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Abstract Functionality of the photosynthetic system under
water stress is of major importance in drought tolerance.
Oat (Avena sativa L.) doubled haploid (DH) lines obtained
by pollination of F; oat crosses with maize were used to
assess the differences in plant genotypic response to soil
drought. The investigations were based on the measure-
ments of gas exchange and chlorophyll a fluorescence
kinetics. Drought was applied to 17-day-old seedlings by
withholding water for 14 days and subsequent plant
recovery. Non-stressed optimally watered plants served as
controls. Yield components were determined when plants
reached full maturity. It was shown differences among the
oat lines with respect to drought stress susceptibility (SI)
and stress tolerance index mean productivity and drought
susceptibility index. Sensitivity to drought of individual
DH lines was significantly different, as demonstrated by
the correlation between drought susceptibility index and
yield components, such as dry weight (GW) or grain
number (GN) of the harvested plants. GW and GN were
lower in drought-sensitive genotypes exposed to drought
stress compared to those resistant to drought. The principal
component analysis allow to separate three groups of lines
differing in their sensitivity to drought stress and indicated
that tolerance to drought in oat has a common genetic
background.
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Abbreviations

ABS/CSm Light energy absorption

CF Chlorophyll a fluorescence kinetics

DH Doubled haploid

DI,/CSm Energy dissipated from PSII

DSI Drought susceptibility index

E Transpiration

ET,/CSm Energy used for electron transport

Fy/Fp, Maximum photochemical efficiency

GN and GW  Number and weight of grains per plant

gs Stomatal conductance

JIP-test Test applied to analyze fast fluorescence
kinetics

MP Mean productivity index

PI Overall performance index of PSII
photochemistry

Pn Photosynthesis rate

RC/CSm Number of active reaction centers

SI Stress index

TOL Stress tolerance index

TR,/CSm Excitation energy trapped
in PSII reaction centers

WUE Water use efficiency

Yc and Yp Yield in control and drought treatments

Introduction

The common oat (Avena sativa L.) is an important cereal
cultivated worldwide, which occupies the eighth place in
the world cereal production. Oat grain is an important
source of feed, pharmaceutical and cosmetic products,
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because it is a rich source of protein, fat, fiber and minerals
(Zaheri and Bahraminejad 2012). Drought stress is one of
the major causes of crop loss, as it can reduce yield com-
ponents, such as the number and weight of grains. Genetic
variation among genotypes is a crucial factor in plant
breeding (Talebi et al. 2009). Understanding the responses
of plants to drought is of great importance and constitutes a
fundamental prerequisite in the development of stress tol-
erance in crops (Zhao et al. 2008). The relative yield per-
formance of genotypes in drought stress or optimal
conditions seems to be a common starting point in the
identification of desirable genotypes for unpre-
dictable conditions in terms of soil moisture (Mohammadi
et al. 2010). Drought resistance is defined as the capacity of
plants in withstanding the periods of dryness and is related
to phenotypic, morphological and physiological factors
(Zhang et al. 2011; Yan et al. 2012). For qualitative and
quantitative evaluation, it is necessary to estimate the
influence of drought during the all growing period and
assess both the immediate and indirect physiological and
morphological reactions of plants. The plant responses help
manage the unfavorable stress conditions, either by
increasing resistance to damage or sustaining metabolic
functions under limited water conditions (tolerance
mechanisms).

The plant reacts to soil water deficit by closing the
stomata to prevent loss of water (a decrease of stomatal
conductance—g;) and inhibition of photosynthesis (Pn) and
transpiration (E). Therefore, the ability to maintain the
functionality of the photosynthetic system under water
stress is of major importance in drought tolerance (Zlatev
2009). During drought stress, plants display osmoregula-
tion capacity, which enable them maintaining a relatively
high activity of the photosynthetic apparatus Hura et al.
(2007).

Plant breeders are interested in screening techniques
allowing to select drought-resistant and drought-sensitive
cereal genotypes (Kahrizi and Mohammadi 2009; Kahrizi
et al. 2011). Oat doubled haploids (DH) are one of the
technologies currently being used in the programs aimed at
developing new varieties with a combination of desirable
traits in a shorter time frame. In our previous study, we
have obtained a number of DH lines of oat (Marcinska
et al. 2013a), while in the current study we have tested their
susceptibility to drought stress in relation to the above-
described valuable characteristics of those types of lines.

Elucidating intricate relationships between fluorescence
kinetics and photosynthesis contribute to our understanding
of biophysical processes of photosynthesis (Sayed 2003).
Handy PEA fluorometer allows measurements of chloro-
phyll a fluorescence kinetics using continuous excitation
(Strasser and Govindjee 1992; Strasser et al. 2004). The
procedure applied in the current study is called the JIP-test
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(a test analyzing fast fluorescence kinetics), which allows
to measure several photosynthetic parameters (Strasser
et al. 1995; Yin et al. 2010). These include: F,/F,, (the
maximum photochemical efficiency), PI (overall perfor-
mance index of PSII system), ABS/CSm (light energy
absorption), TR,/CSm (excitation energy trapped in PSII
reaction centers), DI,/CSm [energy dissipated from PSII as
heat, equal to (ABS/CSm-TR,/CSm)], ET,/CSm (energy
used for electron transport) and RC/CSm (number of active
reaction centers). These parameters of the JIP-test are
determined during the transition of the photosynthetic
apparatus from a dark-adapted to a light-adapted state
(Czyczyto-Mysza et al. 2013). They reflect the electron
transfer and energy distribution within the photosynthetic
apparatus during the primary photochemistry (Strasser
et al. 2004). The possibility of applying this technique as a
reliable method for screening the plants for drought toler-
ance has been previously reported (Li et al. 2006; Yin et al.
2010). These observations validate our approach, which
should be regarded as an initial screen, which can be
subsequently employed to target drought tolerance in the
studied DH oat lines.

The purpose of our study was to demonstrate that on the
basis of physiological processes of seedling leaves and
yield evaluation after achieving full maturity by the plants,
it is possible to select genotypes among oat DH lines,
which exhibit different tolerance to water stress.

Materials and methods
Plant materials and growth conditions

DH lines were obtained by pollination of oat with maize at
the Institute of Plant Physiology in Cracow, according to
the method of Marcinska et al. (2013a). F, oat (Avena
sativa L.) generation (Table 1) and sweet corn Waza (Zea
mays) derived from the Strzelce Plant Breeding Ltd. served
as the source of plant material. The seeds were sown sep-
arately in the individual 3 dm® volume pots filled with soil
composed of horticultural soil and sand (1/1 v/v). Plants
were grown in an open-sided greenhouse until harvest in
August. Drought stress, induced by stopping the watering,
was applied from the 17th day of seedling growth with five
plants as replicates. The water status in the soil was mea-
sured by HydroSense Soil Water System (Campbell Sci-
entific 620, Inc. UK) and was set as 8 + 1% for the control
and 3 4+ 1% volumetric water content (VWC) for non-
watered plants. Drought treatment was continued for
14 days, until the leaves showed visual symptoms of turgor
loss and 3 £ 1% VWC. After taking the measurements of
gas exchange and chlorophyll fluorescence parameters, the
plants were rewatered, transferred to greenhouse conditions
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Table 1 List of the plant material used in the experiment: 11 doubled
haploid lines of oat originated from F; emasculated oat generations
and pollinated by sweet corn Waza

Doubled haploid line Fy oat generation

DH1 Szakal x Bajka
DH2 Deresz x Szakal
DH3 Deresz x Szakal
DH4 Deresz x Szakal
DH5 Krezus x STH 593
DH6 Bajka x STH 454
DH7 Bajka x STH 454
DHS8 Bajka x Bingo
DH9 Bajka x Bingo
DH10 STH 5428 x Bingo

DHI11 Bajka x Chwat

and maintained until harvest. At the final maturity, the
plants were cut at the soil surface. Grain weight and grain
number were measured for each plant to determine the
yield. The remaining plants were weighed after drying to
obtain the above-ground biomass.

Measurements of physiological parameters

Measurements of gas exchange and photochemical activity
were performed in 14th day of growth in open-side
greenhouse conditions on the youngest, well-developed
leaf of each line. Pn, E and g, were measured both for
control optimally watered and for drought after stopping
the watering during 14 days of growth. Coefficient of water
use efficiency (WUE) was calculated based on the mea-
surements of Pn and E. Gas exchange parameters of the
leaf were measured using a CO, IRGA analyzer (CI-
301PS, CID Inc., USA) with a Parkinson’s assimilation
chamber and a narrow type regular with a CI-301 LA light
attachment.

Chlorophyll a fluorescence kinetics parameters were
measured using a 230 fluorometer (Handy PEA; Hansatech
Instruments, King’s Lynn, UK) as it was described by
Czyczylo-Mysza et al. (2013). The following parameters
were calculated per excited leaf cross-section (CSm): F,/
Fp, PI, ABS/CSm, TR,/CSm, DI ,/CSm, ET,/CSm and RC/
CSm. Data were analyzed with the JIP-test according to
Strasser et al. (2000) and Force et al. (2003).

After taking the measurements of the above-described
parameters, plants were grown in the greenhouse condi-
tions as before the drought treatment and maintained until
full maturity. We determined the yield components for all
DH lines in the control (C) and drought-treated plants (D).
Indices of sensitivity to drought stress (SI stress index, DSI

drought susceptibility index) were calculated from the
grain weight based on the yield per plant and D conditions
(Yc and Yp), both according to FAO reports Fischer and
Maurer (1978) and Golbashy et al. (2010). TOL—stress
tolerance index according to Hossain et al. (1990) and
MP—mean productivity index according to Rosielle and
Hamblin (1981).

SI = Yp/Yc * 100,

DSI = [1 — (Yp/Yc)l/[1 - (Yo/Yc)],
TOL = Yc—Yp,

MP = (Yc + ¥p)/2,

where Yc and Yp are the grain yield in C and D conditions,
respectively; Yp and Yc are the mean grain yield from all
genotypes used in the experiment.

For other measured parameters, SI indices were calcu-
lated using the following formula:

SIX :XD/XC * ]OO7

where Xp and X are the CF and gas exchange parameters.
Values of the following parameters were obtained:

SIF,/F,,» Slpr, Slassicsms SItrRo/csms SIbro/csms Slaps/csm,

SIETO/CSm and SIRC/CSm’ SIPns SIE, SIWUE and SIg\

Statistical analysis

To determine statistical significance of obtained data,
Pearson’s linear correlation coefficients together with the
probability levels of sensitivity to drought stress indices,
mean productivity and yield components were calculated.
Moreover, all data were calculated using ANOVA analysis
of variance implemented in STATISTICA 12.0 software
(Statsoft, Tulsa, OK, USA) (where DH lines and the
treatment were the factors). Additionally, the distribution
of normality was tested using the Shapiro—Wilk test by the
same statistical program. We checked also homoscedas-
ticity of these parameters. Drought susceptibility indices
were calculated after the analysis of grain yield and
parameters of gas exchange and FC for plants grown under
control and drought conditions. Principal component
analysis (PCA), also included in STATISTICA 12.0, was
applied to assign the ranks to oat genotypes studied and to
classify which of them were more susceptible/resistant to
drought stress. PCA is a procedure that utilizes orthogonal
transformation to convert a set of possibly correlated
variables into a set of linearly uncorrelated variables called
principal components. When the angle and directions
between vectors is below 90° (acute angle), it represents a
positive correlation, while when the angle is higher than
90° (obtuse angle), the correlation is negative. No corre-
lation between parameters occurs when the angle between
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the vectors is 90° (perpendicular vectors). This transfor-
mation is defined in such a way that the first principal
component has the largest possible variance. PCA is sen-
sitive to the relative scaling of the original variables.

Results

Table 2 presents a linear correlation between grain dry
weight (Ycpw) and number (Ycegn) per plant for control and
grain dry weight (Yppw) and number (Ypgn) per plant of
drought-stressed plants as well as SI, DSI and MP. A high
correlation was demonstrated between these indices and
Yppw and Ypgn, except for the TOL index. Yield param-
eters of the control plants (Ycpw and Ycgn) were not
correlated with these indices, except for the MP index.
Correlation coefficients indicated that DSI, SI and MP
provided the most suitable criteria for the selection of high
yielding genotypes under water stress conditions. Two-way
analysis of variance for all traits in drought and control
conditions indicated highly significant genotypic differ-
ences for most of the measured traits.

Gas exchange

Analysis of variance (ANOVA) for the measurements of
gas exchange parameters, including water use efficiency
(WUE) revealed significant differences between DH lines
and the treatment (Table 3). A decrease (from 100% to
even 48%) in the rate of photosynthesis (Pn), transpiration
(E) and stomatal conductance (g;) was observed in oat
plants grown under drought conditions in comparison to
control plants. Among the studied oat lines, a lower
decrease of Pn, E and g, values was detected for DH1, DH2
and DH3 (about 20-40%) than for other lines (about

Table 2 Correlation coefficients between measured and calculated
traits: yield parameters (Ycpw and Ycgn—grain dry weight and
number per plant for control and Yppw and Ypgn—grain dry weight

40-50%). The lowest differences were recorded for WUE
(on average 16% for all DH lines), thus it was difficult to
determine which of the lines had better water use
efficiency.

Chlorophyll a fluorescence kinetics (CF)

Chlorophyll a fluorescence kinetics (CF), similar to gas
exchange parameters, provides rapid quantitative infor-
mation on the response of photosynthetic apparatus to
environmental factor changes. After drought treatment, CF
values were additionally calculated as a percentage of
control (shown in italics in Table 4). The F\/F,, parameter
did not differ significantly after drought treatment com-
pared to control in all DH lines tested and their values were
similar (100 £ 3%). The overall performance index of
PSII photochemistry (PI) as a useful parameter of plant
reaction to drought stress was higher for DH1-4 and DH8
lines by ca. 34-143% compared to the control. Moreover,
these genotypes exhibited significantly lower (ca. 11-18%)
energy dissipation in the form of heat from PSII (DI,/CSm)
in comparison to control. The next two parameters asso-
ciated with ABS/CSm and TR,/CSm slightly varied,
however, they were not statistically different between the
DH lines and drought treatment (a few percent). Energy
used for electron transport (ET,/CSm) and the number of
active reaction centers (RC/CSm) were significantly higher
(on average by 20%) for DH1-5 and DHS lines grown
under drought compared to control.

After effects of drought stress on yield components

Yield components were determined in oat DH lines har-
vested when full maturity was reached. The number and
weight of grains (GN and GW) after drought treatment was

and number per plant for drought stress) and drought tolerance indices
(S1 stress index, TOL stress tolerance index, MP mean productivity
index and DSI drought susceptibility index)

Index Yepw Yopw Yeon Yoon SI TOL MP DSI
Yepw 1.00

Yoow 0.73%* 1.00

Yean 0,945 0.59" 1.00

Yoo 0.7+ 0.97%%% 0.66%* 1.00

SI 0.21™ 0.8+ 0.08™ 0.74%% 1.00

TOL 0.13™ —0.59" 0.26 —0.48"™ —0.92%%% 1.00

MP 0.9 %% .94 0.80%%* 0.95%%* 0.58" —0.29" 1.00

DSI —0.21™ —0.81%5% 0.08" —0.74%% —1.00%3% 0.92%%% —0.58"™ 1.00

ns not significant
* k% xx% Significant at P < 0.05, 0.01, 0.001, respectively
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Table 3 Gas exchange parameters: photosynthesis rate (Pn) (umol
CO, cm ™2 s_l), transpiration (E) (mmol H,O cm~? s_l), water use
efficiency (WUE) (umol CO, mmol~! H,0) and stomatal conduc-
tance (g;) (mmol H,O cm~? s_l) in control (C) and after 14 days of
drought (D)

Line Pn WUE 8&s
C D C D c D c D
DHI1 124 74 31 23 40 32 113.0 83.7
60 75 80 74
DH2 121 80 36 30 33 27 1153 633
66 83 81 55
DH3 152 79 45 31 34 26 103.7 783
52 69 75 76
DH4 150 79 54 29 28 28 1143 847
52 54 100 74
DH5 141 81 48 29 30 3.1 125.7  73.0
58 61 103 68
DH6 164 78 51 23 33 36 121.7  60.7
48 45 109 50
DH7 147 80 50 33 30 24 1140 633
55 66 81 56
DH8 133 67 52 32 26 21 118.7 58.7
50 61 82 49
DH9 145 79 56 32 26 25 113.7 643
54 57 96 57
DH10 124 7.1 49 37 25 19 1240 70.3
57 75 76 57
DHI11 136 84 52 35 28 24 118.0 69.0
62 67 91 58
Source of variance Pn FE WUE g
DH line skoksk otk seoksk otk
Treatment skokesk koksk ek skokesk
DH line x treatment * ns ns o

In italics percentage values of control are given. n = 3. The results of
two-way analysis of variance (ANOVA) are presented in the lower
part of the table. The sources of variance for Pn, E, WUE and g, were
as follows: eleven DH lines, two treatments, and interaction between
DH line and treatment

ns not significant
* k% wx% Significant at P < 0.05, 0.01, 0.001, respectively

decreased by about 53—-64% and 42-58%, respectively, in
potentially susceptible lines (DH4, DH7, DH9, DH10 and
DHI1) and only by 16-36% and 4-36%, respectively, in
potentially resistant lines (DH1, DH2, DH3, DHS5, DH6
and DHS8) in comparison to control (Table 5). Shoot bio-
mass (SB) did not change in a similar manner, but it was
reduced by 8-37% in six DH lines. In other lines, an
increase of 2-34% was observed, and in consequence, a
reduction of harvest index (HI) in drought-stressed plants.
Reduction of above-ground biomass (AB) in all oat lines

after drought treatment ranged between 5 and 38%, while
higher values of this parameter were observed for resistant
DH lines. We named it an after effect of drought stress. It
was observed that some of the lines were able to overcome
the effects of water stress during such a long growth period
when compared to others. Based on the yield components
and harvest index values, we created a ranking of resis-
tant/susceptible oat DH lines, where DH1-DH3 and DH8
were selected as the most resistant to drought stress.
According to the data from breeding company Strzelce
Plant Breeding Ltd. investigated by us cultivars: Szakal,
Bajka, Deresz, Krezus are the most resistant to drought
stress and had the highest yield in the field in such con-
ditions. It was described in the report of the Institute of
Meteorology and Water Management (in polish). For that
reason these cultivars were used as a components for
crossings and then for DH lines production. Our results
indicated that DH lines obtained from F; hybrids when
components for crossing were cultivars: Szakal, Bajka,
Deresz, Krezus, were also resistant to drought.

Relationship between drought susceptibility index
for oat grain number and weight

The relationships between the number and dry weight of
grains per plant and drought sensitivity index (DSI)
observed in the current study are presented in Fig. la, b.
Although DSI did not correlate with dry weight and
number of grains in the control conditions (Fig. 1a), it was
possible to select and identify resistant/sensitive genotypes
grown under drought stress (Fig. 1b). This way, six DH
lines of oat, i.e., DH1, DH2, DH3, DHS5, DH6 and DHS
(DSI values ranged from 0.1 to 0.9) were selected as more
resistant to soil drought stress than the remaining five DH
lines, i.e., DH4, DH7, DH9, DH10 and DH11 (where DSI
values ranged from 1.3 to 1.8).

Principal component analysis (PCA)

The susceptibility index (SI) was calculated based on the
data concerning the gas exchange and CF parameters in
the control and drought treatment simultaneously
(Fig. 2a, b). Yield components and drought susceptible
indices were also included in this analysis. PCA analysis
was used to identify superior genotypes for both stressed
and non-stressed environments. The reason for this is
that the genotypes in biplot analysis are compared for all
traits at the same time. This orthogonal transformation is
defined in such a way that the first principal component
has the largest possible variance. PCA is sensitive to
relative scaling of the original variables. In our experi-
ment, PC1 and PC2 components explained 37.28 and
28.10% of the total variation in all the DH lines,
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Table 4 Chlorophyll a fluorescence kinetics parameters in oat DH lines in control (C) and after 14 days of drought (D)

Line F/F,, PI DIo/CSm ABS/CSm TRo/CSm ETo/CSm RC/CSm
C D C D C D C D C D C D C D
DH1  0.789 0.817 22 40 835 743 395.7 405.2 312.2 3309 171.7  215.8 893.2 1037.8
103 179 89 102 106 125 116
DH2 0.820 0.825 2.8 5.0 63.1 66.1 350.2  376.7 287.1 310.6 160.6 210.1 947.1 1080.2
101 176 105 107 108 130 114
DH3 0.791 0.819 23 52 832 682 395.0 3754 311.8 307.2 174.0 209.5 871.9 1100.3
104 227 82 95 98 120 126
DH4 0.796 0.822 2.1 5.1 76.1 64.6 368.2 3625 292.1 2979 158.2  204.0 821.5 1037.9
103 243 85 98 102 128 126
DH5 0.816 0.806 3.3 34 700 779 379.6 4014 309.6 3235 183.7 207.5 1051.9 928.1
99 101 111 106 104 112 88
DH6 0.794 0.810 2.6 38 78.6 792 380.0 414.7 301.4 3355 173.2  216.5 897.3 1033.3
102 149 101 109 111 125 115
DH7 0.810 0.829 3.1 5.8 69.5 604 364.8 3524 2953 2919 1744  199.9 973.9 1113.9
102 184 87 96 98 114 114
DH8 0.817 0.819 3.1 45 607 69.4 332.0 3835 2713 314.0 157.8  204.8 892.3 1076. 9
100 148 114 115 116 129 120
DH9 0.832 0.823 34 49 594 65.6 352.0 370.2 292.6 304.5 170.4 203.9 1010.8 1068.5
96 144 110 105 104 119 105
DHI10 0.815 0812 34 52 752 69.9 403.0 377.0 3279 307.1 1949 209.5 1109.4 1083.6
101 152 92 93 93 107 97
DHI11 0.826 0.817 4.0 36 647 737 371.5 401.3 306.8 327.6 187.7 208.0 1143.2 1012.1
99 90 113 108 106 110 88
Source of variance F,/F, PI DIo/CSm ABS/CSm TRo/CSm ETo/CSm RC/CSm
DH ]ine ns * ok ES skoksk ko ns
Treatment sksksk ssksk skskok skekk sksksk sfekosk sfkosk
DH line x treatment ns *EE - ns ns ns ns ok

Percentage values of control are given in italics. The results of analysis of variance (ANOVA) are presented in the lower part of the table. The
sources of variance for FC parameters: F,/Fy,, PI, DIo/CSm, ABS/CSm, TRo/CSm, ETo/CSm and RC/CSm were as follows: eleven lines, two

treatments and interaction)
ns not significant. n = 5
* k% k% Significant at P < 0.05, 0.01, 0.001, respectively

respectively, and accounted for 65.38% of the total
variation (Fig. 2a, b). Positive correlations were found
for the following indices: DSI and TOL; Y and MP, Yp,
SI, Slgro/csms Slpn, Sk, Slg (Fig. 2a). Negative corre-
lations were observed between Y- and DSI, TOL,
SIg, /r,» SIpt, SIrc/icsms SIas/csms SITro/csms SIplo/csm
and SIaps/csm parameters. Negative correlation was also
recorded for gas exchange parameters: Slyyg and Slp,,
Slg, Slgs. There was no correlation between SIFV/Fm, Slpy,
SIrc/csm and Slp,, since the angle between the vectors
was 90°. It was possible to select three groups of DH
lines (I, IT and IIT) (Fig. 2b). Group I comprised DH1,
DH2 and DH3 lines with high resistance to drought and

@ Springer

stability. By comparing it with yield components in
Table 5, we could see that these lines demonstrated the
highest yield components (stable genotypes). Group II
comprised DHS5, DH6 and DHS lines, which had the
highest PC1 and lowest PC2 and produced similar yield
as lines in group I. Group III with the highest PC1 and
PC2 consisted of DH4, DH7, DH9, DH10 and DHI11
lines with the lowest values of yield components could
be named as the most sensitive to drought stress. The
lines in group I and II had lower DSIgn (DSI of grain
number) and DSIgw (DSI of grain weight) (Fig. la, b)
and higher yield components (GN, GW) (Table 5).
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Table 5 Yield components per plant: grain number, grain weight (GN, GW), shoot biomass (SB), above-ground biomass (AB) mean values and
harvest index (HI) in oat DH lines harvested after full maturity in control (C) and after 14 days of soil drought treatment (D), n = 5

Line Grain number (GN)  Grain weight (g) (GW)  Shoot biomass (g) (SB)  Above-ground biomass (g) (AB)  Harvest index (HI)
C D C D C D C D C D
DHI1 169 149 6.6 5.7 6.6 6.7 13.2 12.5 0.50 0.46
88 87 102 94 92
DH2 185 144 6.1 5.9 4.8 4.4 10.9 10.3 0.56 0.57
77 96 92 94 101
DH3 140 90 4.6 4.1 4.2 35 8.7 7.5 0.52 0.54
64 88 82 85 103
DH4 180 65 5.6 2.6 3.8 4.0 9.4 6.6 0.60 0.39
36 45 106 70 65
DH5 112 88 3.9 3.1 4.2 5.6 8.1 8.7 0.48 0.36
78 81 132 88 75
DH6 177 114 6.2 4.0 6.4 4.0 12.6 8.0 0.49 0.50
64 64 63 63 102
DH7 108 41 3.6 1.5 5.6 4.3 9.3 5.8 0.39 0.26
38 42 76 62 66
DH8 96 81 3.6 3.1 4.3 5.8 7.9 8.9 0.45 0.35
84 86 134 95 77
DH9 134 48 4.8 1.9 6.2 52 10.9 7.2 0.44 0.27
36 40 85 65 61
DH10 77 37 2.8 1.6 6.0 53 8.8 7.0 0.32 0.23
47 58 89 79 71
DH11 171 83 5.0 2.4 3.8 4.3 8.8 6.7 0.57 0.36
48 48 114 76 63
Source of variance GN GW SB AB HI
DH line *kk *kk *kk *x% *x%
Treatment *kk *kk ns *x% *xk
DH line x treatment * ns * *ok ns

Percentage values of control are given in italics. The results of two-way analysis of variance (ANOVA) are presented in the lower part of the
table. The sources of variance for GN, GW, SB, AB and HI were as follows: eleven DH lines, two treatments and interaction between DH line

and treatment.)
ns not significant
* k% xx% Significant at P < 0.05, 0.01, 0.001, respectively

Shapiro-Wilk test of normality and one-way
analysis of variance (ANOVA)

The distribution of normality was presented in Table 6. As
the level of significance P was greater than 0.05 for 28 of
the 32 cases examined, so there was no reason to reject the
hypothesis of normality. Only the for cases, a F\/F,,, WUE
and DI/CSm in drought-treated plants and a F,/F,, in
control (P < 0.05) the null hypothesis of normality was
rejected. The results were confirmed also via test of
homoscedasticity and one-way analysis of variance
(Table 7) where the same parameters were statistically
significant.

Discussion

Considerable differences were found between the DH lines,
treatments and interactions between the DH line and the
treatment for the majority of gas exchange parameters, CF
traits and yield components. This indicated the existence of
genetic variation and the possibility of selection for
favorable genotypes in both environments. The presence of
SI, DSI and MP among the indices showing a high corre-
lation with grain yield parameters of drought-stressed
plants is consistent with the results reported by Talebi et al.
(2009) and Farshadfar et al. (2013). Drought resistance
should be based on yield stability under water deficits.
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Fig. 1 Relationship between drought susceptibility indexes (DSI) for
the weight of oat grains per plant (a) and for the grain number per
plant (b) in oat DH lines (DH1-DH11). Linear correlation coefficient
(Pearson’s, r) and the significance level were indicated; *P < 0.05;
**P < 0.01; #**P < 0.001; ns not significant

Thus, the genotypes showing low fluctuations can be
considered as a drought-resistant. The analyzed resistance/
sensitivity indices provide the most suitable criteria for the
selection of high yielding genotypes under water stress.
This is in agreement with the results of other authors who
studied wheat (Ahmadizadeh et al. 2012; Drikvand et al.
2012). They found that statistical methods, including cor-
relation between grain yield and stress indices or biplot
analysis identified the same genotypes as resistant to
drought. These results were confirmed by low DSI values
and elevated GN and GW parameters. Hence, these sta-
tistical methods are useful for identifying drought-tolerant
genotypes. Our experiment, involving treatment of young
wheat seedlings with drought stress, showed slight differ-
ences in the reduction of Pn, E and g, compared to control.
Probably, the plants in this stage of development were not
sufficiently sensitive to changes in gas exchange parame-
ters. Some authors underlined the fact that the largest
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Fig. 2 Principal component analysis showing relationships between
the yields under control (Y¢) and drought conditions (Yp), and drought
tolerance/resistance indices after 14 days of drought treatment (a).
DSI sensitivity drought index; TOL tolerance index, SI susceptibility
stress index, MP mean productivity; calculated for control and
drought SI indices for: kinetics fluorescence parameters (F,/F,, PI,
ABS/CSm, TR,/CSm, DI ,/CSm, ABS/CSm, ET,/CSm and RC/CSm,
gas exchange parameters (Pn, E, WUE and g;) and tolerance/
sensitivity of DH lines to drought (b)

differences in these parameters in crop plants were recor-
ded during later stages of development (anthesis or grain
feeling stage), which indicated that the growth period
should be properly selected to improve further selection of
better cultivars (Jiang et al. 2000; Reynolds et al. 2000).
These authors indicated that, in addition to leaf aging, Pn
rate was closely associated with chlorophyll loss. In our
experiment, we observed a high decrease of Pn and g; in
comparison to control, however, differences in the reaction
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Table 6 Distribution normality
using Shapiro-Wilk test (W) of

selected traits: gas exchange,
chlorophyll a fluorescence
kinetics parameters and yield
components per plant in control
and drought-treated DH lines of
oat during 14 days

Parameter Treatment Trait w P
Gas exchange Control Pn 0.102 >0.20
E 0.127 >0.20
WUE 0.185 >0.20
8s 0.127 >0.20
Drought Pn 0.128 >0.20
E 0.124 >0.20
WUE 0.199 <0.15
8s 0.084 >0.20
Chlorophyll a fluorescence kinetics Control F/Fy, 0.096 <0.05
PI 0.140 >0.20
DI, /CSm 0.070 >0.20
ABS/CSm 0.075 >0.20
TR,/CSm 0.084 >0.20
ET, CSm 0.087 >0.20
RC/CSm 0.094 >0.20
Drought FJ/Fy, 0.196 <0.05
PI 0.070 >0.20
DI,/CSm 0.195 <0.05
ABS/CSm 0.144 >0.20
TR,/CSm 0.112 >0.20
ET, CSm 0.133 >0.20
RC/CSm 0.087 >0.20
Yield components per plant Control GN 0.078 >0.20
GW 0.107 >0.20
SB 0.094 >0.20
AB 0.126 >0.20
HI 0.160 >0.20
Drought GN 0.123 >0.20
GW 0.103 >0.20
SB 0.083 >0.20
AB 0.096 >0.20
HI 0.091 >0.20

Shapiro—Wilk test: data are normally distributed if probability value P > 0.05

W are the statistical values of the test

of the tested oat DH lines to drought stress (D) was low. A
lower decrease was observed for E and particularly for
WUE parameters in the stressed DH lines. Jiang et al.
(2000) and Hisir et al. (2012) reported that higher g¢ values
were associated with higher Pn values. Under drought,
stomata closure limits CO, fixation in the chloroplast, so
that the electron flow in the light reaction exceeds the
quantity required for CO, assimilation (Sanchez-Martin
et al. 2012). This leads to an excessive reduction in pho-
tosynthetic components. Low differences between WUE
parameters observed in our experiment made it difficult to
determine which of the lines had a better water use effi-
ciency and whether it was consistent with other gas
exchange parameters. However, WUE is one of the most

frequently studied parameters related to drought resistance
and is often calculated in a simplistic manner with drought
resistance (Sanchez-Martin et al. 2012). Some authors
(Condon et al. 2002; Blum 2005) suggested that the
increased WUE corresponded to improved yields under
stress, although they did not show a clear correlation
between WUE and drought resistance.

Stomatal closure, while avoiding water loss, reduces the
entrance of CO, inside the leaves (Flexas et al. 2002).
Under drought not only the stomatal functioning is affec-
ted, since the mesophyll conductance to CO, is also
decreased (Flexas et al. 2002), leading to the proposal that
one of the major limitations to photosynthesis under
drought arises from the low chloroplast CO, availability

@ Springer



153 Page 10 of 13

Acta Physiol Plant (2017) 39:153

Table 7 One-way analysis of
variance of the traits measured

after 14 days of drought
treatment

Parameters as a source of variance Trait F P

Gas exchange Pn 195.417 0.000%%*%*
E 35.606 0.000%**
WUE 3.605 0.072™
g 193.342 0.000%**

Chlorophyll a fluorescence kinetics Fy/Fy, 3.000 0.101™
PI 31.037 0.000%**
DI,/CSm 0.181 0.675™
ABS/CSm 1.758 0.199™
TR,/CSm 4.353 0.049*
ET, CSm 79.727 0.000%#*
RC/CSm 6.276 0.021*

Yield components per plant GN 11.744 0.002%%*
GW 6.760 0.017*
SB 4.237 0.043*
AB 4.995 0.036*
HI 8.6428 0.004%**

ns not significant

* k% k%% Significant at P < 0.05, 0.01, 0.001, respectively

(Flexas and Medrano 2002). When the water stress is
moderate or severe, decreases in photosynthesis are pos-
sibly due to a decreased RuBP availability and/or
decreased Rubisco activity (Lawlor 1995). Water stress has
been reported to lead to an accumulation of sugars and a
feedback down-regulation of photosynthesis (Souza et al.
2004, Silva et al. 2012). Under mild water stress, diffu-
sional limitations (both stomatal and mesophyll conduc-
tance to CO,) dominate over the non-diffusional ones.
When drought is moderate or severe, decreases in PSII
photochemistry may contribute to the decreases in photo-
synthesis, in addition to the diffusional causes.
Chlorophyll a fluorescence kinetics (CF) allows deter-
mining whether the photosynthetic apparatus was damaged
after cessation of watering. Fluorescence methods have
been successfully applied in many studies related to plant
drought resistance (Lichtenthaler and Babani 2004; Licht-
enthaler et al. 2005; Hura et al. 2007; Rapacz et al. 2010);
Yin et al. 2010). CF-modulated parameters are commonly
used in the JIP-test. In our study, we assayed CF parame-
ters to identify resistant or sensitive to drought oat DH
lines. Similar to other authors, who observed only a slight
decrease in F,/F,, in wheat cultivars grown under drought
stress (Zlatev 2009), F/F, in our experiment did not differ
significantly in all DH lines tested. Other authors suggested
that this was caused by the fact that a large proportion of
absorbed light energy was not utilized by the plants in
photosynthesis. Other studies demonstrated that the dry
mass accumulation and increased yield traits were associ-
ated with an increase in F,/Fy, (Liang et al. 2010). In our
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previous experiments, based on the higher values of ABS/
CSm, TR,/CSm, ET,/CSm, RC/CSm and PI, we have
selected some wheat genotypes with a better functioning
photosynthetic apparatus (Czyczylo-Mysza et al. 2013).
Most of the genotypes tested have exhibited similar energy
dissipation as heat from PSII (DI,/CSm). The results
obtained in our present experiment allowed to select sev-
eral oat DH lines with higher PI and RC/CSm (calculated
as a percentage of control), grown under drought condi-
tions, and include them to resistant lines (DH1-4 and
DHS). These genotypes also showed higher yield compo-
nents, in comparison to other lines.

Severe water stress not only causes loosing of amount of
photosynthetic pigments, but also the disruption and loss of
thylakoid membranes (Wright et al. 2009; Zhang et al.
2009). Under conditions of stress take place, a deficit of
mineral components which often causes a decrease in the
content of pigments (Starck 2002). Decreases among other
magnesium contents cause a decrease in oxygen produc-
tion. During the moderate drought, compared to severe
ones, the centers of PSII photosynthetic apparatus effec-
tively capture excitation energy and trigger further photo-
chemical reactions. In studies of Souza et al. (2004), the
authors concluded that photosystem PSII is more resistant
to water deficit, compared with PSI, and the effect of stress
on the course of the photochemical reaction is manifested
only in the prolonged and deep drought stress. Due to the
osmotic adjustment of cells, a relatively large volume of
protoplasts maintains and reduces the inhibition of photo-
synthesis in a low water potential of leaves (Shangguan and
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Shao 1999). The plants in response to drought exhibit
uncontrolled generation of reactive oxygen species (ROS)
in cells and disturbances in the electron transport in the
respiratory chain and in the light phase of photosynthesis
(Starck 2005). It has been shown that the drought most of
all affects the flow of energy between the centers PSII
reaction of a quinone Q4 that was visible in the changes of
parameters of JIP-test, particularly such as the overall
index performance (PI) of PSII system and the number of
the active centers of reaction (RC/CSm). The most sensi-
tive to water deficit in the soil was parameter F,/F,, which
determines the quantum yield of PSII but does not give
complete information on its photochemical properties. In
our studies, in agreement of the results of Qiu and Lu
(2003) and Lu and Zhang (1998), it was also observed no
reduction of the Fv/Fm under drought stress conditions.
The authors indicate that the stabilization of the PSII
complex depends on increasing concentration of osmoti-
cally active substances.

Yield components, such as GN, GW, SB, AB and HI
were determined in oat DH lines harvested after re-water-
ing and reaching full maturity in the soil. It was interesting
to study the consequent effect of a two-week drought
treatment on 17-day seedlings many weeks later, when
plants reached full maturity. It was observed that the plants
“remembered” the stress treatment and some of the DH
lines were more efficient in overcoming the effects of a
distant short water stress compared to others. Although
yield components did not change in a similar manner, it
was possible to create a ranking of resistant/sensitive to
drought stress oat DH lines. Similar effect was obtained in
our previous study on wheat, where yield components
values were reduced. Wheat plants in that study were
harvested after reaching full maturity in the soil, but first
they underwent 7-day hydroponic cultures supplemented
with three different PEG concentrations, causing osmotic
stress for young seedlings, before transfer to the soil
(Marcinska et al. 2013b). We called it an after effect of
osmotic stress. In the present experiment, we created a
ranking of resistant/sensitive oat DH lines. Other authors,
in many studies related to the evaluation of drought toler-
ance in cereals, created similar rankings of resistant/sen-
sitive genotypes, for example, in oat (Akcura and Ceri
2011; Hisir et al. 2012; Rabiei et al. 2012; Zaheri and
Bahraminejad 2012), in wheat ((Talebi et al. 2009; Gera-
vandi et al. 2011; Ahmadizadeh et al. 2012), in corn
(Khayatnezhad et al. 2011), and in wheat-rye lines (Far-
shadfar et al. 2013). Many authors used sensitivity indices
to environmental stresses to determine genetic variation of
different seedling traits. To establish the variability of
resistance to drought, breeders using qualitative physio-
logical tests require quantitative indicators, for example,
the DSI index. There are formulas available with respect to

the drought stress in a couple of published reports (Fischer
and Maurer 1978; Golbashy et al. 2010; Nouraein et al.
2013). More frequently, grain yield and dry weight of
shoots or plant height are used for this purpose in the
experiments. In our previous studies, we showed that the
DSI index can be used as a good criterion for the selection
of resistant/sensitive triticale and maize genotypes (Grze-
siak et al. 2012, 2013). We found that when the height of
the plant and leaf area was lower, yield component values
also tended to be reduced. DSI index, calculated on the
basis of yield parameters, was low for resistant genotypes,
whereas much higher for sensitive ones.

Sensitivity index (SI) was calculated based on the data
concerning gas exchange and CF parameters in the control
and drought treatment simultaneously. The biplot analysis
can be a better approach than a simple correlation analysis
in the identification of suitable genotypes for stressed and
non-stressed environments. PCA analysis is often used to
select resistant/sensitive genotypes in crops (Talebi et al.
2009; Zhang et al. 2011; Zaheri and Bahraminejad 2012;
Parihar et al. 2012; Nouraein et al. 2013).

In our experiment, it was possible to distinguish three
groups of DH lines (I, II and III) with a low, moderate and
strong sensitivity to drought. By comparing it with yield
components, we found that the lines from group I produced
the highest grain yield (stable genotypes), group II pro-
duced lower grain yields (semi-stable genotypes) under
both conditions, and group III had the lowest values of
yield components. This suggested that the last group of
lines had the highest sensitivity to drought stress. It was
also observed that the lines in group I and II had a lower
DSI index than group III. This could be the reason for
increased drought tolerance of these lines than those in
group III. Therefore, it is interesting that the PCA analysis
confirmed the results of linear correlation between DSI and
the number and dry weight of grain as well as production of
yield components. Lastly, this analysis was allowed to
select groups of lines differing in resistance/sensitivity to
drought stress. These findings are consistent with the
studies (Golabadi et al. 2006; Mohammadi et al. 2010)
conducted on wheat and mung bean (Zabet et al. 2003).
Moreover, the indices of stress susceptibility/resistance can
also be used for genotype screening to determine their
tolerance to stress.

Conclusions

DH lines, potentially more tolerant to drought stress,
selected based on the measurements of different physio-
logical factors, such as gas exchange and chlorophyll
a fluorescence kinetics parameters, specific yield compo-
nents or the drought tolerance indices, largely overlap.
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Thus, it can be assumed that the measurements performed
in this work may serve as useful tools in estimating the
degree of tolerance to drought stress in oat. It is a quite
remarkable and novel finding of this experiment that
although water stress was imposed in the initial stage of
growth, and only for 14 days, crop yield was affected in the
maturity stage. This study showed that the yield of drought-
stressed lines of certain genotypes was reduced more than
in other lines, suggesting genetic diversity of drought tol-
erance in these plants. Breeders are interested in improving
drought resistance, while maintaining high quantity and
quality of yield. Fluorescence and gas exchange techniques
are simple and non-invasive tools, which are very useful in
physiological analyses and can be applied to assess plant
responses to various environmental stresses in early phases
of development. In our recent studies, we wanted to point
out that these techniques offer the possibility of an early
evaluation of genotype potential in terms of water stress
tolerance/sensitivity. Analyzing data using statistical PCA
components can be a suitable method for studying the
complex structure of traits and determination of their rel-
ative importance in conjunction with the yield, which can
be further used in breeding programs to increase yield
efficiency per unit area.

Author contribution statement IM, IC-M and ES
designed the research; IM, IC-M, ES, MTG, MPK, MW
and SG conducted the research; IM, IC-M, MTG and ES
analyzed the data; IM, MTG, MW and SG wrote the paper;
IM had primary responsibility for the final content. All
authors have read and approved the final manuscript.

Acknowledgements This study was supported by the National
Centre for Research and Development of Poland, Grant No.
12002904/2008.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

Ahmadizadeh M, Valizadeh M, Shahbazi H, Nori A (2012) Behavior
of durum wheat genotypes under normal irrigation and drought
stress conditions in the greenhouse. Afr J Biotechnol
11:1912-1923

Akcura M, Ceri S (2011) Evaluation of drought tolerance indices for
selection of Turkish oat (Avena sativa L.) landraces under
various  environmental ~ conditions. Zemdirbysté  Agric
98(2):157-166

Blum A (2005) Drought resistance, water use efficiency, and yield
potential are they compatible, dissonant, or mutually exclusive?
Austr J Agric Res 56:1159-1168

@ Springer

Condon AG, Richards RA, Rebetzke GJ, Farquhar GD (2002)
Improving water-use efficiency and crop yield. Crop Sci
42:122-132

Czyczyto-Mysza IM, Tyrka M, Marciniska I, Skrzypek E, Garbarz M,
Dziurka M, Hura T, Dziurka K, Quarrie SA (2013) Quantitative
trait loci for leaf chlorophyll fluorescence parameters, chloro-
phyll and carotenoid contents in relation to biomass and yield in
bread wheat and their chromosome deletion bin. Mol Breed
32:189-210

Drikvand R, Doosty B, Hosseinpour T (2012) Response of rainfed
wheat genotypes to drought stress using drought tolerance
indices. J Agric Sci 4:126-131

Farshadfar E, Mohammadi R, Farshadfar M, Dabiri S (2013)
Relationships and repeatability of drought tolerance indices in
wheat-rye disomic addition lines. Aust J Crop Sci 7(1):130-138

Fischer RA, Maurer R (1978) Drought resistance in spring wheat
cultivars. I. Grain yield response. Aust J Agric Res 29:897-907

Flexas J, Medrano H (2002) Energy dissipation in C3 plants under
drought. Funct Plant Biol 29:1209-1215

Flexas J, Bota J, Escalona JM, Sampdl B, Medrano H (2002) Effects
of drought on photosynthesis in grapevines under field condi-
tions: an evaluation of stomatal and mesophyll limitations. Funct
Plant Biol 29:461-471

Force L, Critchley C, van Rensen JJS (2003) New fluorescence parameters
for monitoring photosynthesis in plants. Photosynth Res 78:17-33

Geravandi M, Farshadfar E, Kahrizi D (2011) Evaluation of some
physiological traits as indicators of drought tolerance in bread
wheat genotypes. Russ J Plant Physiol 58(1):69-75

Golabadi MA, Arzani SA, Maibodym M (2006) Assessment of
drought tolerance in segregating populations in durum wheat.
Afr J Agric Res 1:162-171

Golbashy M, Ebrahimi M, Khavari Khorasani S, Choucan R (2010)
Evaluation of drought tolerance of some corn (Zea mays L.)
hybrids in Iran. Afr J Agric Res 5(19):2714-2719

Grzesiak MT, Marcinska I, Janowiak F, Rzepka A, Hura T (2012) The
relationship between seedling growth and grain yield under
drought conditions in maize and triticale genotypes. Acta Physiol
Plant 34:1757-1764

Grzesiak MT, Waligorski P, Janowiak F, Marcifiska I, Hura K, Hura
K, Szczyrek P, Glab T (2013) The relations between drought
susceptibility index based on grain yield (DSlgy) and key
physiological seedling traits in maize and triticale genotypes.
Acta Physiol Plant 35:549-565

Hisir Y, Kara R, Dokuyucu T (2012) Evaluation of oat (Avena sativa
L.) genotypes for grain yield and physiological traits.
Zemdirbysté Agric 99(1):55-60

Hossain ABS, Sears AG, Cox TS, Paulsen GM (1990) Desiccation
tolerance and its relationship to assimilate partitioning in winter
wheat. Crop Sci 30:622-627

Hura T, Hura K, Grzesiak MT, Rzepka A (2007) Effect of long-term
drought stress on leaf gas exchange and fluorescence parameters
in C3 and C4 plants. Acta Physiol Plant 29:103-113

Jiang GM, Hao NB, Bai KZ, Zhang QD, Sun JZ (2000) Chain
correlation between variables of gas exchange and yield
potential in different winter wheat cultivars. Photosynthetica
38(2):227-232

Kahrizi D, Mohammadi R (2009) Study of androgenesis and
spontaneous chromosome doubling in barley (Hordeum vulgare
L.) genotypes using isolated microspore culture. Acta Agron
Hung 57(2):155-164

Kahrizi D, Arminian A, Masumi Asl A (2011) In vitro plant breeding,
2nd edn. Razi University Press, Kermanshah

Khayatnezhad M, Hasanuzzaman M, Gholamin R (2011) Assessment
of yield and yield components and drought tolerance at end-of
season drought condition on corn hybrids (Zea mays L.). Afr.
J Crop Sci 5(12):493-500


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Acta Physiol Plant (2017) 39:153

Page 13 of 13 153

Lawlor DW (1995) The effects of water deficit on photosynthesis. In:
Smirnoff M (ed) Environment and plant metabolism. Flexibility
and acclimation. BIOS Scientific, Oxford, pp 129-160

Li R-H, Guo P-G, 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

Liang Y, Zhang K, Zhao L, Liu B, Meng Q (2010) Identification of
chromosome regions conferring dry matter accumulation and
photosynthesis in wheat (Triticum aestivum L.). Euphytica
171:145-156

Lichtenthaler HK, Babani F (2004) Light adaptation and senescence
of the photosynthetic apparatus. Changes in pigment composi-
tion, chlorophyll fluorescence parameters and photosynthetic
activity. In: Papageorgiou, GC, Govindjee (eds) Chlorophyll
a fluorescence, a signature of photosynthesis. Springer, Dor-
drecht, pp 713-736

Lichtenthaler HK, Langsdorf G, Lenk S, Buschmann C (2005)
Chlorophyll fluorescence imaging of photosynthetic activity with
the flash-lamp fluorescence imaging system. Photosynthetica
43:355-369

Lu C, Zhang J (1998) Effects of water stress on photosynthesis,
chlorophyll fluorescence and photoinhibition in wheat plants.
Aust J Plant Physiol 25:883-892

Marciniska I, Nowakowska A, Skrzypek E, Czyczyto-Mysza I (2013a)
Production of double haploids in oat (Avena sativa L.) by
pollination with maize (Zea mays L.). Cent Eur J Biol
8(3):306-313

Marciniska I, Czyczyto-Mysza I, Skrzypek E, Grzesiak MT, Janowiak
F, Filek M, Dziurka M, Dziurka K, Waligorski P, Juzon K,
Cyganek K, Grzesiak S (2013b) Alleviation of osmotic stress
effects by exogenous application of salicylic or abscisic acid on
wheat seedlings. Int J Mol Sci 14:13171-13193

Mohammadi R, Armion M, Kahrizi D, Amri A (2010) Efficiency of
screening techniques for evaluating durum wheat genotypes
under mild drought conditions. Int J Plant Prod 4:11-24

Nouraein M, Mohammadi SA, Aharizad S, Moghaddam M,
Sadeghzadeh B (2013) Evaluation of drought tolerance indices
in wheat recombinant inbred line population. Ann Biol Res
4(3):113-122

Parihar AK, Godawat SL, Singh D, Parihar CM, Mangi L (2012)
Behavior of quality protein maize (QPM) genotypes under well
irrigated and water stress conditions in subtropical climate.
Maydica 57:293-299

Qiu N, Lu C (2003) Enhanced tolerance of photosynthesis against
high temperature damage in salt-adapted halophyte Atriplex
centralasiatica plants. Plant Cell Environ 26:1137-1145

Rabiei E, Khodambashi M, Pirbalouti GA (2012) The study of the
drought tolerance indices of oat (Avena sativa L.). ] Food Agric
Environ 10(2):646-648

Rapacz M, Koscielniak J, Jurczyk B, Adamska A, Wéjcik M (2010)
Different patterns of physiological and molecular response to
drought in seedlings of malt- and feed-type barleys (Hordeum
vulgare). J Agron Crop Sci 196:9-19

Reynolds MP, Delgado BMI, Gutierre-Rodriguez M, Larque-Saave-
dra A (2000) Photosynthesis of wheat in a warm, irrigated
environment. I. Genetic diversity and crop productivity. Field
Crop Res 66:37-50

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

Sanchez-Martin J, Luis AJ, Mur LAJ, Rubiales D, Prats E (2012)
Targeting sources of drought tolerance within an Avena spp.
collection through multivariate approaches. Planta 236:1529-1545

Sayed OH (2003) Chlorophyll fluorescence as a tool in cereal crop
research. Photosynthetica 41(3):321-330

Shangguan ZP, Shao MA (1999) Physiological mechanism for
improving crop water use in arid region. J Hydraul Eng 10:33-37

Silva EN, Ribeiro RV, Ferreira-Silva SL, Vieira SA, Ponte LFA,
Silveira JAG (2012) Coordinate changes in photosynthesis, sugar
accumulation and antioxidant enzymes improve the performance
of Jatropha curcas plants under drought stress. Biomass
Bioenerg 45:270-279

Souza RP, Machado EC, Silva JAB, Lagoa AMMA, Silveira JAG
(2004) Photosynthetic gas exchange, chlorophyll fluorescence
and some associated metabolic changes in cowpea (Vigna
unguiculata) during water stress and recovery. Environ Exp Bot
51:45-56

Starck Z (2002) Mineral economy in plant. In: Kopcewicz J, Lewak S
(eds) Plant Physiology. PWN, Warsaw, pp 228-271 (in Polish)

Starck Z (2005) The reactions of plants to abiotic environmental
stress-acclimatization and adaptation. Grassland Sci Pol
8:173-184 (in Polish)

Strasser RJ, Govindjee (1992) On the O-J-1-P fluorescence transient in
leaves and D1 mutants of Chlamydomonas reinhardtii. In:
Murata N (ed) Research in photosynthesis, proceedings of the
IXth international congress on photosynthesis. Kluwer, Dor-
drecht, Nagoya, pp 29-32

Strasser RJ, Srivastava A, Govindjee (1995) Polyphasic chlorophyll a
fluorescence transient in plants and cyanobacteria. Photochem
Photobiol 61:32-42

Strasser RJ, Srivastava A, Tsimilli-Michael M (2000) The fluores-
cence transient as a tool to characterize and screen photosyn-
thetic samples. In: Yunus M, Pathre U, Mohanty P (eds) Probing
photosynthesis, mechanisms, regulation and adaptation. Taylor
and Francis, London, pp 445-483

Strasser RJ, Srivastava A, Tsimilli-Michael M (2004) Analysis of the
chlorophyll a fluorescence transient. In: Papageorgiou G,
Govindjee (eds) Chlorophyll fluorescence a signature of photo-
synthesis. Advances in photosynthesis and respiration. Springer,
Dordrecht, pp 321-362

Talebi R, Fayaz F, Naji N (2009) Effective selection criteria for
assessing drought stress tolerance in durum wheat (Triticum
durum Desf.). Gen App Plant Physiol 35:64-74

Wright H, De Longa J, Ladab R, Prangea R (2009) The relationship
between water status and chlorophyll a fluorescence in grapes
(Vitis spp.). Postharvest Biol Technol 51:193-199

Yan K, Chen P, Shao HB, Zhao S, Zhang L, Xu G, Sun J (2012)
Photosynthetic characterization of Jerusalem artichoke during
leaf expansion. Acta Physiol Plant 34:353-360

Yin Z, Meng F, Song H, He X, Xu X (2010) Mapping quantitative
trait loci associated with chlorophyll a fluorescence parameters
in soybean (Glycine max (L.) Merr.). Planta 231:875-885

Zabet M, Hosseinzadeh AH, Ahmadi A, Khialparast F (2003) Effect
of water stress on different traits and determination of the best
water stress index in Mung Bean (Vigna radiate). Iran J Agric
Sci 34:889-898

Zaheri A, Bahraminejad S (2012) Assessment of drought tolerance in
oat (Avena sativa L.) genotypes. Ann. Biol Res 3(5):2194-2201

Zhang K, Fang Z, Liang Y, Tian J (2009) Genetic dissection of
chlorophyll content at different growth stages in common wheat.
J Genet 88:183-189

Zhang L, Mi X, Shao HB, Ma K (2011) Strong plant-soil associations
in a heterogeneous subtropical broad-leaved forest. Plant Soil
347:211-220

Zhao CX, Guo LY, Jaleel CA, Shao HB, Yang HB (2008) Prospects
for dissecting plant-adaptive molecular mechanisms to improve
wheat cultivars in drought environments. Compt Rend Biol
331:579-586

Zlatev Z (2009) Drought-induced changes in chlorophyll fluorescence
of young wheat plants. XI Anniversary Scientific Conference,
120 years of Academic Education in Biology, 45 years Faculty
of Biology, Biotechnol. Biotechnol. EQ. 23/2009/SE, Special
Edition/on-line

@ Springer



	Application of photochemical parameters and several indices based on phenotypical traits to assess intraspecific variation of oat (Avena sativa L.) tolerance to drought
	Abstract
	Introduction
	Materials and methods
	Plant materials and growth conditions
	Measurements of physiological parameters
	Statistical analysis

	Results
	Gas exchange
	Chlorophyll a fluorescence kinetics (CF)
	After effects of drought stress on yield components
	Relationship between drought susceptibility index for oat grain number and weight
	Principal component analysis (PCA)
	Shapiro--Wilk test of normality and one-way analysis of variance (ANOVA)

	Discussion
	Conclusions
	Acknowledgements
	References




