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Abstract

Improvement for maize drought tolerance has always been a significant objective for breeders and plant
physiologists. Nowadays, climate change sets new challenges to major crop adaptation at stressful environments.
For such a purpose, the measurement of physiological traits related to maize response to drought might prove
to be useful indices. The objective of the present study was to establish whether the physiological traits can be
used as reliable physiological markers to evaluate the performance of parental genotypes and their hybrids under
both dry and normally watered conditions, and under two densities an ultra-low density (ULD) and a normal
dense stand (DS). Thirty (30) maize inbred lines and 30 single-crosses among them were evaluated across three
diverse locations in Greece. The ULD was 0.74 plants/™2, while the DS comprised 4.44 plants m? in the water
deficit regime, and 6.67 and 7.84 plants m? in the normal water treatment for lines and hybrids, respectively.
There was a very good association between the physiological characteristics studied and grain yield under the
ultra-low density and especially for inbred lines. It was shown that the physiological characteristics can facilitate
the selection of stress-adaptive genotypes under the low-density conditions and may permit modern maize to
be grown at a wider range of environments. At the normal densities such a possibility was not evidenced since
physiological parameters and yield did not correlate for either parents or hybrids

KeyWords water deficit, heterosis, environmental heterogeneity, assimilation rate, chlorophyll.

Abbreviations : DI, deficit irrigation; DS, dense-stand; A, assimilation rate; NI, normal irrigation; PYE, plant yield
efficiency; ULD, ultra-low density; WUE, water use efficiency, stomatal conductance (g,), transpiration rate (E),
intercellular CO, concentration (c).

Introduction fulfilled (Lopes et al., 2011; Lawlor, 2013) thus classical

approaches such as usage of physiological traits are still
Water stress is one of the most important limiting fac-

tors for maize production worldwide. The economic

in the forefront.
Common physiological traits used to improve breeding

losses in maize production due to water stress are
quite significant and breeding for drought tolerance is
thus one of the most important tasks maize breeders
are currently confronted with. Several strategies have
been used to improve drought tolerance of maize such
as genomics-related tools and quantitative trait loci
(QTL) (Campos et al., 2004; Parry et al., 2005; Bazinger
and Araus, 2007; Brennan and Martin, 2007; Ribaut
and Ragot, 2007; Tuberosa et al., 2007; Mullet, 2009;
Lawlor, 2013). Tolerance to drought through these and
other modern biotechnology techniques have yet to be

for increased stress tolerance are gas exchange param-
eters (assimilation rate (A), stomatal conductance (g),
transpiration rate (E), intercellular CO, concentration
(c) and the calculated WUE as A/E, chlorophyll content,
chlorophyll fluorescence, leaf water potential, and rela-
tive water content) (Di Marco et al., 1988; Schapendonk
et al., 1989; Selmani and Wassom, 1991; Jamaux et
al., 1997; Ober et al., 2005; Zarco-Perell6 et al., 2005;
O’Neill et al., 2006; Subrahmanyam et al., 2006; Khan
et al., 2007; Hura et al., 2007; Ziv&ak et al., 2008). As far
as the gas exchange parameters are concerned, they
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have been questioned as some authors suggest for
their use (Li et al., 2006; Fotovat et al., 2007; Silva et
al., 2007) while others are against it (Royo et al., 2000;
O’Neill et al., 2006). Nevertheless, physiological traits
have showed a good correlation with tolerance to
stresses and yield parameters and an adequate genet-
ic variation in the evaluated population/genotype col-
lection, and a high heritability and repeatability (Sayar
etal., 2008; Li et al., 2006; Fotovat et al., 2007; Silva et
al., 2007). Studies including physiological parameters
as breeding tools aimed to determine whether any of
the photosynthetic parameters can be used for screen-
ing large sets of genotypes for their tolerance to dif-
ferent stresses. However, usefulness of these tools to
predict the performance of hybrids bred under stress
conditions has not been studied with due consider-
ation (Fracheboud et al., 1999; Betran et al., 2003;
Koscielniak et al., 2005). Qualification of such prog-
nostic tools may assist maize breeding primary aiming
to create tolerant hybrids through specific crossings.

Plant yield efficiency (PYE), that constitute a deter-
minant element of crop yield potential, has been as-
serted essential for effective resource use under both
favourable and stressful conditions, as well as for over
season stability (Duvick, 2005; Berzsenyi and Tokatli-
dis, 2012; Tokatlidis, 2013). In a recent work (Tokatlidis
et al., 2015), improved PYE was found contributing to
maize resilience on environmental heterogeneity, de-
sirable for coping with drought events. The PYE, fully
expressed in ultra-spaced plants to preclude any inter-
ference among them for inputs, optimized heritability
and was devoid of confounding crossover types of G
x E interaction. Yield of space-planted environments
was found to be transferred to densely seeded situa-
tions, thus PYE was suggested a criterion for depend-
able selection and evaluation. Since physiological traits
have been associated with drought tolerance at dense
stands, the correlation between widely spaced plants
and common farming densities for such parameters
could provide further information on whether breed-
ing could be based on PYE. Hence, the main objective
of this study was to establish whether physiological
traits can be used as reliable physiological markers to
evaluate the performance of parental genotypes and
their hybrids under drought and well watered condi-
tions in two different selection densities (ULD and DS).

Materials and Methods

Study site and crop management

A field experiment over two growing seasons (2012
and 2013) was established at three different locations
in Northern Greece. Site 1 was located in Thessaloniki

(40°32'N, 22°59'E, Om) in a clay loam soil with pH (1:1
H,O) 8.0, EC (dS m™) 1.80, bulk density (Mg m=) 1.3,
field capacity (at 10 kPa, m® m~3) 0.373, wilting point (at
1500 kPa, m* m~3) 0.132, water holding capacity 0.241,
and organic matter 12.50 g kg™'. Site 2 was located
in Florina (40°46'N, 21°22'E, 707m) in sandy loam soil
with pH (1:1 H,O) 6.3, and organic matter 14.0 g kg™
and soil water holding capacity 0,218. Site 3 in 2012
season was in Giannitsa (40°42'N, 22°24'E, 1m) in a
loam soil with pH (1:1 H,O) 7.3, and organic matter
18.0 g kg™ and soil water holding capacity 0.228 while
during the 2013 a different site was used in Serres
(41°01'N, 23°36'E, 15m) in a clay loam soil with pH
(1:1 H,0) 7.0, EC (dS m™) 1.60, bulk density (Mg m~3)
1.3, field capacity (at 10 kPa, m3 m=3) 0.312, wilting
point (at 1500 kPa, m®* m=3) 0.115, water holding ca-
pacity 0.197, and organic matter 15.30 g kg™'. These
locations are part of the major maize belt in Greece,
with the Site 2 being marginal due to the high altitude
associated with cool summers and limited growing
season (Tokatlidis et al., 2015). Weather data (rainfall
and average temperature) were recorded daily and
were reported as mean monthly data for the two years
that the study was conducted for the three locations
as previously described Tokatlidis et al., 2015. In all
the experimental fields the previous crop was durum
wheat tolerance (Triticum turgidum subsp. durum L.).
Before seeding, the cultivation area was moldboard
plowed and harrowed. Nitrogen and P fertilizer was
applied at planting at the rates of 120 and 60 kg ha-1,
respectively, while additional N (100 kg ha™) was top-
dressed when plants reached the 50 cm height. Com-
plete weed control was obtained by tilling and hand
weeding.

Plant genotypes used in the study

During the 2012 growing season two sets of in-
bred lines were tested. The first set consisted of 25
inbred lines (corresponding codes in the study were
1-22,24 and 31) which according to the owner com-
pany (American Genetics Inc.) were of commercial
interest including parents of cultivated hybrids. The
second set comprised six experimental lines, coded
25-30, derived through selection in the absence of
competition on single-plant yield (Tokatlidis et al.,
1998), placing thus particular emphasis on plant
yield efficiency. Thirty one hybrids, obtained from
single crosses among the aforementioned lines,
were tested during the 2013 season. Twenty two
crosses were chosen so as to include parents from
both sets, while both parents of seven and five out
of the 31 crosses were from the first and the second
set, respectively.
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Treatments

At each site in both growing seasons two different
densities were used, the ultra-low density (ULD) and the
dense-stands (DS). The ultra-low density of 0.74 plants
m2 was achieved (hereafter low density), with individual
plants occupying equidistant hills (125 cm) in a zig-zag
pattern. This density was used to preclude interplant
competition and allow PYE to be fully expressed. The
low-density trials were composed of 40 plants from
each genotype evenly and systematically allocated, ac-
cording to the replicated 31-honeycomb design (Fasou-
la and Tokatlidis, 2012). The dense-stand plots were es-
tablished in randomized complete blocks and replicated
twice, comprising of two rows 4 m in length and 75 cm
apart. Under normal irrigation, the in-row interplant
distances were 20 and 17 cm for lines (66,666 plants
ha-1) and hybrids (78,431 plants ha), respectively, with
the latter population density approximating that com-
monly used by farmers. In deficit irrigation treatments,
the in-row distance was 30 cm (44,444 plants ha™) for
both lines and hybrids. The lower density was chosen in
water shortage conditions to be consistent with the fact
that lower densities are required for dryland compared
to irrigated maize (Norwood, 2001; Blumenthal et al.,
2003; Shanahan et al., 2004; Duvick, 2005; Berzsenyi
and Tokatlidis, 2012). The density treatments were over-
planted and thinned after emergence to the desired
stand. Planting occurred from mid-April until early May.

At each site, the low-density and dense-stand trials
were established twice, corresponding to the two irriga-
tion treatments (normal = full irrigation treatment and
deficit = 50% of the normal). Up to vegetative stage
V6-7, both irrigation treatments received 50 mm of wa-
ter for seedling establishment and early plant growth,
with different irrigation levels applied thereafter. A drip-
irrigation water supply system of 4 L h'' was established
along every other plant row, with emitters spaced at 33-
cm intervals. Irrigation scheduling was based on maize
evapotranspiration (ET) and was applied when the crop
evapotranspiration ET_- P (rainfall) reached 50 mm. Soil
water content at this level was approximately 70% of
field capacity, which is considered adequate for plant
growth during all stages. The ETc was calculated from
climatic parameters measured daily from meteorological
stations located adjacent to each experimental site and
was used to calculate the reference evapotranspiration
(ETo) using the Penman—Monteith method (Allen et al.,
1998). The ET, which is the product of ET_ and the crop
coefficient (K ), was calculated using values for maize Kc
adjusted to Greek conditions (K. = 0.50, K ., = 1.05,
and K__, = 0.15) for growth stages of 30/70/120/150 d
after emergence (Georgiou et al., 2010; Lekakis et al.,

2011).
Grain yield

At low density, plants were harvested individually.
Thus, grain yield was recorded at the per-plant basis. At
the dense-stand trials, grain yield was recorded at per
area (plot) basis by harvesting the two central rows by
hand in the first week of October for site 1 and site 3,
while for site 2 the harvest was conducted at the end of
November in both years. Drought tolerance index (DTI)
was determined as a percentage of yield loss due to
drought stress on the yield realized under full irrigation
(Menkir et al., 2003; Derera et al., 2008) as:
DTl (%) = [(yield under well-watered - yield under
drought)/(yield under well-watered)]x100

Chlorophyll measurements

Chlorophyll readings were taken with a hand-held
dual-wavelength meter (SPAD 502, Chlorophyll meter,
Minolta Camera Co., Ltd., Japan). For each plot the
20 youngest fully expanded leaves per plot were used
when the plants were at anthesis and at physiological
maturity. The instrument stored and automatically aver-
aged these readings to generate one reading per plot.

Gas-exchange measurements

A portable photosynthesis system that measures
CO, uptake (LI-6400 XT, Li-Cor, Lincoln, Nebraska, USA)
equipped with a square (6.25 cm?) chamber was used
for determinations of CO, assimilation rate (A), transpi-
ration rate (E), stomatal conductance to water vapour
(9,), and intercellular CO, concentration (C) during an-
thesis and grain filling period. Leaf gas exchange was
measured on the upper-most ear leaf twice, one week
after silking and two weeks later during the grain-filling
period. Measurements were performed on six plants
from each plot from 09:00 - 12:00 in the morning to
avoid high vapor-pressure deficit and photoinhibition
at midday. Instantaneous water use efficiency (WUE)
was obtained by dividing A by E (von Caemmeter and
Farquhar 1981).

Chlorophyll fluorescence

The minimum Chl fluorescence (FO) and the maximum
Chl fluorescence (Fm) were measured also in situ with
the portable Z995 FluorPen PAR (Qubit Biology Inc.
Kingston, Ontario, Canada). The maximum quantum
efficiency of photosystem (PS) Il was calculated as Fv/
Fm (Fv = Fm - FO).

Heterosis indices

Average heterosis for grain yield was determined as
the difference between F1 value and the mid-parent
value (Hallauer and Miranda, 1988). Mid-parent hetero-
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sis (MPH) for individual crosses was calculated as:

MPH (%) = (F1-MP) x 100/MP
where, F1 is the mean of the hybrid performance and
MP = (P1 + P2)/2 in which P1 and P2 are the means of
the inbred parents, respectively.
Also, better-parent heterosis (BPH), that is, heterobel-
tiosis, for individual crosses was calculated as:

BPH (%) = (F1-BP) x 100/BP
where BP is the better parent.

Statistics

The experiments were performed into two consec-
utive years 2012 and 2013 at three locations. Analyses
were performed according to Steel et al. (1997) using
the statistical program SPSS™ (SPSS Inc., IL, USA). A
combined analysis of variance (ANOVA) was used on
the three-factor pattern and for all the parameters that
were determined. The analysis was based on the lin-
ear model and involved three fixed effect factors: lo-
cations as main plots, water regimes as subplots and
genotypes as sub-subplots. For all statistical analyses, a
probability level of 0.05 was used as a baseline for sig-
nificance. In addition, the LSD (P = 0.05) test was used
to find significant differences among means. Pearson
correlation analyses across years were done with SPSS.

Results

Grain yield of the inbred lines and also of their re-
spective hybrids was affected by genotype, irrigation,
and location and also their interactions in ULD and DS

plots (Tables 1 and 2). Gas exchange parameters (A,
E, C, and gs) were affected by the genotype, irriga-
tion, and location in both densities (ULD and DS) for
the inbred lines and their hybrids. The interaction be-
tween genotype and location was significant in most
characteristics except for the WUE and chlorophyll flu-
orescence in ULD and A, Ci, WUE and chlorophyll fluo-
rescence in the DS. Furthermore, interaction between
irrigation and location was significant in most param-
eters except for chlorophyll content in ULD and in E,
chlorophyll content and chlorophyll fluorescence in the
DS. However, in most characteristics there was no inter-
action between genotype and irrigation and also there
was no interaction between genotype, location, and ir-
rigation (Tables 1 and 2).

In ULD conditions grain yield of the inbred lines
ranged from 152.9 g plant’ for line 31 up to 826.6 g
plant for line 26 under control conditions. In contrast,
under drought conditions grain yield was reduced and
ranged from 90.2 g plant™ for line 31 up to 666 g plant’
for line 26 (Table 3). DTl ranged from negative values
-25.7 % up to 41.02 %. Similar trend was found under
DS as under well watered conditions the lowest gain
yield was found at line 14 and the highest in line 27.
Under drought the grain yield was in the range of 3.71
Mg ha' for line 31 up to 11.19 Mg ha™ for line 26. DTI
also ranged from negative values -42.94% as was not
affected significantly by the drought stress in some
lines (4, 8, 14, 19, and 26) up to 63.15% in line 27. On
average, grain yield of inbred lines under drought was

Table 1. Analysis of variance of various parameters measured in inbred lines under ultra-low density (ULD) and dense-stand (DS)

affected by Location (L), Irrigation (Irr), and Genotype (G).

Parameters Location (L) Irrigation (Irr)  Genotype (G) GxL Irr x L Gxlrr GxLxlrr
df 2 1 29 58 2 29 58
ULD
Grain y|e|d *kk Kkk Fkk *kk *kk Fkk *kk
Assimilation rate (A) Hxk i xRk e * NS NS
Transpiration rate (E) el NS kol Fkk Fkk NS NS
Stomatal conductance (gs) Hxk ** e xk xk NS NS
CO2 concentration (Ci) NS i xx Hkk xk NS NS
WUE ol ** NS * NS NS
Chlorophyll xox NS e rxx NS NS NS
Chlorophyll Fluorescence rorx roxk NS NS NS NS
Grain y|e|d *kk *k *kk *kKk *k Kk k *kk
Assimilation rate (A) ke i NS NS *x * NS
Transpiration rate (E) Hkk Hxk xx Hhk NS NS NS
Stomatal conductance (gs) ol e el o * * NS
CO2 concentration (Ci) ke NS NS NS i NS NS
WUE el il NS NS * NS NS
Chlorophyll ol NS e * NS NS NS
Chlorophyll Fluorescence rrx NS NS NS NS NS NS

* Significant at the 0.05 level of probability, ** Significant at the 0.01 level of probability, *** Significant at the 0.001 level of probability,

NS nonsignificant
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Table 2. Analysis of variance of various parameters measured in hybrids under ultra-low density (ULD) and dense-stand (DS) affected by

Location (L), Irrigation (Irr) and Genotype (G).

Parameters Location (L) Irrigation (Irr) Genotype (G) GxL IrrxL Gxlrr GxLxlrr
df 2 1 30 60 2 30 60
ULD
Grain y|e|d Kk Kkk Kokk Kkk K,k Kkk Fkk
Assimilation rate (A) Hokk Hork NS Fokk Fokk NS NS
Transpiration rate (E) Hxk Hxk NS Frk xkk NS NS
Stomatal conductance (gs) il i NS o o NS NS
CO2 concentration (Ci) i i NS i i NS NS
WUE *kk Kkk NS *kk *kk NS NS
Ch‘orophy” *kk Kkk *k *kk *kKk NS NS
Chlorophyll Fluorescence rrx il NS rrx ol NS NS
DS
Grain y|e|d *k *kk Fkk *kk *x Kkk *kk
Assimilation rate (A) ** kel NS Hkk i NS NS
Transpiration rate (E) ol el NS Hokk i NS NS
Stomatal conductance (gs) ok ekl NS i *H NS NS
CO2 concentration (Ci) i kel NS Fkk i NS NS
WUE *x . NS Kk *k NS NS
Chlorophyll *k Hkk Kok *kk Hk NS NS
Chlorophyll Fluorescence ** roxx NS roxx ** NS NS

* Significant at the 0.05 level of probability, ** Significant at the 0.01 level of probability, *** Significant at the 0.001 level of probability.

NS, nonsignificant

11.16% and 16.64 % lower of the yield obtained under
well watered conditions in ULD and DS respectively
(Table 3).

Similar trend with the inbred lines was found in
hybrids as there was also significant effect of drought
stress in grain yield in both ULD and DS. The highest
grain yield was found in the 26 x 29 hybrid (1622.2 g
plant) under control conditions and in 29 x 9 hybrid
(1147.8 g plant') under stress conditions (Table 4).
While under DS and normal irrigation the highest grain
yield was found at the 26 x 30 hybrid (16.35 Mg ha™)
and the lowest at the 13 x 22 (11.2 Mg ha™). In drought
conditions the commercial hybrid had the highest grain
yield while the lowest was found in the 25x2 hybrid
which had the least grain yield reduction (6.41%) under
drought and ULD whereas had much higher 41.64%
yield reduction under DS. On average, grain yield of
hybrids under drought was 19.89 and 34.66 % of the
yield obtained under well watered conditions in ULD
and DS respectively (Table 4). Of the 31 hybrids used
in this study, only three had DTl below 10% 25 x 2, 7 x
29, and 15 x 12 under ULD conditions. However, under
DS conditions the average DTl was much higher and
the hybrids with the lowest index was 14 x 20 and the
commercial.

The assimilation rate (A) was affected by genotype, ir-
rigation treatment, and location in inbred lines and also
in their hybrids (Tables 1 and 2). Mean assimilation rate
was in the range of 23.93-29.04 pmol CO, m? s and
17.27-23.42 pmol CO, m? s for the control conditions
and the water stressed conditions at ULD respectively.

Under the DS conditions assimilation rate ranged from
20.10-26.52 pmol CO, m?2 s and between 12.96-21.37
umol CO, m? s under control and water stressed con-
ditions. There was an agreement in most cases with
grain yield as the reduction in A was lower in tolerant
lines and also in their hybrids. The maximum assimila-
tion rate under control conditions in the ULD was found
at the inbred line 31 and the minimum assimilation at
the inbred line 20. However, under water stressed con-
ditions the maximum assimilation rate under ULD was
found at the 17 inbred line and the lowest at the line
14. There was much higher reduction under DS in A
compared with the ULD conditions due to water stress
in both inbred lines and in hybrids (Tables 5). Under DS
conditions the situation was quite different as the high-
est A at the control conditions was found at the inbred
line 28 and the lowest at line 6 while under stressed
conditions the highest and the lowest A was at the lines
26 and 10 respectively.

Correlation between the physiological and agro-
nomic characteristics

There were significant correlation coefficients among
grain yield and A, chlorophyll fluorescence, WUE, and
chlorophyll content under control conditions for the in-
bred lines under ULD (Table 6). Similar trend was found
under stressed conditions as there was also strong cor-
relation between grain yield and A, chlorophyll fluo-
rescence, WUE, and chlorophyll content. In addition,
under both control and stressed conditions there was
also correlation between A, and all the physiological
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Table 3. Mean grain yield of 30 lines at ultra low density (ULD) and dense stand (DS) conditions, across two irrigation treatments and
three sites. The average (Avg) mean yield from the three environments as well as the least significant difference (LSD) for comparisons

among individual lines within each column (P < 0.05), are also given.

ULD (g plant”) DS (Mg ha)

Inbred lines Control Stressed DTI(%) Control Stressed DTI(%)
1 166.8 154.3 7.48 4.19 3.81 9.1
2 166.2 175.7 -5.76 5.63 4.43 21.36
3 228.0 191.6 15.96 6.35 5.12 19.39
4 197.5 182.4 7.66 4.31 4.77 -10.67
5 236.6 223.4 5.57 9.72 6.14 36.85
6 302.4 284.5 5.92 9.53 9.26 2.80
7 269.5 268.1 0.53 10.60 8.38 20.89
8 197.3 203.4 -3.06 5.53 7.90 -42.94
9 277.6 257.0 7.42 9.13 4.70 48.54
10 366.1 298.4 18.50 8.61 6.96 19.21
11 176.0 155.1 11.89 8.09 5.75 28.94
12 229.7 166.8 27.39 5.36 5.13 4.37
13 223.1 206.2 7.58 7.55 5.10 32.39
14 174.7 186.9 -6.99 3.25 6.11 -87.82
15 212.6 190.2 10.56 6.21 5.72 7.80
16 256.3 194.1 24.30 9.26 8.25 10.88
17 264.7 212.5 19.73 9.18 4.46 51.40
18 188.6 191.8 -1.71 6.67 4.60 31.00
19 208.1 203.8 2.06 7.30 8.95 -22.57
20 186.9 162.8 12.93 4.82 5.08 -5.58
21 239.5 301.2 -25.72 5,43 4,80 11.59
22 231.4 214.6 7.26 6.47 6.08 6.08
24 226.7 176.9 21.94 7.83 5.46 30.25
25 682.3 496.7 27.20 14.65 9.65 34.10
26 826.6 666.0 19.43 10.92 11.19 -2.44
27 278.9 2449 12.20 12.24 4.51 63.15
28 590.8 462.4 21.73 8.61 8.06 6.46
29 597.8 436.4 26.98 10.49 7.36 29.91
30 475.1 404.6 14.84 8.01 5.41 32.46
31 152.9 90.2 41.02 4.87 3.71 23.78

Average 294.4 253.4 11.26 7.71 6.28 16.64
LSD 25.5 28.7 1.65 1.12 1.24 3.21

parameters that were measured (g, c, E, chlorophyll
fluorescence, chlorophyll content, and WUE).

While in both irrigation treatments under ULD there
was a significant correlation among some physiological
parameters and grain yield, under DS there was not a
correlation between grain yield and most of the physi-
ological characteristics that were determined with the
only exception being chlorophyll content under control
conditions (Table 7). In contrast under stressed condi-
tions there was significant correlation between A, c,,
WUE and SPAD whereas under control conditions there
was no difference. Also, under both irrigation treat-
ments there was significant correlation between g, c,
E whereas under control conditions there was correla-
tion between g, chlorophyll fluorescence, and under
stressed conditions there was correlation between g_
and SPAD.

Under ULD in hybrids the trend was quite different

compared with the inbred lines as there was no correla-
tion between grain yield and the physiological charac-
teristics measured under control conditions (Table 8).
However, under stressed conditions in ULD there was
correlation between grain yield, A, g_, and chlorophyll
fluorescence. MPH and HPH were not correlated with
any of the parameters that were determined. However,
average heterosis was correlated with grain yield and
the other heterosis indices under both irrigation treat-
ments. Also all the heterosis indices were correlated
between them in both densities (Tables 8 and 9). In
addition, there was correlation of A with most of the
characteristics that were studied and also with the MPH
and HPH (Tables 8 and 9).
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Table 4. Mean grain yield of 31 hybrids at ultra-low density (ULD) and dense stand (DS) conditions across two irrigation treatments and
three sites. The average (Avg) mean yield from the three environments as well as the least significant difference (LSD) for comparisons
among individual hybrids within each column (P < 0.05), are also given.

ULD (g plant”) DS (Mg ha)
Hybrids Control Stressed DTI(%) Control Stressed DTI(%)
25x7 847.9 697.6 17.72 12.71 8.11 32.41
25x 30 967.5 813.3 15.93 12.06 7.85 29.13
7 x29 769.7 711.8 7.52 12.75 6.90 35.51
10 x 30 1069.8 884.4 17.33 13.89 6.81 44.42
6x15 700.6 589.9 15.80 11.46 6.24 33.21
25x 2 701.5 656.5 6.41 12.72 6.19 41.64
25x5 1002.3 838.8 16.32 12.14 7.74 25.61
25x9 944.5 811.8 14.06 15.39 7.89 41.17
25x 17 986.8 750.5 23.95 13.62 7.81 35.90
28x8 1006.1 848.0 15.71 12.66 8.30 29.31
29x9 1606.8 1147.8 28.57 16.26 7.53 42.31
29 x 16 1326.6 969.3 26.94 14.39 8.77 27.74
26 x12 1128.6 897.7 20.47 16.23 9.17 35.16
26 x 18 867.1 706.2 18.55 13.00 8.60 23.87
26 x 22 1119.7 908.2 18.89 14.51 9.01 33.59
26 x 27 1614.1 1096.5 32.07 14.46 9.1 33.84
13x22 705.2 619.3 12.18 11.20 7.36 27.38
2x15 880.9 649.4 26.28 14.95 10.05 31.60
22 x 30 933.0 752.1 19.39 12.25 7.27 35.84
26x3 915.4 742.0 18.95 14.94 9.05 42.95
26 x 29 1622.2 1058.4 34.75 12.89 8.73 34.91
26 x 30 1033.7 880.4 14.84 16.35 9.15 46.65
26 x 17 1014.3 771.0 23.99 12.53 7.49 39.45
28 x 22 1086.2 926.7 14.69 12.19 7.55 54.26
3x30 886.8 749.4 15.50 14.45 9.27 35.93
28x 18 974.1 836.2 14.16 13.40 10.24 23.60
15x 12 661.1 635.2 3.92 12.37 8.18 42.77
17 x 20 859.8 7171 16.61 13.90 8.80 49.76
24 x 20 909.0 659.1 27.49 14.11 9.86 33.63
14 x 20 1001.4 809.3 19.18 15.34 12.07 16.05
Commercial hybrid 1077.6 876.5 18.66 16.22 13.69 14.78
Average 1007.1 806.8 19.89 13.72 8.54 34,66
LSD 123.4 110.41 2.54 1.21 1.65 3.25
Discussion severe enough to elucidate the differences in response

From the present study it is obvious that there was
significant variation among inbred lines and hybrids
for grain yield and also the physiological characteris-
tics that were studied under drought and control con-
ditions. The presence of significant genetic variation
among the inbred lines implies that significant progress
could be made from the selection for improved grain
yield and the development of productive maize hybrids
for drought prone and optimal growing environments.
Similar results were found by others using different
inbred lines and their hybrids (Rosielle and Hamblin,
1981; Badu-Apraku et al., 2011b; Badu-Apraku and
Oyekunle, 2012). The grain yield reduction expressed
as DTl was up to 41% and 63 % at ULD and DS respec-
tively among inbred lines and up to 34% and 54 % in
hybrids for ULD and DS respectively. The DTl values in-
dicated that the levels of drought stress imposed were

to drought among the inbred lines and their hybrids
under both plant densities.

The levels of yield reduction due to water shortage
in the present study fell within the range reported by
other authors (Rosielle and Hamblin, 1981; NeSmith
and Ritchie, 1992; Badu-Apraku et al., 2011b). The
relatively low yield reduction observed in some inbred
lines in both plant densities suggested that these lines
may carry drought-tolerant genes. These lines exhib-
ited high grain yield and A at the water deficit regime.
Hybrids 25 x 5, 28 x 8, 29 x 16, 28 x 18, 14 x 20 like-
wise the commercial hybrid were identified as the most
outstanding in performance under drought and well-
watered conditions. The tolerance of the hybrids that
were derived from specific crosses did not follow a par-
ticular trend as there were hybrids that were tolerant
and others were not. In particular, some of the tolerant
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Table 5. Mean assimilation rate (A) of 30 inbred lines and their hybrids at ultra-low density ULD) and dense-stand (DS) conditions across
two irrigation treatments and three sites. The average (Avg) mean yield from the three sites as well as the least significant difference
(LSD) for comparisons among individual lines within each column (P < 0.05), are also given.

Assimilation rate (A) (pmol CO, m? s)

UuLD DS uLD DS
Inbred lines Control Stressed Control Stressed Hybrids Control Stressed Control Stressed
1 21.61 19.17 21.63 15.43 25x7 28.00 20.12 22.85 13.99
2 22.60 19.84 24.64 17.17 25x 30 25.09 20.49 23.25 14.74
3 24.63 21.18 19.98 19.86 7x29 24.16 20.35 24.87 14.62
4 18.81 16.11 19.29 16.82 10x 30 29.01 20.11 25.52 16.97
5 23.15 17.88 22.00 17.21 6x15 25.79 22.10 21.74 14.53
6 20.20 18.52 16.89 20.81 25x2 24.46 20.72 20.10 13.03
7 22.23 21.75 21.82 22.60 25x5 23.92 21.31 26.31 16.82
8 21.64 17.79 21.42 20.70 25x9 27.93 18.76 25.40 15.97
9 23.86 20.07 22.89 22.55 25x17 25.50 21.43 21.88 13.36
10 22.39 17.74 24.62 12.91 28x8 25.32 20.09 22.80 12.96
1 19.87 17.90 19.56 21.41 29x9 28.96 20.74 25.12 15.36
12 20.86 21.86 18.38 18.10 29x 16 25.89 18.57 22.94 14.06
13 21.69 18.76 20.46 21.40 26x12 2471 20.86 26.16 15.28
14 22.95 18.02 22.70 18.27 26 x18 26.78 21.42 21.03 13.62
15 23.39 19.51 18.72 19.12 26 x 22 24.32 17.21 23.10 15.20
16 23.23 19.52 21.50 20.26 26 x 27 24.05 19.14 23.29 15.56
17 2551 22.99 22.83 20.07 13x22 22.49 19.92 24.49 15.12
18 2379 19.48 23.46 17.98 2x15 25.99 20.44 25.41 14.62
19 22.15 20.34 23.46 20.27 22x 30 22.67 18.71 22.99 16.72
20 16.92 17.38 21.77 17.74 26 x3 26.41 19.64 2312 15.09
21 24.54 20.92 19.32 20.25 26 x 29 25.98 19.79 20.97 12.15
22 21.98 21.48 18.56 15.43 26 x 30 26.55 19.80 23.82 16.86
24 21.67 21.71 18.56 22.20 26 x 17 23.44 20.24 21.78 16.52
25 24.08 21.79 20.22 21.31 28 x 22 23.88 19.11 23.96 15.09
26 24.48 20.61 21.25 2573 3x30 25.50 22.99 2117 15.04
27 21.71 18.50 19.68 20.65 28x18 25.57 21.82 22.00 13.72
28 24.11 19.64 26.92 18.21 15x12 29.04 18.84 26.52 18.41
29 22.00 16.76 23.55 22.37 17 x 20 25.35 21.16 25.62 16.30
30 22.54 19.95 24.53 22.41 24 x 20 25.17 23.44 21.94 16.47
31 26.05 22.70 17.97 21.75 14 x 20 24.04 20.52 23.92 21.37
commercial 25.89 19.16 25.99 20.42
Average 22.49 19.66 21.38 19.85 25.54 20.29 23.55 15.48
LsD 2.45 2.86 2.12 2.64 2.87 2.13 2.98 2.21

hybrids were from the tolerant lines (28 x 8, 26 x 22 and
14 x 20), others from the sensitive lines (29x16) and oth-
ers from the lines that were tolerant and sensitive (26 x
30, 28 x 18) indicating that the response to drought is
a quite complex characteristic and cannot be predicted
from the behavior of the parental inbred lines. Other
researchers also tried to use drought tolerant inbred
lines and to produce tolerant hybrids but they couldn’t
find any tolerant hybrids and therefore the tolerance
could be transferred to their hybrids (Badu-Apraku et
al., 2011a,b). This emphasizes the difficulty to produce
drought tolerant hybrids from specific inbred lines and
the need to concentrate also in the physiological ba-
sis of the tolerance of the inbred lines and their hy-
brids in order to be able to produce tolerant hybrids.
Nevertheless, in the majority of the above hybrids one
of their parents was experimental line developed for

improved PYE (Tokatlidis et al., 1998), an agronomic
trait documented as essential for high productivity of
rainfed maize cultivation (Tokatlidis et al., 2015), as well
as to adapt the crop to the climate change and allevi-
ate the food insecurity problem especially in drought
prone areas (Duvick, 2005; Berzsenyi and Tokatlidis,
2012; Tokatlidis, 2013).

The effect of drought on plant growth and develop-
ment has been studied extensively in different levels,
whole plant, molecular, and biochemical (Campos et
al., 2004, Parry et al., 2005; Bazinger and Araus, 2007,
Brennan and Martin, 2007; Ribaut and Ragot, 2007; Tu-
berosa et al., 2007; Mullet, 2009; Tokatlidis, 2013). The
decrease in photosynthetic efficiency is a well-known
symptom of drought-induced stress and has been
shown in many plant species (Di Marco et al., 1988;
Schapendonk et al., 1989; Selmani and Wassom, 1991;
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Table 6. Correlation coefficients of grain yield and the physiological parameters measured under ultra-low density (ULD) conditions for
inbred lines over the three sites under control and water stressed conditions.

A g, Ci E Chl. Fl. WUE SPAD
Control
Grain Yield 0.393* 0.262 0.112 0.322 0.371* 0.381* 0.447*
A 0.924** 0.813** 0.979** 0.864** 0.897** 0.880**
g 0.842** 0.935** 0.723** 0.718** 0.781**
Ci 0.862** 0.833** 0.780** 0.786**
E 0.849** 0.848** 0.881**
Chl. FI. 0.925** 0.838**
WUE 0.863**
SPAD
Stressed
Grain Yield 0.384* 0.186 0.201 0.294 0.533** 0.467** 0.456**
A 0.885** 0.901** 0.961** 0.854** 0.807** 0.890**
g 0.819** 0.916** 0.609** 0.504** 0.710**
Ci 0.864** 0.821** 0.800** 0.840**
E 0.780** 0.653** 0.825**
Chl. Fl. 0.908** 0.866**
WUE 0.848**
SPAD

* Significant at the 0.05 level of probability, ** Significant at the 0.01 level of probability, *** Significant at the 0.001 level of probability

Jamaux et al., 1997; Ober et al., 2005; Zarco-Perell6
et al., 2005; O'Neill et al., 2006; Subrahmanyam et al.,
2006; Khan et al., 2007; Hura et al., 2007; Zivéak et al.,
2008). In the present study a reduction of the assimi-
lation rate was observed in lines and their respective
hybrids after exposure to drought. This reduction was
usually accompanied with a decrease in g, and E (data

not shown). However, there were genotypes that did
not show any changes of stomatal function or even dis-
played an increased g, under drought compared with
the nonstressed plants and in this case there was also
an increase in E and A. Under water stress stomatal clo-
sure occurs which affects E and also reduces A. But as
the water stress persists there is a greater reduction in

Table 7. Correlation coefficients of grain yield and the physiological parameters measured under dense-stand (DS) conditions for inbred

lines over the three sites under control and water stressed conditions.

A g, Ci E Chl. Fl. WUE SPAD
Control
Grain Yield 0.335 -0.103 0.234 -0.012 0.310 0.082 0.438*
A -0.046 0.200 0.124 0.289 0.164 0.082
g -0.652** 0.952** -0.521** -0.840** -0.007
Ci -0.552** 0.441* 0.507** -0.089
E -0.479** -0.883** 0.173
Chl. FI. 0.625** 0.012
WUE -0.213
SPAD
Stressed
Grain Yield 0.336 0.264 -0.027 0.273 -0.108 0.127 0.180
A 0.863** 0.089 0.834** -0.164 0.484** 0.460*
g 0.525** 0.893** -0.093 0.150 0.440*
Ci 0.367* 0.003 -0.440* 0.190
E -0.140 -0.074 0.393*
Chl. Fl. -0.070 -0.312
WUE 0.199
SPAD

* Significant at the 0.05 level of probability, ** Significant at the 0.01 level of probability, *** Significant at the 0.001 level of probability

63 ~M13

Maydica electronic publication - 2018



Physiological characteristics and drought tolerance

Table 8. Correlation coefficients of grain yield and the physiological parameters measured under ultra-low density (ULD) for hybrids over

the three sites under control and water stressed conditions.

A g, Ci E Chl. Fl. WUE SPAD MPH HPH Aver. Het
Control
Grain Yield  0.043 -0.093 -0.121 0.046 -0.103 0.006 0.322 0.193 0.064 0.873**
A 0.425* 0.159 0.877** -0.174 0.463** 0.197 -0.097 -0.093 0.016
g 0.400* 0.556** 0.049 -0.148 0.180 -0.012 -0.012 -0.105
Ci 0.319 0.275 -0.269 0.088 -0.050 -0.133 -0.099
E -0.080 -0.018 0.173 0.020 -0.013 0.062
Chl. FI. -0.223 -0.023 0.103 0.045 -0.064
WUE 0.082 -0.256 -0.181 -0.089
SPAD 0.214 0.102 0.426
MPH 0.960*** 0.620*
HPH 0.489*
Stressed
Grain Yield -0.356*  -0.392* -0.232 -0.319 -0.422* -0.085 0.138 0.044 -0.103 0.757**
A 0.563** 0.053 0.886** -0.289 0.263 0.117 -0.008 0.062 -0.233
g 0.483** 0.514** -0.005 0.108 0.161 -0.279 -0.148 -0.434*
Ci 0.146 0.116 -0.207 0.287 -0.201 0.022 -0.190
E -0.369* -0.214 0.080 0.026 0.085 -0.179
Chl. FI. 0.148 0.089 -0.298 0.069 -0.426*
WUE 0.066 -0.071 -0.038 -0.130
SPAD 0.188 0.191 0.289
MPH 0.590** 0.418*
HPH 0.634**

* Significant at the 0.05 level of probability, ** Significant at the 0.01 level of probability, *** Significant at the 0.001 level of probability

A (Chaves et al., 2002; Chaves and Oliveira, 2004). It
is generally accepted the model about the “stomatal
control” which proposes that stomatal closure and the
decrease of g_ are the main causes for the reduction of
A under water stress (Chaves et al., 2002, 2009; Law-
lor, 2002; Reddy et al., 2004; Christensen and Feldman,
2007; Lawlor and Tezara, 2009).

The maximum quantum efficiency of PSIl photo-
chemistry was affected by genotype and water stress,
in agreement with previous studies (Di Marco et al.,
1988; Selmani and Wassom, 1991; O’Neill et al., 2006).
In addition, primary photosynthetic processes such as
photosynthetic electron transport are considered to
be rather resilient to water deficit, and reduction in
photosynthetic electron transport efficiency occurs af-
ter there is an imbalance between the generation of
NADPH and its utilization in the photosynthetic car-
bon reduction cycle (Cornic and Fresneau, 2002; Baker
and Rosenquist, 2004). Under severe drought stress it
was found that there is an increased generation of re-
active oxygen species leading to photooxidation and
the degradation of photosynthetic membrane proteins
(particularly D1, D2 and CP43 proteins of PSIl) and as-
sociated pigments and lipids (Cornic and Fresneau,
2002; Reddy et al., 2004). A close relationship be-
tween A and chlorophyll fluorescence was found only
in the cases of lines in ULD but not at DS while it was
absolutely absent in hybrids. Therefore, the lack of

such a relationship suggests that the net photosynthe-
sis in drought-stressed plants was not limited by the
efficiency of PSIl or the amount of chlorophylls or ca-
rotenoids but rather by the functioning of stomata.

Chlorophyll content in inbred lines was also affect-
ed by location, genotype and the interaction between
genotype and location. In hybrids, chlorophyll content
was affected by location, irrigation, genotype, and in-
teraction of GxL, IrrxL and GxlIrr in both plant densi-
ties. Chlorophyll content has been proposed as a good
indicator of green color and the stay green character-
istic (Li et al., 2006; Fotovat et al., 2007). Chlorophyll
content was correlated with most of the physiological
parameters measured and also with grain yield under
both ULD and DS conditions. In the inbred lines, it was
correlated only with A, g_, and E but not with grain yield
in both water regimes. In hybrids, however, the trend
was quite different as chlorophyll content showed low
correlation at ULD and DS conditions. These results
indicate that chlorophyll content couldn’t be a very
good index for the selection of tolerant hybrids.

The use of physiological traits in breeding can help
in the improvement of plant tolerance but has to ful-
fill several criteria such as the possibility of relatively
simple and fast measurements of the respective pa-
rameter in many samples, its good correlation with the
tolerance/sensitivity to the target stress factor, and
an adequate intraspecific genetic variation (Brennan
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Table 9. Correlation coefficients of grain yield and the physiological parameters measured under dense-stand (DS) for hybrids over the

three sites under control and water stressed conditions.

A g, Ci E. Chl. Fl. WUE SPAD MPH HPH Aver. Het
Control
Grain Yield  0.201 0.301 0.200 0.231 -0.155 -0.126 -0.048 0.344 0.329 0.478*
A 0.577** 0.330 0.836** 0.154 -0.053 0.117 0.300 0.389* 0.301
g 0.642** 0.658** 0.047 -0.332 -0.040 0.196 0.199 0.262
Ci 0.300 -0.028 -0.037 0.149 0.102 0.015 0.224
E 0.101 -0.588** 0.122 0.209 0.300 0.216
Chl. FI. 0.061 0.074 0.006 0.118 -0.080
WUE -0.058 0.049 0.018 0.033
SPAD 0.386** 0.291 0.445*
MPH 0.940** 0.941**
HPH 0.845**
Stressed

Grain Yield  0.142 -0.052 0.270 0.184 -0.055 -0.128 0.197 0.554** 0.491** 0.444**
A 0.774** 0.070 0.911** 0.341 0.127 0.351 0.522** 0.556** 0.481**
g 0.132 0.656** 0.323 0.209 0.355 0.337 0.340 0.345
Ci 0.230 -0.210 -0.390* 0.136 0.020 -0.054 0.009
E 0.186 -0.293 0.443* 0.558** 0.523** 0.522**
Chl. FI. 0.335 0.091 0.314 0.293 0.304
WUE -0.259 -0.149 0.001 -0.141
SPAD 0.411** 0.373 0.341
MPH 0.886** 0.890**
HPH 0.660**

* Significant at the 0.05 level of probability, ** Significant at the 0.01 level of probability, *** Significant at the 0.001 level of probability

and Martin, 2007; Sayar et al., 2008). The physiologi-
cal parameters examined in our study certainly satisfy
the first condition (particularly the Chl fluorescence
measurements) and more-or-less meet also the second
condition (based on the presence of positive correla-
tions between Chl fluorescence parameters and the
drought-induced changes in plant morphology and
water status). In other studies it was found a good as-
sociation between maize drought tolerance and Chl
fluorescence excitation spectra (Grzesiak et al., 2007a)
or Chl content (Grzesiak et al., 2007b). From this point
of view, the measurement of A seems to be the least
suitable among the three categories of photosynthetic
parameters examined, as it is rather time-consuming
and the relationship between A and drought-induced
changes in plant morphology and development is not
unequivocal (Grzesiak et al., 2006).

The significant intraspecific variability in physiologi-
cal characteristics used in the present study were evi-
denced in numerous studies (Rao et al., 1978; Monma
and Tsunoda, 1979; Baer and Schrader, 1985; Csap6 et
al., 1991; Crafts-Brandner and Poneleit, 1992; Mehta
et al., 1992; Dolstra et al., 1994; Krebs et al., 1996).
Therefore, these parameters can be used in breeding
programs for finding maize drought tolerant geno-
types. However, these characteristics should have high
heritability (Sayar et al., 2008). From the present study

it is obvious that the heritability of most of the charac-
teristics was low and also quite complex results that
are in agreement with other studies (Baer and Schrad-
er, 1985; Mehta et al., 1992).

The weak correlations between grain yield and
physiological traits that was found in hybrids in the
present study emphasizes the need to evaluate hybrids
under drought stress to identify superior hybrids for
stress environments. The positive and significant cor-
relation observed between mid-parent heterosis and
the other heterosis indices and grain yield in this study
are consistent with the findings of others (Betran et al.,
2003; Makumbi et al., 2011). Furthermore, the pres-
ence of strong associations between grain yield and
some physiological characteristics under stress and
control conditions demonstrated that some of these
traits could be utilized as secondary traits for indirect
selection for improved grain yield under stress and
control conditions especially under ULD conditions.
These results imply that drought stress significantly af-
fected these traits, indicating the potential of the traits
for predicting drought tolerance in maize.
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Conclusions

We can thus conclude that although the determina-
tion of physiological characteristics can be used for a
simple assessment of drought tolerance in collections
of maize stressed conditions, the practical usability of
such parameters in maize breeding programs is quite
limited, because their measurement in parental geno-
types subjected to water stress cannot provide any
information on the progeny performance under such
conditions.

Acknowledgement

Work co-financed by the European Union (European
Regional Development Fund-ERDF) and Greek nation-
al funds through the Operational Program “Competi-
tiveness and Entrepreneurship” of the National Stra-
tegic Reference Framework (NSRF)-Research Funding
Program: Synergasia2009. Action |. Cooperative small-
and mid-scale projects, program code 09 SYN-22-604.
We are grateful to Dr. Pantazis Georgiou for helping
of the ET calculations and to Dr. George Menexes for
helping us with the statistical analysis.

References

Allen RG, Pereira LS, Raes D, Smith M, 1998. Crop
evapotranspiration. Guidelines for computing crop
water requirements. In: FAO Irrigation and Drainage
Paper 56.

Badu-Apraku B, Lum AF, Akinwale RO, Oyekunle
M, 2011a. Biplot analysis of diallel crosses of early
maturing tropical yellow maize inbreds in stress and
nonstress environments. Crop Sci. 51: 173-188.

Badu-Apraku B, Oyekunle M, Akinwale RO, Lum
AF 2011b. Combining ability of early-maturing
white maize inbreds under stress and nonstress
environments. Agron. J. 103: 544-557.

Badu-Apraku B, Oyekunle M, 2012. Genetic analysis of
grain yield and other traits of extra-early yellow maize
inbreds and hybrid performance under contrasting
environments. Field Crops Res. 129: 99-110.

Baer GR, Schrader LE 1985. Inheritance of DNA
concentration, and cellular contents of soluble
protein,  chlorophyll, bisphosphate
carboxylase, and pyruvate, Pi dikinase activity in
maize leaves. Crop Sci. 25: 916-923.

Baker and Rosenquist 2004. Applications of chlorophyll
fluorescence can improve crop production strategies:
an examination of future. J. Exp. Bot. 55: 1607-1621.

ribulose

Bazinger M, Araus JL. 2007. Recent advances in
breeding maize for drought and salinity stress
tolerance. — In: Jenks, M.A., Hasegawa, PM., Jain,

S.M. (ed.): Advances in Molecular Breeding toward
Drought and Salt Tolerant Crops. Pp. 587- 601.
Springer, Berlin — Heilderberg.

Berzsenyi Z, Tokatlidis IS 2012. Density-dependence
rather maturity determines hybrid selection in
dryland maize production. Agron. J. 104: 331-336.

Betran, FJ, Beck, D, Banziger, M, and Edmeades,
GO 2003. Secondary traits in parental inbreds and
hybrids under stress and non-stress environments in
tropical maize. Field Crops Res. 83, 51-65.

Blumenthal, JM, DJ Lyon, and WW Stroup 2003.
Optimal plant population and nitrogen fertility for
dryland corn in Western Nebraska. Agron. J. 95, 878-
883.

Brennan, JP, and Martin, PJ 2007. Returns to investment
in new breeding technologies. Euphytica 157, 337-
349.

Campos, H, Cooper, M, Habben, JE, Edmeades, GO,
and Schussler, JR 2004. Improving drought tolerance
in maize: a view from industry. Field Crops Res. 90,
19-34.

Chaves, MM, and Oliveira, MM 2004. Mechanisms
underlying plant resilience to water deficits:
prospects for water-saving agriculture. J. Exp. Bot.
55, 2365-2384.

Chaves, MM, Pereira, JS, Maroco, J, Rodrigues, ML,
Ricardo, CPP, Osério, ML, Carvalho, |, Faria, T, and
Pinheiro, C 2002. How plants cope with water stress
in the field. Photosynthesis and growth. Ann. Bot. 89,
907-916.

Chaves, MM, Flexas, J, C 2009.
Photosynthesis under drought and salt stress:
Regulation mechanisms from whole plant to cell.
Ann. Bot. 103, 551-560.

Christensen, CA, and Feldmann, KA 2007:
Biotechnology approaches to engineering drought
tolerant crops. — In: Jenks, M.A., Hasegawa, PM.,
Jain, S.M. (ed.): Advances in Molecular Breeding
toward Drought and Salt Tolerant Crops. Pp. 333-
357. Springer, Berlin — Heilderberg.

Cornic, G, and Fresneau, C 2002: Photosynthetic
carbon reduction and carbon oxidation cycles are the
main electron sinks for photosystem Il activity during
a mild drought. Ann. Bot. 89, 887-894.

Crafts-Brandner, SJ, Poneleit, CG 1992. Selection for
seed growth characteristics: effect on leaf senescence
in maize. Crop Sci. 32: 127-131.

Csapé6, B, Kovécs, J, Paldi, E, and Szigeti, Z 1991.
Fluorescence induction characteristics of maize
inbred lines after long-term chilling treatment during
the early phase of development. Photosynthetica
25, 575-582.

Derera, J, Tongoona, P, Vivek, BS, and Laing, MD 2008.

and Pinheiro,

63 ~M13

Maydica electronic publication - 2018



Physiological characteristics and drought tolerance

Gene action controlling grain yield and secondary
traits in southern African maize hybrids under
drought and non-drought environments. Euphytica
162(3), 411-422

Di Marco, G, Massacci, A, and Gabrielli, R 1988.
Drought effects on photosynthesis and fluorescence
in hard wheat cultivars grown in the field. Physiol.
Plant. 74, 385-390.

Dolstra, O, Haalstra, SR, Vanderputten, PEL,
Schapendonk, AHCM 1994. Genetic variation for
resistance to low-temperature photoinhibition of
photosynthesis in maize (Zea mays L.). Euphytica 80,
85-93.

Duvick, DN 2005. The Contribution of Breeding to
Yield Advances in maize (Zea mays L.). Adv. Agron.
86: 83-145.

Georgiou, PE, Antonopoulos, VZ, and Lekakis, EH
2010. Soil water balance and distribution in a field of
maize under partial root-zone drying drip irrigation.
In: e-Proceedings of the International Conference
PRE10 Protection and Restoration of the Environment
X, Corfu, Greece, p. 8.

Grzesiak, MT, Grzesiak, S, Skoczowski, A 2006. Changes
of leaf water potential and gas exchange during
and after drought in triticale and maize genotypes
differing in drought tolerance. Photosyntetica 44:
561-568

Grzesiak, MT, Rzepka, A, Hura, T, Grzesiak, S, Hura,
K, Filek, W, Skoczowski, A: 2007a. Fluorescence
excitation spectra of drought resistant and sensitive
genotypes of triticale and maize. Photosynthetica 45:
606-611.

Grzesiak MT, Rzepka A, Hura T, Hura K, Skoczowski
A, 2007b. Changes in response to drought stress of
triticale and maize genotypes differing in drought
tolerance. Photosynthetica 45: 280-287.

Fasoula VA, Tokatlidis IS, 2012. Development of crop
cultivars by honeycomb breeding. Agron. Sustain.
Dev. 32: 161-180.

Fotovat R, Valizadeh M, Toorchi M, 2007. Association
between water-use efficiency components and
total chlorophyll content (SPAD) in wheat (Triticum
aestivum L.) under well-watered and drought stress
conditions. J. Food Agric. Environ. 5: 225-227.

Fracheboud Y, Haldimann P, Leipner P, Stamp P, 1999.
Chlorophyll fluorescence as a selection tool for cold
tolerance of photosynthesis in maize (Zea mays L.). J.
Exp. Bot. 50: 1533-1540.

Hallauer AR, Miranda JB, 1988. Quantitative Genetics
in Maize Breeding. lowa State University Press, Ames,
IA, USA.

Hura T, Grzesiak S, Hura K, Thiemt E, Tokarz K, Wedzony
M, 2007. Physiological and biochemical tools useful in

drought-tolerance detection in genotypes of winter
triticale: Accumulation of ferulic acid correlates with
drought tolerance. Ann. Bot. 100: 767-775.

Jamaux |, Steinmetz A, Belhassen E, 1997. Looking
for molecular and physiological markers for osmotic
adjustment in sunflower. New Phytol. 137: 117-127.

Khan HUR, Link W, Hocking TJ, Stoddard FL, 2007.
Evaluation of physiological traits for improving
drought tolerance in faba bean (Vicia faba L.). Plant
Soil 292: 205-217.

Koscielniak J, Janowiak F, Kurczych Z, 2005. Increase
in photosynthesis of maize hybrids (Zea mays L.)
at suboptimal temperature (15 °C) by selection
of parental lines on the basis of chlorophyll a
fluorescence measurements. Photosynthetica 43:
125-134.

Krebs D, Synkovd H, Avratovscukovd N, Kocova
M, Sestdk Z, 1996. Chlorophyll  fluorescence
measurements for genetic analysis of maize cultivars.
Photosynthetica 32: 595-608.

Lawlor DW, 2002. Limitation to photosynthesis in water-
stressed leaves: stomata vs. metabolism and the role
of ATP. Ann. Bot. 89: 871-885.

Lawlor DW, 2013. Genetic engineering to improve plant
performance under drought: physiological evaluation
of achievements, limitations, and possibilities. J
Exper Bot 64: 83-108.

Lawlor DW, Tezara W, 2009. Causes of decreased
photosynthetic rate and metabolic capacity in water-
deficient leaf cells: a critical evaluation of mechanisms
and integration of processes. Ann. Bot. 103: 561-579.

Lekakis EH, Georgiou PE, Pavlatou-Ve A, Antonopoulos
VZ, 2011. Effects of fixed partial root-zone drying
irrigation and soil texture on water and solute
dynamics in calcareous soils and corn yield. Agr.
Water Manage. 101: 71-80.

Li RH, Guo PG, Baum M, Grando S, Ceccarelli S, 2006.
Evaluation of chlorophyll content and fluorescence
parameters as indicators of drought tolerance in
barley. — Agric. Sci. China 5: 751-757.

Lopes MS, Araus JL, van Heerden PDR, Foyer CH 2011.
Enhancing drought tolerance in C4 crops. J Exper
Bot 62: 3135-3153.

Makumbi D, Betran FJ, Béanziger M, Ribaut J, 2011.
Combining ability, heterosisand genetic diversity in
tropical maize (Zea mays L.) under stress and non-
stressconditions. Euphytica 180: 143-162.

Mehta H, Sarkar KR, Sharma SK 1992. Genetic analysis
of photosynthesis and productivity in corn. — Theor.
Appl. Genet. 84: 242-255.

Menkir A, Badu-Apraku B, Th C, Adepoju A, 2003.
Evaluation of heterotic patterns of IITA's lowland
white maize inbred lines. Maydica 48: 161-170.

63 ~M13

Maydica electronic publication - 2018



Physiological characteristics and drought tolerance

Monma E, Tsunoda S, 1979. Photosynthetic heterosis in
maize. Jap. J. Breed. 29: 159-165.

Mullet J, 2009. Traits and genes for drought tolerance.
In: Kriz AL, Larkins BA (ed.) Molecular genetics
approaches to maize improvement. Pp. 55-64.
Springer, Berlin — Heidelberg.

NeSmith DS, Ritchie JR, 1992. Effect of water-deficits
during tassel emergence on development and yield
components of maize (Zea mays L.) Field Crops Res.
28, 251-256.

Norwood CA, 2001. Dryland corn in Western Kansas:
Effects of hybrid maturity, planting date, and plant
population. Agron. J. 93: 540-547.

Ober ES, Le Bloa M, Clark CJA, Royal A, Jaggard KW,
Pidgeon JD, 2005. Evaluation of physiological traits
as indirect selection criteria for drought tolerance in
sugar beet. Field Crops Res. 91: 231-249.

O’Neill PM, Shanahan JF, Schepers JS, 2006. Use of
chlorophyll fluorescence assessments to differentiate
corn hybrid response to variable water conditions.
Crop Sci. 46: 681-687.

Parry, MAJ, Flexas, J, and Medrano, H 2005. Prospects
for crop production under drought: research priorities
and future directions. Ann. Appl. Biol. 147, 211-226.

Rao AN, Trivedi RC, Dubey PS, 1978. Primary production
and photosynthetic pigment concentration of ten
maize cultivars. Photosynthetica 12: 62-64.

Reddy AR, Chaitanya KV, Vivekanandan M, 2004.
Drought induced responses of photosynthesis and
antioxidant metabolism in higher plants. J. Plant
Physiol. 161: 1189-1202.

Ribaut JM, Ragot M, 2007. Marker-assisted selection to
improve drought adaptation in maize: the backcross
approach, perspectives, limitations and alternatives.
J. Exp. Bot. 58: 351-360.

Rosielle AA, Hamblin J, 1981. Theoretical aspects
of selection for yield in stress and non-stress
environments. Crop Sci. 21: 943-946.

Royo C, Garcia del Moral LF, Aparicio N, Villegas D,
CasadesUs J, Araus JL, 2000. Tools for improving
the efficiency of durum wheat selection under
Mediterranean conditions. —In: Seminar on Durum
Wheat Improvement in the Mediterranean Region:
New Challenges, Zaragoza (Spain), 12-14 Apr 2000.
Pp. 63-70. CIHEAM-IAMZ, Zaragoza 2000.

Sayar R, Khemira H, Kameli A, Mosbahi M, 2008.
Physiological tests as predictive appreciation for
drought tolerance in durum wheat (Triticum durum
Desf.). Agron. Res. 6: 79-90.

Selmani A, Wassom CE, 1991. Effect of mild drought
on chlorophyll fluorescence and morphological traits
in young maize seedlings. Trans. Kansas.Acad. Sci.
94: 85-94.

Schapendonk AHCM, Spitters CJT, Groot PJ 1989.
Effects of water stress on photosynthesis and
chlorophyll fluorescence of five potato cultivars. —
Potato Res. 32: 17-32.

Shanahan JF, Doerge TA, Johnson JJ, Vigil MF, 2004.
Feasibility of site-specific management of corn
hybrids and plant densities in the great plains. Prec.
Agric. 5: 207-225.

Silva MA, Jifon JL, Da Silva JAG, Sharma V, 2007. Use
of physiological parameters as fast tools to screen
for drought tolerance in sugarcane. — Braz. J. Plant
Physiol. 19: 193-201.

Steel RGD, Torrie JH, Dickey DA, 1997. ‘Principles and
procedures of statistics: a biometrical approach.’ 2nd
edn. (McGraw-Hill: New York).

Subrahmanyam D, Subash N, Haris A, Sikka AK, 2006.
Influence of water stress on leaf photosynthetic
characteristics in wheat cultivars differing in their
susceptibility to drought. Photosynthetica 44: 125-
129.

Tokatlidis IS 2013. Adapting maize crop to climate
change. Agron. Sustain. Dev. 33: 63-79.

Tokatlidis IS, Koutsika-Sotiriou M, Fasoulas AC, Tsaftaris
AS, 1998. Improving maize hybrids for potential yield
per plant. Maydica 43: 123-129.

Tokatlidis IS, Dordas C, Papathanasiou F, Papadopoulos
I, Pankou C, Gekas F, Ninou E, Mylonas |, Tzantarmas
C, Petrevska JK, Kargiotidou A, Sistanis |, Lithourgidis
A, 2015. Improved Plant Yield Efficiency is Essential
for Maize Rainfed Production. Agron. J. 107: 1011-
1018.

Tuberosa R, Salvi S, Giuliani S, Sanguineti MC, Bellotti
M, Conti S, Landi P, 2007. Genome-wide approaches
to investigate and improve maize response to
drought. Crop Sci. 47: 120-141.

von Caemmeter S, Farquhar S, 1981. Some relationships
between the biochemistry of photosynthesis and the
gas exchange of leaves. Planta 153: 376-387.

Zivédk M, Bresti¢ M, Olgovska K. 2008. Application
of photosynthetic parameters in the screening
of wheat (Triticum aestivum L.) genotypes for
improved drought and high temperature tolerance.
— In: Allen, J.F, Gantt, E., Golbeck, J.H., Osmond,
B. (ed.): Photosynthesis: Energy from the Sun. 14th
International Congress in Photosynthesis. Pp. 1247-
1250. Springer, Berlin — Heidelberg.

Zarco-Perell6 E, Gonzélez-Hernédndez VA, Lépez-
Peralta MC, Salinas-Moreno Y, 2005. Physiological
markers for drought tolerance in maize (Zea mays L.).
Agrociencia 39: 517-528.

63 ~M13

Maydica electronic publication - 2018



