
metabolism in the response of Arabidopsis leaves to prolonged mild osmotic
stress. Plant Physiol. 152, 226–244. doi: 10.1104/pp.109.148965
July 2020 | Volume 11 | Article 1159

https://doi.org/10.1093/jexbot/51.342.9
https://doi.org/10.1051/agro:2008021
https://doi.org/10.1016/j.envexpbot.2015.11.006
https://doi.org/10.1016/j.envexpbot.2015.11.006
https://doi.org/10.3389/fpls.2015.00978
https://doi.org/10.3389/fpls.2015.00978
https://doi.org/10.1016/0168-9452(94)90169-4
https://doi.org/10.1016/0168-9452(94)90169-4
https://doi.org/10.1134/s102144370801007x
https://doi.org/10.1007/s11104-008-9780-4
https://doi.org/10.1071/FP16263
https://doi.org/10.1017/CBO9781107415324
https://doi.org/10.1017/CBO9781107415324
https://doi.org/10.1371/journal.pone.0204952
https://doi.org/10.1371/journal.pone.0204952
https://doi.org/10.2478/s11756-013-0194-2
https://doi.org/10.1016/B978-0-12-800131-8.00003-0
https://doi.org/10.1016/B978-0-12-800131-8.00003-0
https://doi.org/10.1104/pp.47.4.453
https://doi.org/10.1016/bs.agron.2019.01.008
https://doi.org/10.1017/S002185960800806X
https://doi.org/10.1017/S002185960800806X
https://doi.org/10.1016/j.fcr.2010.09.011
https://doi.org/10.1016/j.fcr.2010.09.011
https://doi.org/10.1046/j.0016-8025.2001.00814.x
https://doi.org/10.1111/j.1469-8137.1970.tb02446.x
https://doi.org/10.1111/j.1469-8137.1970.tb02446.x
https://doi.org/10.1371/journal.pone.0138974
https://doi.org/10.1371/journal.pone.0138974
https://doi.org/10.1006/jcrs.1993.1034
https://doi.org/10.1016/j.envexpbot.2015.11.005
https://doi.org/10.1104/pp.55.1.20
https://doi.org/10.1104/pp.85.1.164
https://doi.org/10.1071/FP03143
https://doi.org/10.1016/j.plantsci.2013.01.011
https://doi.org/10.1093/jxb/erq199
https://doi.org/10.3389/fpls.2016.01276
https://doi.org/10.1111/j.1365-3040.2009.02107.x
https://doi.org/10.1111/j.1365-3040.2009.02107.x
https://doi.org/10.1016/j.envexpbot.2007.01.002
https://doi.org/10.1071/FP06223
https://doi.org/10.1111/j.1399-3054.1992.tb04702.x
https://doi.org/10.1071/CP15200
https://doi.org/10.1007/s10681-018-2245-9
https://doi.org/10.3390/ijms20133137
https://doi.org/10.3390/ijms20133137
https://doi.org/10.1111/j.1439-037X.2009.00387.x
https://doi.org/10.1111/j.1439-037X.2009.00387.x
https://doi.org/10.1051/agro:2004064
https://doi.org/10.1071/PP9960201
https://doi.org/10.1104/pp.109.148965
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


Cai et al. Drought Tolerance Identification in Barley
Su, L., Dai, Z., Li, S., and Xin, H. (2015). A novel system for evaluating drought-
cold tolerance of grapevines using chlorophyll fluorescence. BMC Plant Biol.
15, 82. doi: 10.1186/s12870-015-0459-8

Szira, F., Bálint, A. F., Börner, A., and Galiba, G. (2008). Evaluation of drought-
related traits and screening methods at different developmental stages in spring
barley. J. Agron. Crop Sci. 194, 334–342. doi: 10.1111/j.1439-037X.2008.00330.x

Tavakol, E., Jákli, B., Cakmak, I., Dittert, K., Karlovsky, P., Pfohl, K., et al. (2018).
Optimized potassium nutrition improves plant-water-relations of barley
under PEG-induced osmotic stress. Plant Soil 430, 23–35. doi: 10.1007/
s11104-018-3704-8

Tyagi, K., Park, M. R., Lee, H. J., Lee, C. A., Rehman, S., Steffenson, B., et al. (2011).
Fertile crescent region as source of drought tolerance at early stage of plant
growth of wild barley (Hordeum vulgare L. ssp. spontaneum). Pakistan J. Bot.
43, 475–486.

United Nations: Department of Economic and Social Affairs - Population Division
(2019). World Population Prospects 2019: Highlights. United Nations Publ., New
York City, 2–3.

Varshney, R. K., Paulo, M. J., Grando, S., van Eeuwijk, F. A., Keizer, L. C. P., Guo,
P., et al. (2012). Genome wide association analyses for drought tolerance
related traits in barley (Hordeum vulgare L.). F. Crop Res. 126, 171–180.
doi: 10.1016/j.fcr.2011.10.008

Verslues, P. E., Ober, E. S., and Sharp, R. E. (1998). Root growth and oxygen
relations at low water potentials. Impact of oxygen availability in
polyethylene glycol solutions. Plant Physiol. 116, 1403–1412. doi: 10.1104/
pp.116.4.1403

Verslues, P. E., Agarwal, M., Katiyar-Agarwal, S., Zhu, J., and Zhu, J. K. (2006).
Methods and concepts in quantifying resistance to drought, salt and freezing,
abiotic stresses that affect plant water status. Plant J. 45, 523–539. doi: 10.1111/
j.1365-313X.2005.02593.x

Wallwork, M. A. B., Jenner, C. F., Logue, S. J., and Sedgley, M. (1998). Effect
of high temperature during grain-filling on the structure of developing
Frontiers in Plant Science | www.frontiersin.org 16
and malted barley grains. Ann. Bot. 82, 587–599. doi: 10.1006/
anbo.1998.0721

Wang, Q., Wu, J., Lei, T., He, B., Wu, Z., Liu, M., et al. (2014). Temporal-spatial
characteristics of severe drought events and their impact on agriculture on a
global scale. Quat. Int. 349, 10–21. doi: 10.1016/j.quaint.2014.06.021

Wu, D., Yamaji, N., Yamane, M., Kashino-Fujii, M., Sato, K., and Ma, J. F. (2016).
The HvNramp5 transporter mediates uptake of cadmium and manganese, but
not iron. Plant Physiol. 172, 1899–1910. doi: 10.1104/pp.16.01189

Yadav, A. K., Carroll, A. J., Estavillo, G. M., Rebetzke, G. J., and Pogson, B. J.
(2019). Wheat drought tolerance in the field is predicted by amino acid
responses to glasshouse-imposed drought. J. Exp. Bot. 70, 4931–4947.
doi: 10.1093/jxb/erz224

Zekri, M. (1991). Effects of peg-induced water stress on two citrus cultivars.
J. Plant Nutr. 14, 59–74. doi: 10.1080/01904169109364183

Zhao, J., Sun, H., Dai, H., Zhang, G., and Wu, F. (2010). Difference in response to
drought stress among Tibet wild barley genotypes. Euphytica 172, 395–403.
doi: 10.1007/s10681-009-0064-8

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

The handling editor declared a past co-authorship with several of the authors FZ, GZ.

Copyright © 2020 Cai, Chen, Han, Wu, Zhang, Li, Nazir, Zhang and Zeng. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
July 2020 | Volume 11 | Article 1159

https://doi.org/10.1186/s12870-015-0459-8
https://doi.org/10.1111/j.1439-037X.2008.00330.x
https://doi.org/10.1007/s11104-018-3704-8
https://doi.org/10.1007/s11104-018-3704-8
https://doi.org/10.1016/j.fcr.2011.10.008
https://doi.org/10.1104/pp.116.4.1403
https://doi.org/10.1104/pp.116.4.1403
https://doi.org/10.1111/j.1365-313X.2005.02593.x
https://doi.org/10.1111/j.1365-313X.2005.02593.x
https://doi.org/10.1006/anbo.1998.0721
https://doi.org/10.1006/anbo.1998.0721
https://doi.org/10.1016/j.quaint.2014.06.021
https://doi.org/10.1104/pp.16.01189
https://doi.org/10.1093/jxb/erz224
https://doi.org/10.1080/01904169109364183
https://doi.org/10.1007/s10681-009-0064-8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Screening of Worldwide Barley Collection for Drought Tolerance: The Assessment of Various Physiological Measures as the Selection Criteria
	Introduction
	Materials and Methods
	Plant Materials and Growth Conditions
	Drought Stress Treatments
	Screening for Drought Tolerance
	Verification of Drought Tolerance

	Chlorophyll Content, Chlorophyll Fluorescence, and Stomatal Conductance
	Leaf Sap Osmolality
	Statistical Analysis

	Results
	Considerable Genotypic Variations in Drought Tolerance Exist for Both Cultivated and Wild Barley Under Two Different Drought Treatments
	Verification of the Drought Tolerance of Barley Genotypes Under Water Deficit
	Biomass and Relative Water Content
	Chlorophyll Content, Chlorophyll Fluorescence and Stomatal Conductance
	Leaf and Stem Sap Osmolality

	The Reliability of the Screening for Drought Tolerance and the Promising Selection Criterion for It

	Discussion
	Natural Populations With Wide Diversity Are the Valuable Source for Evaluating Drought Tolerance in Barley
	Evaluating the Same Materials Under Different Drought Conditions Is More Promising to Identify the True Drought Tolerant Genotypes
	Using the Appropriate Assay and Traits Is Critical to Obtain the Accurate Phenotyping for Drought Tolerance

	Conclusions and Prospects
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /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 0.40
    /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 false
  /GrayImageMinResolution 300
  /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 0.40
    /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 false
  /MonoImageMinResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /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
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


