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Abstract

There is a great need for the selection of plants with higher drought tolerance, so that fast and effective
techniques to identify variations in drought tolerance are mandatory for screening large numbers of genotypes.
This work presents a protocol for easy and reliable assessment of responses of maize genotypes to water stress
conditions imposed during early stages of development. Three experiments using 11 commercial maize hybrids
under four levels of water stress were carried out: i) germination, ii) seedling growth, and iii) early growth bioas-
says. Constant and uniform water stress was imposed using solutions of polyethylene glycol 6000 (PEG 6000).
Plant material was evaluated for several morphological, physiological and biochemical traits and monitored for
photosynthetic efficiency. Principal component analysis (PCA) of these joint experiments revealed that germina-
tion percentage, early root development and stomatal conductance were the most useful traits for discriminating
maize hybrids according to their tolerance to water stress. A subsequent greenhouse assay performed with two
hybrids with contrasting responses under soil drying conditions validated the previous results. According to our re-
sults, the key of drought tolerance was a rapid response of stomatal conductance, which allowed a longer survival
to stress even under severe desiccation. This work provides the researcher with a simple and reliable screening
method that could be implemented as a decision support tool in the selection of the most suitable genotypes for
cultivation in areas where water availability is a problem, as well as for the selection of tolerant genotypes to early
drought in breeding programs.
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Introduction by means of soil drying through natural drought or
exclusion of throughfall or irrigation, appears to be

Abiotic stresses, especially drought, are one of
the most unbiased approach. But field environmen-

the main challenges of agriculture at global scale - ’
as they strongly affect the potential productivity of tal conditions are unpredictable and heterogeneous,
crops, being responsible for large yield losses world- and thus these techniques introduce remarkable er-
wide (Boyer et al, 2013). Drought is an endemic prob- rors and difficulties for interpreting and comparing
lem in large agricultural areas. Furthermore, inter-an- results. Moreover, replicated field trials performed on
nual variations in water availability can compromise a large enough scale and during long enough periods
crop yields even in humid areas, such as the Atlantic would be in most cases prohibitive in terms of cost
coast of Spain, where maize is grown under rain-fed and space requirement. Results from greenhouse
conditions. According to current models, drought is pot experiments can be easier to interpret but, still,
expected to worsen with ongoing climate changes the temporal and spatial variability of soil water loss
becoming a great challenge for future maize produc- results in unpredictable and heterogeneous condi-

tion (Olesen et al, 2011; SUplt et al, 2012; Pachauri tions surrounding the root system (Passioura, 2006;
and Meyer, 2014). Verslues et al, 2006; Whitmore and Whalley, 2009;

Munns et al, 2010). More recently, high-throughput
phenotyping techniques have revolutionized compre-
hensive studies on plant performance and responses
to stresses, but their expansion is being hampered by
their high cost and technical complexity so they are
still far from being easily accessible to growers and
breeders worldwide. Thus, none of these approaches

Large screenings and identification of crop geno-
types with high drought tolerance are one of the main
pillars of studies on drought tolerance. In the search
for an appropriate screening protocol, several strat-
egies have been proposed. Direct measurement of
drought tolerance traits under realistic conditions,
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are feasible at the large scale that routine evaluations
or breeding programs require. There is still a need for
simple, reliable and affordable laboratory screening
tests that allow predicting drought tolerance for large
genotype collections, as well as comparing and inte-
grating results among institutions. Ideally this proto-
col should serve to agronomists, plant physiologists
and breeders, by being «suitable for genetic studies
and rapid screening while still being relevant to stress
conditions in the real world», as said in Verslues et al
(20086).

When implementing an appropriate screening
protocol, very controlled conditions are needed in
order to ensure the maximum reliability and repeat-
ability (Vanhove et al, 2012). Hydroponic solutions in
combination with ionic or non-ionic osmotica have
been frequently used to simulate water stress effects
in plants. Hydroponics allows the maintenance of uni-
form conditions, and osmotica can lower the water
potential of the solution in a controlled and precise
manner. Polyethylene glycol (PEG), a neutral, non-
ionic and non-toxic polymer with high water solubil-
ity, is the most widely used osmoticum to mimic de-
creases in soil water potential. High molecular weight
PEG (6000 or above) cannot penetrate the cell wall
pores, resulting in conditions closely matching the
effect of reduced matric potentials and thus caus-
ing a loss of water from both the protoplast and the
cell wall and the collapse of the entire cell, including
the wall (cytorrhysis). As plants subjected to long-
term soil water deficits also experiment cytorrhysis,
the use of PEG solutions avoid metabolic interfer-
ences associated to the use of ionic or low molecular
weight osmotica that penetrate into the cells causing
plasmolysis (Lawlor, 1970; Oertli, 1985; Verslues et
al, 2006). However, the use of PEG is a controver-
sial issue. The main problem is that PEG solutions
are highly viscous, limiting O, diffusion to the roots
(Munns et al, 2010), but this issue can be overcome
by replacing solutions frequently. The use of PEG
solutions is the most feasible option for simulating
drought conditions in short-term experiments, which
would be useful for evaluating the suitability of new
sources of germplasm, and also for screening of large
populations from the early generations in breeding
programs. In a more practical sense, these experi-
ments could be easily implemented by scientific ad-
visory institutions for the routine-based screening of
commercial hybrids for drought tolerance, and for the
creation of recommended lists that would help grow-
ers in the selection of the most suitable varieties for
cultivation.

The first objective of this work was to establish
a practical and reliable experimental method able to
group maize genotypes in relation to their tolerance
to drought at early stages. For this objective, we used
maize commercial hybrids and solutions of PEG 6000
to simulate different drought levels. Our second ob-
jective was to verify the reliability of this method by

evaluating, in a soil drying experiment under green-
house conditions, two hybrids with contrasting toler-
ance to drought according to the previous method.
The proposed protocol would allow the screening of
large numbers of maize genotypes, leading to more
reproducible results and enabling unification of cri-
teria used for classification of maize germplasm ac-
cording to its drought tolerance at early stages.

Materials and Methods

Screening of drought tolerance in maize at germi-
nation, seedling growth and early growth

Eleven commercial single cross hybrids were
evaluated for their tolerance to early growth. These
hybrids were chosen among a set of maize hybrids
that were widely grown in Northwestern Spain, and
evaluated by SERIDA (Spain) for and their good per-
formance under temperate climate (with typically
mild-humid summers), rainfed conditions. Hybrids
belong to different developers and FAO cycles. Com-
mercial names of the chosen maize hybrids have
been omitted, and each hybrid was assigned a num-
ber randomly between 1 and 11 (Supplementary Ta-
ble 1).

Drought tolerance was evaluated at three stag-
es: seed germination, seedling growth (pre-germi-
nated seeds) and early growth (young plants at V3
stage). Drought stress was imposed using aqueous
solutions of PEG 6000 at concentrations simulating
slight, moderate and severe stress conditions (Table
1). Concentrations were chosen according to our ex-
perience in previous assays, and considering that the
germination process is more sensitive to drought, i.e.,
imbibition in solutions with reduced water potential
delays the seed osmotic water uptake, thus lowering
seed water content below a «critical» (minimum) value
required for radicle emergence and growth (Bradford,
1995). All solutions were adjusted at pH 6.0. Osmotic
potentials were calculated following the equations
of Michel and Kaufmann (1973), and verified using a
cryoscopic osmometer (Gonotec OSMOMAT 030).
Germination assays

Screening for seed germination under water
stress conditions was conducted on 14 cm diam-
eter Petri dishes by placing 30 seeds of each maize
hybrid on a Whatman No. 2 filter paper layer moist-
ened with 10 ml of the corresponding solution. Petri
dishes were sealed with Parafilm and incubated in the
dark at 27°C in a growth chamber. The number of
germinated seeds was counted every 12 h until no
new germination events were observed. A seed was
considered to be germinated when the seed coat was
ruptured and the root emerged > 1 mm. Total ger-
mination index (Gt) was calculated from the cumula-
tive germination data as described in Chiapusio et al
(1997). Additionally, other germination indices were
derived from primary germination data to obtain infor-
mation about the effects on the ontogeny of germina-
tion: speed of germination (S), speed of accumulated
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Table 1 - PEG concentrations, and their corresponding
osmotic potentials (Wo), used to evaluate responses to
induced drought stress for maize commercial hybrids.

Stress level PEG 6000 (g I'") Wo (MPa)t
Germination

Control 0 0
Slight 100 -0.15
Moderate 150 -0.30
Severe 200 -0.49
Seedling establishment / Early growth

Control 0 0
Slight 150 -0.30
Moderate 200 -0.49
Severe 300 -1.03

tOsmotic potentials of PEG 6000 solutions at 25 °C cal-
culated according to Michel and Kauffman (1973).

germination (AS), coefficient of rate of germination
(CRG) and mean germination time (MGT), following
Chiapusio et al (1997) and de Bertoldi et al (2009). For
each hybrid and treatment, five replicates, randomly
distributed in the growth chamber, were used.
Seedling growth assays

For the evaluation of seedling growth, seeds of
each hybrid were pre-germinated on containers with
moistened filter paper at 27°C in the dark. Then 20
pre-germinated seeds of each hybrid (radicle length
1-3 mm and no coleoptiles emerged) were placed on
14 cm diameter Petri dishes with the corresponding
solution (Table 1) and incubated in a growth chamber
as described above. After 72 h, primary root and co-
leoptile lengths, as well as the number of secondary
roots, were recorded for all seedlings on each Petri
dish. Then the primary roots, coleoptiles and second-
ary roots harvested from each Petri dish were col-
lected and, for each of these three samples, the fresh
weight (FW) and dry weight (DW) after drying 72 hours
at 60°C were obtained. The dry weight/fresh weight
(DW/FW) ratios for each sample, total root weight and
shoot/root ratio were also calculated. Five replicates
per hybrid and treatment were used.
Early growth assays

Early growth assays were performed in a green-
house located at the SERIDA experimental station ‘La
Mata’ in Grado, Asturias (43°32’N;7°00'W, 65 masl)
under natural light conditions (14 h of natural light and
10 h without light) and controlled temperatures (10 -
35°C) and relative humidity (80 + 10%). Maize seeds
were sown in 1 liter pots containing a mixture of per-
lite and vermiculite (2:1 v:v), and pots were placed in
large plastic trays for optimization of irrigation. Pots
were irrigated with tap water until coleoptile emer-
gence, and thereafter with half-strength Hoagland
nutrient solution. All pots were irrigated daily by add-
ing nutrient solution to each tray, and replacing the
solution every 2 days. When plants reached the V3
stage (three collared leaves), drought stress treat-
ments were imposed by adding the corresponding
concentration of PEG 6000 to the Hoagland solution
(Table 1). Control plants were maintained in the Hoa-

gland solution. Treatments were maintained for 72 h,
and solutions were replaced daily to maintain con-
stant concentrations.

From the beginning of treatments and every 24
h, net photosynthetic rate (measured as CO, assimi-
lation, pmol CO, m*? s), stomatal conductance to
water vapor (mol H,O m? s™) and transpiration rate
(mol H,0 m* s™) were recorded in the third leaf of five
leaves per hybrid and treatment by using a LI-6400XT
portable photosynthesis system (Li-Cor Inc, Lincoln,
NE, USA). Water use efficiency (WUE) was calculated
as the ratio CO, assimilation/stomatal conductance
(Xu and Hsiao, 2004). Measurements were performed
under constant light conditions (photon flux 1,000
umol m2 s™) and CO, concentrations (400 pmol CO,
m=2 s7) to minimize effects of environmental varia-
tions. Irrigation and daily measurements were made
at the same hour to minimize interactions with circa-
dian cycles and environmental conditions (Berger et
al, 2010).

At the end of the assay (after 72 h under stress
conditions), FW of roots and aerial parts were imme-
diately recorded, as well as the DW after drying each
part during 72 h at 60°C. The third leaf of each plant
was detached and weighed separately, and for each
of them the leaf area (LA) was recorded with a Leaf
Area Meter CI-202 (CID Bio-Science Inc, Camas, WA,
USA), and the specific leaf area (SLA) was calculated
as the ratio LA/DW of the leaf (Garnier et al, 2001).
Leaf relative water content (RWC) was determined
in one leaf per plant following the equation [(fresh
weight — dry weight)/(turgid weight — dry weight)] x
100 (Turner, 1981). The remaining upper leaves were
used to calculate free proline content using a modi-
fied Bates method (Ramos and Pedrol, 2001) and
total protein concentration according to a modified
Bradford method (Pedrol and Ramos, 2001). For each
maize hybrid and treatment, five replicate pots with
one plant per pot were evaluated.

Soil drying experiment

Based on the previous results, we identified two
maize hybrids with contrasting responses to PEG
treatment: the tolerant hybrid named 5 and the sus-
ceptible hybrid named 6. These two hybrids were
evaluated in a greenhouse under natural light con-
ditions (14 h natural light/10 h dark) and controlled
temperatures (10 - 35°C) and relative humidity (80
+ 10%). Each seed was sown in a 1 liter pot filled
with commercial substrate (Gramoflor, GmbH & Co,
Vechta, Germany) at 100% water availability (WA),
previously calculated by the gravimetric method.
Pots were maintained under these conditions by
daily top irrigation until target weight until plants
reached V3 stage. At this moment, two treatments
were established for each hybrid: half of the pots
were maintained at 100% WA (control) throughout
the experiment, and the other half was subjected to
drought stress by withholding irrigation. All pots were
weighed every day to monitor WA; in control pots,
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water lost was replaced by watering every two days
until target weight. From here on, measurements of
gas exchange and chlorophyll a fluorescence were
carried out every 24 h to monitor the photosynthetic
performance of plants. Gas exchange-related param-
eters were measured with a LI-6400XT portable pho-
tosynthesis system, as described before. Parameters
related to chlorophyll a fluorescence (efficiency of the
photosynthetic system PSII [Y(Il)], dissipated energy
as heat [Y(NPQ)], dissipated energy as fluorescence
[Y(NO)], non-photochemistry quenching [gN], photo-
chemistry quenching [gL], and electron transport rate
[ETR]) were measured using a modulated pulse fluo-
rimeter Maxi Imaging PAM (Walz, Effeltrich, Germa-
ny). A detailed review of these parameters and their
biological significance can be found in Maxwell and
Johnson (2000) and Baker (2008). All these measure-
ments were made in the third leaf of the same plants,
in at least three plants per hybrid and treatment, and
at the same hour.

When the drought stressed pots reached 50% WA
three plants per hybrid, along with three control pots,
were harvested. Subsequent harvests were made
when the non-irrigated plants reached 35%, 25%,

and finally < 5% WA, which was considered the point
of maximum stress. Immediately after each harvest,
FW of aerial parts was recorded, as well as the DW
after drying at 60°C 72 h. LA, SLA, and RWC were
determined on the third leaf of each harvested plant
as described before. Material from the remaining up-
per leaves of at least four plants per hybrid and treat-
ment were used to determine free proline and total
protein contents as described before. Using the same
material, cellular osmolarity measurements were per-
formed with a Gonotec OSMOMAT 030 cryoscopic
osmometer (Gonotec, Berlin, Germany).
Statistical analyses

The statistical package IBM SPSS Statistics
v.22 (IBM Corp, NY, USA) was used for all statistical
analyses. For each hybrid, all data was expressed in
percentage with respect to the corresponding control
in order to allow a standardized comparison among
hybrids, beyond differences in plant growth and pro-
ductivity. Two-way analyses of variance were made
with stress and hybrids as main sources and varia-
tion and the corresponding interactions. Repetitions
and their interactions were considered random ef-
fects. Data were tested for normality by Kolmogorov-

Table 2 - Summary statistics with minimum (Min), maximum (Max), mean (Mean) and standard deviation (SD) values of pa-
rameters measured on 11 maize commercial hybrids after germination, seedling growth and early growth bioassays.

Min Max Mean SD

Germination

Percentage of germinated seeds (Gt) 10.00 100.00 76.99 23.44
Speed of germination (S) 0.60 15.00 6.18 3.09
Speed of accumulated germination (AS) 0.94 47.79 17.75 10.70
Coefficient of rate of germination (CRG) 0.83 1.56 1.19 0.15
Mean germination time (MGT) 24.00 128.57 64.15 22.28
Seedling establishment

Root length (mm) 8.14 144.78 53.31 31.70
Root dry weight (mg) 1.52 14.95 5.99 3.05
Root dry weight/fresh weight 0.08 0.27 0.16 0.05
Shoot length (mm) 0.00 78.83 25.63 21.48
Shoot dry weight (mg) 0.00 26.64 8.50 7.07
Shoot dry weight/fresh weight 0.07 0.30 0.15 0.05
Secondary roots (hnumber) 0.00 6.36 2.88 1.45
Secondary roots dry weight (mg) 0.00 18.10 5.42 3.62
Secondary roots dry weight/fresh weight 0.08 0.36 0.17 0.06
Total root dry weight (mg) 1.52 30.66 11.40 5.94
Shoot/root ratio 0.00 3.02 0.72 0.57
Early growth

Total root dry weight (mg) 0.55 2.69 1.48 0.45
Total root dry weight/fresh weight 0.07 0.17 0.11 0.50
Shoot dry weight (mg) 0.43 2.69 1.46 0.03
Shoot dry weight/fresh weight 0.07 0.14 0.09 0.01
Shoot/root ratio 0.36 1.859 1.01 0.30
Relative water content (RWC) (%) 66.73 95.48 86.73 7.08
Leaf area (LA) (cm?) 28.95 180.49 90.56 28.70
Specific leaf area (SLA) (cm? g dw™) 463.99 988.83 627.27 91.60
Protein content (mg g dw") 10.24 90.29 43.00 17.08
Proline content (umol g dw™) 0.36 8.81 217 1.20
Photosynthetic rate (72h) (umol CO, m?s™) -0.31 9.89 3.56 2.04
Stomatal conductance (72h) (mol H,O0 m?s™) -0.03 0.39 0.07 0.08
Transpiration rate (72h) (mmol H,O0 m2s™) 0.10 1.86 0.65 0.35
Water use efficiency (WUE) (72h) -1.34 14.25 5.90 2.76
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Smirnov test and homogeneity of variances by Lev-
ene’s test. When variances were homogeneous, the
effects of treatments on each parameter were deter-
mined with one-way analyses of variance, and least
significant differences (LSD) test was used for post
hoc mean comparisons. In the case of heterosce-
dasticity, variance was analyzed by Kruskall-Wallis H
test and Tamhane’s T2 for post hoc multiple com-
parisons. Gas exchange variables were subjected
to covariance analyses (ANCOVA) with environmen-
tal parameters previous to their analysis. A principal
component analysis (PCA) was performed with data
from the PEG 6000 screening assays, in order to
synthesize all the measured variables into a limited
number of principal components (PCs). Percentage
data were first standardized. PCs with eigenvalues
above 1 were selected and used for a hierarchical
cluster analysis (CA), allowing hybrids to be orga-
nized into distinct groups with similar responses to
early drought. Data from soil drying experiments were
analyzed by independent samples t-test, comparing
each drying treatment with the 100% WA control for
each hybrid.

Results
Screening of drought tolerance at germination,
seedling growth and early growth

The commercial maize hybrids used in this study
showed large variability for their responses to drought
stress, particularly for S, AS, root length, shoot length,
DW of secondary roots, total root DW, photosynthetic
rate, and stomatal conductance. Conversely, variabil-
ity was limited for RWC, CRG, specific leaf area, and
the ratios root DW/FW and shoot DW/FW (Table 2).
Traits with wide or narrow variability were distributed
among the three stages of development evaluated.

Differences among hybrids were highly significant
for all traits (data not shown) and differences among
stress levels were as well highly significant except for
shoot DW. Analyses of variance for the parameters
measured along time (photosynthetic rate, stomatal
conductance, transpiration rate, and water use effi-
ciency) showed significant differences among hybrids
only for water use efficiency, while differences among
stress levels or among times were always highly sig-
nificant (data not shown). Genotype x stress level in-
teractions were highly significant for all traits except
MGT; interactions were generally of rank rather than
of magnitude; therefore, results and discussion will
focus on genotype x stress level when pertinent.

Total germination at slight water deficit was not
significantly reduced except for the hybrid 10 (Sup-
plementary Table 2). Significant reductions of germi-
nation began at moderate stress level, and reached
50% at the higher stress level, except for hybrids 2, 4
and 5, which were able to maintain germination lev-
els around 100% throughout the stress conditions.
Kinetics of germination, measured by the indices S,
AS, CRG and MGT was also different among hybrids,

being affected by all stress levels for all genotypes
except for hybrid 5.

Seedling growth of all hybrids was significantly af-
fected at all stress levels, particularly for coleoptile-re-
lated traits as coleoptile growth was strongly affected
by all stress treatments, being completely inhibited at
300 g I (Supplementary Table 2). Slight stress con-
ditions strongly affected the seedling development,
with reductions in growth and weight of primary roots
of around 50-65%. Exceptions were hybrids 2, which
was less affected, and 3, in which the coleoptile
growth was stimulated. At severe stress conditions,
all hybrids were negatively affected. Conversely,
secondary root development was stimulated for all
hybrids at slight stress conditions, not significantly
affected at moderate stress and strongly inhibited
under severe stress conditions. Roots were strongly
reduced in hybrids 6 and 10 at the slight stress level.
Total root biomass was generally balanced between
the reduction of main root growth and the stimulation
of secondary roots development due to water stress.
Hybrids 1, 2, 5, and 8 had outstanding root develop-
ment while hybrid 6 showed the worst response. On
the other hand, root biomass was stimulated in hybrid
3 at slight and moderate stress levels, whereas hybrid
5 had higher secondary root biomass at all stress lev-
els when compared to control.

In the early growth assay, morphological mea-
surements revealed that stress conditions stimulated
root growth for all hybrids (Supplementary Table 2),
showing increases in root biomass (with the excep-
tion of hybrids 7, 10, and 11) and decreases in shoot/
root ratios (excepting hybrids 5, in which this ratio
remained constant, and 6, in which aerial growth pre-
vailed). No clear trends were found for aerial biomass.
The DW/FW ratios for roots and aerial parts also in-
creased with stress intensity, again with the excep-
tions of hybrids 5 (for which shoot DW/FW remained
constant), 10 and 11. Variations in leaf area did not
show specific trends, although in most cases reduc-
tions were found at the higher stress levels. Punctual
exceptions were found for hybrids 2, 3, and 6, while
hybrid 4 showed consistent increases at all stress lev-
els. A general reduction in the SLA was also observed
at all stress levels compared to the control. The leaf
RWC decreased with PEG 6000 treatments in a dose-
dependent manner in all cases, but the magnitude of
these reductions differed among genotypes. Hybrids
1, 4, and 7 showed reductions around 25% at the
highest PEG concentration, whereas these reduc-
tions were lower (around 10%) for hybrids 5 and 6.

The concentrations of stress-related metabolites
(proline and soluble proteins) had a negative relation-
ship with stress level for most hybrids, particularly for
moderate and severe stress levels. Proline increased
clearly with stress intensity in hybrid 2, whereas hy-
brid 5 had low and stable proline levels. The total con-
centration of soluble proteins generally decreased
as stress intensity increased, although at slight and
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Table 3 - Principal component analysis of germination. seedling establishment and early growth parameters measured on 11
maize commercial hybrids. Eigenvalues and variance of the first 6 principal components (PC) are given.

PC 1 PC 2 PC 3 PC 4 PC 5 PC 6
Eigenvalue 12.74 3.23 2.33 1.88 1.49 1.21
Explained variance (%) 45.49 11.53 8.33 6.70 5.32 4.32
Accumulated explained variance (%) 45.49 57.02 65.35 72.05 77.37 81.69
Germination
Gt 0.71 0.31 0.06 0.09 0.44 -0.15
S 0.94 -0.05 0.06 0.04 0.10 -0.10
AS 0.93 -0.09 0.07 0.07 0.08 -0.09
CRG 0.92 -0.12 0.11 0.03 -0.06 -0.05
MGT -0.81 0.21 -0.19 0.11 0.17 -0.06
Seedling establishment
Root length 0.84 -0.06 -0.18 -0.01 0.00 0.16
Root DW 0.70 0.27 -0.34 0.29 0.00 0.22
Root DW/FW -0.87 0.22 -0.11 0.15 -0.04 -0.18
Coleoptile length 0.93 -0.19 -0.07 -0.12 -0.07 -0.01
Coleoptile DW 0.91 -0.06 -0.13 -0.06 -0.08 0.04
Secondary roots 0.81 0.23 0.08 -0.17 0.06 -0.06
Secondary roots DW 0.63 0.38 -0.28 0.25 0.15 0.25
Total root DW 0.71 0.36 -0.33 0.29 0.11 0.26
Shoot/Root ratio 0.87 -0.13 0.08 -0.23 -0.09 -0.14
Early growth
Root DW -0.32 0.43 -0.05 0.73 0.15 -0.13
Root DW/FW -0.81 0.26 -0.38 -0.07 0.12 -0.02
Shoot DW 0.08 -0.06 0.40 0.84 -0.28 -0.04
Shoot DW/FW -0.71 -0.24 0.06 -0.05 0.08 0.26
Shoot/Root ratio 0.39 -0.47 0.49 0.35 -0.38 0.06
RWC 0.88 0.16 0.01 -0.01 -0.15 -0.08
LA 0.06 -0.19 0.58 0.09 0.58 -0.05
SLA 0.08 -0.31 0.38 0.01 0.71 0.19
Protein 0.61 0.12 0.06 -0.10 0.06 -0.49
Proline 0.32 0.51 -0.23 -0.02 0.06 -0.46
Photosynthetic rate (T3) 0.14 0.73 0.37 -0.18 -0.07 0.34
Conductance (T3) -0.07 0.68 0.58 -0.22 -0.20 0.08
Transpiration (T3) -0.18 0.77 0.53 -0.16 -0.08 0.05
WUE (T3) 0.55 -0.01 -0.22 -0.08 0.00 0.43

The most important parameters contributing to each PC (| correlation| = 0.4) are remarked.

moderate stress conditions protein concentration in-
creased in all hybrids excepting 1, 7, and 9. Under
severe stress conditions, the protein concentration
decreased for all hybrids. Strong decreases with re-
spect to their controls were found for hybrids 6 and 7.

Differences among hybrids for gas exchange
measurements increased with the time of exposure
to PEG, and data obtained 72 h after the beginning of
PEG treatments (T3) were clearly discriminant. All hy-
brids showed the highest values of CO, assimilation
and stomatal conductance at moderate stress lev-
els, whereas WUE decreased as stress intensity in-
creased. The magnitude of these responses showed
a great variability among hybrids.

Principal components and cluster analyses were
carried out in order to synthesize all the measured
variables. The first six principal components (PCs)
had eigenvalues above 1 and explained 81.7% of
the variability. PC1 explained 45.5% and joined most
of the parameters related with germination, seedling
growth and plant water status (DW/FW, RWC, and
WUE); therefore, we can consider PC1 as a Growth
component (Table 3). PC2 explained 11.5% of the

variability, and had positive loadings for gas ex-
change parameters as well as root development in
young plants. Thus, PC2 can be considered a Pho-
tosynthesis component. PC3 to PC6 explained low
percentages of variability (less than 10% each), and
their significance was less clear. PC3 was associated
to aerial growth, leaf conductance and transpiration;
PC4 to early growth parameters; PC5 to leaf growth,
and finally PC6 had positive contributions from WUE
and negative from proline and protein contents.

To clarify the comparison between hybrids, PC
scores were used in a hierarchical cluster analysis,
allowing the identification of homogeneous groups of
population samples (Figure 1). Responses of hybrids
were grouped into five clusters, corresponding to four
functional units. The first cluster comprised the larg-
est number of cases including all controls, but it was
not particularly similar to any functional profile. Clus-
ters 2 and 5 distinguished those individuals tending
to maintain high productivities and high conductance
and transpiration rates even at high levels of stress.
The third cluster grouped the lowest number of cas-
es, maintaining a good photosynthetic performance
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Figure 1 - Principal component analysis of germination,
seedling establishment and early growth parameters mea-
sured on 11 maize commercial hybrids. Hybrids are labelled
with numbers between 1 and 11. Symbols are means of
each experimental replicate. Samples were distributed ac-
cording to the scores of the principal components 1 (PC 1)
and 2 (PC 2). Dashed lines combine homogeneous groups
of samples according to hierarchical cluster analysis.

under stress with a concomitant decrease in early
growth. Finally, cluster 4 included cases with high
photosynthetic performance and high productivities
under stress conditions. PC1 and PC2 were used for
graphical representation of hybrids and clusters (Fig-
ure 1). Hybrids with high scores in PC1 had a good
growth response, and those with high scores in PC2
maintained high photosynthetic activities at the cor-
responding stress level. Therefore, hybrids with high
scores in PC1 and PC2 (2, 3, 5, and 8) are considered
tolerant to early drought while those with low scores
(hybrids 6, 7 and 10) are considered sensitive.
Soil drying experiment

Hybrids 5 and 6 were considered as representa-
tives of tolerant and susceptible hybrids based on
their responses to increasing concentrations of PEG
6000, and both had shown high yields in previous field
evaluations by SERIDA in northwestern Spain. Young
plants showed visible drought symptoms when water
availability (WA) dropped below 50%. The experiment
continued until WA fell below 5% and plant damage
was irreversible (i.e. CO, uptake below 2.0 ymol CO,
m-2 s7"). This critical point was reached by hybrid 5 in
15 days and by hybrid 6 in 11 days. Both hybrids also
differed for the time required to reach 50%, 35% and
25% WA, which was shorter for hybrid 6 in all cases.

The higher rates of CO2 assimilation and stoma-
tal conductance were found during the first days of
drought stress, when an increase of photosynthetic-
related parameters was observed for both hybrids
(Figure 2). Hybrid 5 showed a faster and more effi-
cient response to drought stress, decreasing its sto-
matal conductance and consequently reducing CO2
assimilation, but increasing its WUE and thus the sur-
vival period. Conversely, a delayed reduction in sto-
matal conductance was observed in hybrid 6, leading
to a faster desiccation and a reduced number of days
at which plants reached the irreversible point when

compared to hybrid 5. As expected, in both cases
the decrease in stomatal opening is coupled with a
progressive and sharp decrease in CO2 assimilation
rates. Transpiration rates also followed the same trend
than stomatal conductance for both hybrids (data not
shown). On the other hand, fluorescence-related pa-
rameters did not change significantly throughout the
experiment except for slight decreases of ETR at the
first days of water withholding, more evident for hy-
brid 6. Hybrid 6 also showed an occasional reduction
of Y(Il), coupled with a significant increase of Y(NPQ)
and gN (Table 4).

For the early growth- and water status-related
parameters, no clear effects were shown on RWC
at 50% or 35% WA (data not shown), and devia-
tions with respect to each control were not very high
at 25% WA. Effects were stronger at higher stress
levels, with RWC reductions of 10% and 40% with
respect to the control for hybrids 5 and 6, respec-
tively. Both hybrids showed reductions in leaf growth,
greater in the case of hybrid 6. Significant reductions
in root and aerial DW were also found in hybrid 6 at
the higher stress level.

Increases in cellular osmolarity were observed
at 25% and <5% WA for both hybrids, being these
increases more pronounced in hybrid 5 (data not
shown). Proline contents were analyzed in order to
detect its possible role as an active osmolyte in cells.

Photosynthetic rate (Control) Stomatal conductance (Control)

—m— Photosynthetic rate (Desiccation) —#— Stomatal conductance (Desiccation)

Photosynthetic rate (umol CO2 m-2 s-1)

o
Stomatal conductance (mol H20 m-2 s-1)

Hybrid 5

0 2 4 6 8 10 12 14 16

ic rate (amol CO2 m-2 s-1)

Stomatal conductance (mol H20 m-2 s-1)

Days

Figure 2 - Evolution of photosynthetic rate (umol CO, m2s™)
and stomatal conductance (mol H,O m? s), measured on
control plants (100% water availability) and plants exposed
to progressive desiccation in two maize commercial hybrids
with previous contrasted sensitivity to early drought. For
each parameter and time, asterisks denote significant differ-
ences between control and desiccation treatments: * - P <
0.05; ** - P < 0.01; ***-P < 0.001; t-test.
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Table 4 - Evolution of parameters related to photosyn-
thetic performance of on plants of maize commercial hy-
brids 5 and 6 exposed to progressive desiccation, based
on imaging measurements of chlorophyll a fluorescence.

Day Y(II) Y(NPQ)  Y(NO) aN qL ETR
Hybrid 5

10
Hybrid 6

1

3

6

7 - ++ ++

For each parameter and time, signs denote significant
reductions (-) or stimulations (+) with respect to their re-
spective controls: one sign - P < 0.05; two signs - P <
0.01; three signs - P < 0.001; t-test.

Its increase was clearly correlated with the stress se-
verity in hybrid 6, with a sharp increase at the end of
desiccation. But in hybrid 5, proline levels remained
lower than control values throughout the desiccation
period, being significantly higher than control only at
35% WA. These values are not consistent with the
increase in cellular osmolarity at the higher stress
levels. Levels of soluble proteins followed a common
pattern with proline in hybrid 5, showing a significant
increase at 35% WA. In the case of hybrid 6, pro-
tein concentrations remain lower than in control from
35% WA on.

Discussion

Identification of genotypes with high drought
tolerance is one of the main pillars for the selection
of the most adequate genotype, or breeding of new
ones. Therefore, our main objective was to find a sim-
ple and reliable method that allows large scale evalu-
ations under controlled conditions.

Drought can impact plants at every developmen-
tal stage and at multiple levels, and in consequence
plants have evolved complex strategies involving a
large number of responses at morphological, physi-
ological and biochemical levels of organization (Blum,
1996; Tardieu et al, 2011). In the present study, the pa-
rameters selected to explore the responses of maize
hybrids to drought demonstrated to have good dis-
criminating ability. Differences in stress response in-
dicate that there are differences in the ability of maize
hybrids for their ability to detect the stress, to respond
and to tolerate the stress up to different stress levels
(Chaves et al, 2009). However, the abrupt appear-
ance of the stress and the short period under stress
that characterizes this type of screenings affects the
ability of the plant to respond to stress, forcing the
sudden triggering of its response and allowing the
discrimination of those cultivars with more efficient
capacity to cope with drought stress. In the seedling
growth evaluations, differences in growth patterns
are due to the diverse ability for facing stress. Con-
versely, morphological differences found in the early
growth assay might be affected by the time of stress
imposition, as the influence of previous growth under

non-stressed conditions is underestimated.

Right from the earliest crop stages, drought
causes a great decline in germination rates and in-
creased seedling mortality (Anjum et al, 2011). In our
study, slight stress caused a delay in germination,
while moderate and severe levels also decreased the
percentage of germination. Total germination index
(GT) provides a good overall assessment of the ef-
fects of water stress on germination, but should not
be used as the only indicator. Indices S, AS, CRG,
and MGT revealed differences in the dynamics and
progress of the germination process between hybrids
in cases where GT, that considers only the final time,
did not show any effect. Hence, combination of GT
with other indices (S, AS, CRG, and MGT) allow an
efficient comparison of the effects of drought stress
on maize hybrids (Chiapusio et al, 1997).

A direct consequence of drought is cellular dehy-
dration that leads to a reduced cell expansion. Due to
this early seedling growth, in which expansive growth
processes play a key role, is largely affected (Sharp
et al, 1988). This growth reduction was smaller for
hybrids 2, 3, and 5 (subsequently classified as tol-
erant). Mild or moderate stress conditions typically
reduce shoot growth in maize seedlings. In contrast,
roots are less sensitive than shoots to growth inhibi-
tion at low water potentials, and thus root elongation
and dry weight accumulation is less affected than
for shoots (Westgate and Boyer, 1985). As a conse-
quence, the shoot/root ratios decrease. This balance
between root and shoot growth has a genetic regula-
tion but also significant environmental effects (Ruta et
al, 2010). Under optimal conditions coleoptile growth
is considered a desirable trait as it is associated with
a further higher yield (Bruce et al, 2002; Rebetzke et
al, 2006). But under drought stress conditions, the
maintenance of growth of the main root is consid-
ered to be an adaptive mechanism for optimization of
soil water uptake (Sharp and Davies, 1989), enabling
roots to penetrate deeper in the soil and increasing
the possibilities of finding water sources. However,
the initial growth of secondary roots is also necessary
as they increase the surface area for water uptake
and could guarantee the subsequent water supply to
the main root before the water deficit reach severe
values. Thus, a good development of the root sys-
tem can be critical for seedling establishment, and
increases the possibilities of survival under severe
drought conditions. According to this, hybrids classi-
fied as sensitive had a scarce root growth and higher
shoot/root ratios than the tolerant ones at all stress
levels. Under severe stress conditions, although there
is a strong overall reduction of seedling growth, the
maintenance of root growth is still observed, at least
for the primary root. Many studies of stress response
focus on the aerial parts of the plant given the difficul-
ties in accessing the root system and in establishing
precise and uniform stress conditions in the environ-
ment surrounding the roots. However, in vitro evalu-
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ations of the first stages of development have been
proposed as a convenient and reliable approach
(Ruta et al, 2010).

In young plants, changes in biomass partition-
ing were also expected to occur in order to optimize
plant water uptake vs. water loss. The reduction of
vegetative growth (plant height and leaf area) and
biomass are well-known effects of drought stress
(Blum, 1996). Reduction in leaf growth is a direct
consequence of drought stress, but it can be also
considered an adaptive response to avoid water loss
by evapotranspiration. On the contrary, root growth
may be favored. Thus, under drought conditions and
as occurred in seedling growth, decreased shoot to
root ratios can be expected (Shao et al, 2008). For
those hybrids in which the strongest reductions in
seedling root growth were observed (6, 7, and 10),
young plants maintained high shoot/root ratios under
stress in greenhouse assays. Those sensitive hybrids
also suffered the strongest reductions in germination
rates under drought stress conditions. This relation
between morphological traits and drought stress tol-
erance from the early stages of development were
reported previously in maize (Bruce et al, 2002; Ruta
et al, 2010) but also in other species (Grzesiak et al,
1997; Lopes and Reynolds, 2011).

For other morphological traits such as aerial
biomass or LA, changes as a response to drought
stress are well known (Van Volkenburgh and Boyer,
1985; Edmeades et al, 1999). But in this experiment
these parameters did not show significant differ-
ences among hybrids and stress levels, although in
most cases reductions in leaf area were found at the
higher stress levels. Despite its suitability for evalua-
tions under strictly controlled conditions, water stress
imposed by PEG is notably different from naturally
occurring drought stress. Water stress imposed by
PEG is interpreted by the plant as an instant stimu-
lus rather than a natural long-term stimulus, allowing
the observation of the early responses of the plant
(Granda et al, 2011). But longer periods of stress
conditions would be needed for these morphological
responses to become obvious. On the other hand,
physiological parameters with a «water status» com-
ponent (SLA and RWC) showed clear differences be-
tween treatments with an overall reduction as stress
level increased, although RWC was able to discrimi-
nate hybrid tolerance only under severe stress, as in
Sucre and Suarez (2011). For these parameters, and
as water loss caused by PEG treatment occur soon
after inducing the stress, significant differences ap-
pear after a short period under stress.

Drought also induces a metabolic re-programming
that results in changes in the whole transcriptome and
metabolome (Niinemets, 2016) and, consequently, in
an increased protein expression and accumulation
that can be quantified as an estimation of the mag-
nitude of the response to drought. At a biochemical
level, osmotic adjustment mediated by the accumu-

lation of certain metabolites is considered one of the
most conspicuous responses to drought (Muscolo
et al, 2015). This osmotic adjustment helps plants
to maintain an adequate leaf turgor, and is mediated
by organic solutes such as proline, glycine betaine
or soluble carbohydrates that can also contribute to
other functions (Farooq et al, 2009). Although some
of the most sensitive and tolerant hybrids showed a
consistent response for these parameters, changes
in leaf proline and protein concentrations did not
show very clear trends among all hybrids and stress
levels, similarly to findings of Chimenti et al (2006) in
young and flowering maize populations.

Another well-known effect of drought is stoma-
tal closure, which limits intercellular CO, availability,
reducing photosynthetic carbon fixation. Stomatal
closure represents one of the earliest responses to
drought, protecting the plant from transpirative wa-
ter loss and increasing its water use efficiency. On
the contrary, the primary photochemical events of
PSIlI are considered to be very resilient to drought,
so it is widely accepted that under moderate water
deficits photosynthetic capacity is maintained. Un-
der severe drought conditions, non-stomatal con-
straints to photosynthesis appear as a consequence
of the prolonged decrease in CO, availability, which
causes impairment between light energy captured
and conversion. Biochemical limitations, consisting
on the down-regulation of enzymes of the photosyn-
thetic metabolism, appear as a consequence of the
metabolic impairment caused by the lower intercel-
lular CO,, and result in a reduced but still reversible
photosynthetic capacity. Moreover, photochemical
limitations to photosynthesis appear when there is an
excess of energy that cannot be used for CO, fixation
and that needs to be dissipated. If dissipation mecha-
nisms fail, an irreversible damage to photosystems
can occur (Flexas and Medrano, 2002; Flexas et al,
2004; Chaves et al, 2009). In our first experiment,
consistent and significant results were obtained for
measurements made 48 and 72 h after the onset of
stress treatments. In general terms, hybrids able to
reduce stomatal conductance can, subsequently, re-
duce transpiration values and limit water loss. Values
for net photosynthetic rate follow the opposite trend,
as stomatal closure implies limited CO, availability.
In the case of hybrid 10 stomatal opening did not in-
volve higher CO, availability, perhaps due to a dam-
age of the photosynthetic machinery.

Drought tolerance is a complex trait. In conse-
quence, a large number of morphological, physio-
logical and agronomical traits can be used to assess
responses to drought (Farooq et al, 2009). For deal-
ing with these complex data matrices, multivariate
analyses are the best approach. Multivariate analysis
methods such as PCA and CA are powerful tools for
the joint analysis of large sets of variables. PCA is
mainly used as a tool in exploratory data analysis and
for making predictive models, as this method allows
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transforming a number of possible correlated vari-
ables into a limited number of uncorrelated variables
or principal components (PCs). In our work PCA pro-
vided a global perspective of hybrids response, and
allowed us to identify those traits with the highest
discriminating ability for drought tolerance. CA was
also a valuable method to classify maize genotypes
into groups that share similar responses and levels of
stress tolerance.

In the experiments included in our protocol, pho-
tosynthesis-related traits had the highest selective
value, suggesting promising opportunities for selec-
tion at this level. It would be worthwhile investigating
the mechanisms underlying the response of maize to
drought at the photosynthetic level with a more ap-
propriate experimental design simulating real drought
conditions.

In the soil drying experiment, the study of the
response of photosynthesis-related traits was com-
pleted with the study of the response of chlorophyll
fluorescence parameters, as chlorophyll fluorescence
analysis is considered a reference method for study-
ing stress response (Baker, 2008). Leaves capture
part of the light for photosynthesis, part of the light is
dissipated as heat and part returns as fluorescence;
thus, the increase of one of these fractions is associ-
ated with the reduction of the others (Maxwell and
Johnson, 2000). The efficiency of the photosynthetic
system PSII [Y(Il)], the photochemistry quenching (gL)
and the electron transport rate (ETR) inform of the
photosynthetic activity that can be affected by CO,
availability. But these parameters showed a null pre-
dictive value of early drought conditions and a poor
discriminating ability, if compared to gas exchange-
related measurements. Our results are in agreement
with those reviewed in Baker and Rosenqvist (2004)
and Berger et al (2010), who pointed out that relevant
changes in fluorescence-related parameters are often
achieved only under mild or severe drought condi-
tions, appearing as a consequence of the decrease of
intracellular CO, concentration derived from stomatal
closure. These stomatal limitations are responsible
for the early decline in photosynthetic rate and sto-
matal conductance of hybrid 6, which can be related
to the punctual decreases detected in ETR (Flexas
et al, 2002), whereas subsequent decreases in these
parameters did not result in significant decreases in
ETR. No consistent differences were found for other
fluorescence parameters related to possible dam-
ages in the photosynthetic machinery. Thus, in this
experiment fluorescence-related parameters were
not good indicators of drought stress response. On
the contrary, the best indication of drought stress re-
sponse was obtained by monitoring gas exchange.

The final increase in cell osmolarity found in both
hybrids can be partially related to the decrease in
RWC due to desiccation and, in the case of hybrid 6,
proline synthesis. But the magnitude of this increase
in hybrid 5, which is not associated with an increase

10

in proline levels, suggest that other metabolites dif-
ferent from proline may be contributing to this higher
osmolarity (Ashraf and Foolad, 2007).

Separately, PEG-based screening and soil dry-
ing experiments gave the same results as they both
considered hybrids 5 and 6 as tolerant and sensi-
tive to drought, respectively. But when comparing
parameters measured in screening and soil drying
experiments, consistent relationships can be found
for several parameters, whereas trends are less obvi-
ous in other cases. For both hybrids, the same trends
were observed for LA, SLA, and RWC in both assays
but with different magnitudes. Same trends but dif-
ferent magnitudes were also observed in the case of
photosynthetic-related parameters (photosynthetic
rate and stomatal conductance). On the other hand,
different trends were found in the responses of root
DW, aerial DW and, consequently, shoot/root ratio.
Whereas at the end of the soil drying experiments re-
ductions in both root and aerial biomasses can be
found as a consequence of drought, these reductions
are not observed in the PEG-based screening experi-
ment. In the case of proline and soluble protein con-
tents, no clear relations were found when comparing
the results of each hybrid between both assays. As
mentioned before, the different timing and intensity
of stress imposition in these two experiments can ex-
plain the differences when no clear trends are found.

As proline and protein contents had the lowest
discriminant ability in PEG-based experiments, the
utility of these parameters seem to be limited for
screening purposes. But when performing soil dry-
ing experiments for a better understanding of drought
responses, their utility have been demonstrated (Hare
and Cress, 1998). In the case of morphological pa-
rameters (root and aerial biomasses), although the
results may not be coincident in both experiments,
they have demonstrated to have modest discriminant
ability and, therefore, their measurement is useful for
screening purposes.

In this work, we describe a method based on the
use of PEG 6000 solutions to characterize a set of
maize hybrids according to their tolerance to drought
at early stages of development. Our results highlight-
ed different responses of morphological, physiologi-
cal and biochemical characters that, when consid-
ered together, allowed an efficient discrimination of
maize genotypes. The subsequent assay performed
under soil drying conditions validated our previous
results, but highlighted similarities and differences in
the response of the parameters evaluated. We can
conclude that this method is useful for screening
maize genotypes for drought tolerance. This method
also enables the rapid assessment and comparison
of the responses of morphological and physiological
traits potentially involved in drought stress tolerance
of germplasm, complementing more detailed physi-
ological and agronomic studies.
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