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Adaptive photosynthetic and physiological responses to drought
and rewatering in triploid Populus populations
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Abstract

Cuttings of Populus cathayana Rehd, originating from three triploid and one diploid populations with the same parents
but different gamete origins, were used to examine physiological responses to drought stress and rewatering by exposure
to three progressive water regimes. Progressive drought stress significantly decreased the leaf relative water content
(RWC), photosynthesis, and chlorophyll fluorescence parameters, and increased the relative electrolyte leakage,
malondialdehyde (MDA), free proline (Pro), and antioxidant enzymes, such as superoxide dismutase, peroxidase, and
catalase, in the four populations evaluated. However, compared to the diploid population, triploid populations showed
lower relative electrolyte leakage and MDA, higher RWC and Pro content, and more efficient photosynthesis and
antioxidant systems under the same water regime. Our data indicated that triploid populations possessed more efficient
protective mechanisms than that of diploid population with gradually increasing drought stress. Moreover, some triploid
genotypes were less tolerant to water stress than that of diploids due to large intrapopulation overlap.

Additional key words: chlorophyll fluorescence gas exchange; malondialdehyde; poplar; population; stomatal limitation; water deficit.

Introduction

As one of the most important abiotic stressors, drought
limits the survival of trees, plant growth, and forest
productivity (Peng et al. 2011a). Plants show a wide range
of adaptive changes in plant growth, cellular structure, and
physico-biochemical responses under drought-stress
conditions (Chaves et al. 2003). As the most direct effects,
plants typically show reduced rates of growth and
photosynthesis, which may involve alterations in carbon
assimilation and metabolism (Souza et al. 2004). Upon

water stress, the reduced assimilation may result from
some integrated processes, such as an imbalance between
the photochemical activity of PSII and electron transfer in
the Calvin cycle, stomatal closure, and decreased activity
of related photosynthetic enzymes (Lawlor and Cornic
2002, Chaves et al. 2003). In order to reduce transpiration
in leaves and prevent excessive water shortage in tissues,
the stomata close in response to drought stress (Jones and
Sutherland 1991).
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Drought stress often results in excessive production of
reactive oxygen species (ROS), causing various damages
in plants (Asada 1999). In order to maintain ROS contents,
an antioxidative defense system, including both enzymatic
antioxidants, such as superoxide dismutase (SOD),
peroxidase (POD), catalase (CAT), ascorbate peroxidase,
and glutathione reductase, and nonenzymatic antioxidants
(such as carotenoids and ascorbate), is present to
counteract ROS toxicity and maintain cell function
integrity (Asada 1999, Reddy et al. 2004). Drought
resistance in plants correlates with scavenging ROS and
variation in the extent of osmotic adjustment (Tsugane et
al. 1999). The synthesis and accumulation of some solutes,
such as Pro, glycine betaine, and soluble sugars, can help
cells maintain the intracellular balance of osmotic pressure
and resist water deprivation and cellular dehydration (Bray
1997, Hare et al. 1998, Chaves et al. 2003).

Previous genetic studies have shown that polyploids
are more or less tolerant to low soil moisture than diploids
(Maherali et al. 2009). For example, tetraploid
Spathiphyllum plants are more tolerant to drought than
diploid plants and exhibit different morphological and
anatomical structures following polyploidization (Van
Laere et al. 2011). Xiong et al. (2006) reported that two
hexaploid varieties of wheat showed the longest survival
following drought, as well as the highest yields under
drought conditions, similar to tetraploids; diploids were
the least robust. However, Sugiyama (2006) found that
diploid cultivars of Lo/ium had higher survival rates under
drought conditions than tetraploid cultivars. Therefore, the

Materials and methods

Plant material, experimental design, and harvest: Plant
materials used for this study included three synthetic
allotriploid (2n = 3x = 57) and one diploid (2n = 2x = 38)
progeny population. Populus pseudo-simonii x P. nigra
‘Zheyin3#’ (2n = 2x = 38) and P. beijingensis (2n = 2x =
38) were used as the female and male parents, respectively.
According to our previous studies, high-temperature
exposure was conducted during the megasporogenesis
period of female buds to induce first- (FDR) and second-
division restitution (SDR) 2n megaspores (Wang et al.
2010, 2012). The FDR and SDR triploid populations
(triploid-F and triploid-S) were generated from megaspore
chromosome doubling. Another allotriploid progeny
population was induced by embryo sac chromosome
doubling via post-meiotic restitution (PMR) 2n eggs
(triploid-P) (Dong et al. 2014). Diploid progenies from the
same cross combination with untreated buds were defined
as the control population. All progenies were grown in an
open field in Shunyi District, Beijing, China. A total of 30
genotypes of each population were randomly selected for
storage in sand in Guan Xian County, Shandong Province,
China, in December 2013. In March 2014, ten cuttings
(approximately 15 cm in length, 1-year old) of each
genotype were cultivated in pots (23 cm upper diameter x

present study used populations rather than individuals to
understand the role of drought stress on the triploid genus
Populus.

Due to the significant genetic diversity among poplars,
their drought tolerance varies among populations, species,
and genotypes (Zhang et al. 2004, Monclus et al. 2006).
Poplars are sensitive to water deprivation, since they are
naturally found in riparian areas where their roots can
access water easily (Rennenberg ef al. 2006, Koyama and
Kielland 2011). However, triploid Populus is typically
found in hostile growth environments. Thus, it is important
to clarify the responses of triploid Populus to drought in
order to select outstanding genotypes/individuals exhi-
biting drought tolerance. Physiological responses and the
molecular basis of water deprivation and recovery have
been examined in many naturally diploid populations/
genotypes (Souza et al. 2004, Yin et al. 2004, 2005), but
not in the triploid Populus. In this study, we evaluated
three triploid Populus populations with different
heterozygosities after exposure to high temperatures
during the megasporogenesis period of female parents
(Wang et al. 2010, 2012). We hypothesized that the
triploid Populus populations might be more resistant to
water deprivation than the diploid population. A
comparative photosynthetic, protective enzymatic, and
osmoregulatory analysis of the integrated physiological
responses to drought stress and recovery were performed
to assess the degree of genotypic variation and to increase
our understanding of the physiological mechanisms in
triploid Populus under water deprivation.

18 cm lower diameter x 25 cm depth) filled with soil
(clay:sand:vermiculite, 2:2:1, v/v/v). The cuttings were
grown in a natural environment until July 2014. Six
healthy cuttings of approximately equal height for each
genotype were used for the water stress experiments.

The experiment followed a complete randomized
design using three replications. During the progressive
water stress treatments (WS), three water contents were
established at 50-55% (WSi), 30-35% (WS>), and 10—
15% (WS3) of field capacity (FC), which were defined as
mild, moderate, and severe water stress, respectively. The
well-watered treatment (WW), which was maintained at
80-85% FC, was treated as the control group (CK). To
ensure the target field capacity of the WS, a total of ten
random selected pots were weighed every day. After
drought treatment, the materials were rewatered (RW) to
80-85% FC. The entire experiment was performed for two
weeks, and each watering stage lasted 3—4 d to obtain
instantaneous responses under the continuing natural
drought and rewatering conditions. The correlations
between the sample harvesting date and the relative soil
water content (RSWC) are shown in Fig. 1S (supplement
available online) and some meteorological data are
presented in Table 1S (supplement available online).
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Three replications of each watering stage were performed,
and the samples were harvested 3 d after rewatering. Every
fourth to seventh fully expanded functional leaf from the
top of the stem was immediately frozen in liquid nitrogen
and stored at —80°C to determine enzymatic activities and
physiological traits. No rainfall was recorded during the
experiment.

RWC and relative membrane permeability (RMP):
RWC was measured in the fourth leaf from the top
following the method described by Boyer (1969) with
minor modifications. Leaves were weighed immediately
after harvest to determine the fresh mass (FM). The turgid
mass (TM) was then recorded after the leaves were
transferred to de-ionized water and maintained in a dim
environment for 4 h. Dry mass (DM) was measured after
drying at 80°C for 24 h. RWC was calculated using the fol-
lowing equation: RWC % = (FM — DM)/(TM — DM) x 100.

A total of 0.5 g of the fourth leaf, which was cut into
discs (0.8 cm in diameter), was used to determine the RMP
according to Xiao et al. (2009). The initial electrical
conductivity (C;) was measured using a conductivity
instrument (LC116, Mettler-Toledo Instruments Co. Ltd,
Zurich, Switzerland) after placing the discs in de-ionized
water for 1 h in a dim environment. The samples were
boiled for 30 min to achieve ion leakage, after which they
were cooled to room temperature, and the second
measurement of electrical conductivity (C,) was obtained.
RMP was calculated as follows: RMP (%) = C;/C, x 100.

Gas exchange and chlorophyll (Chl) fluorescence: Gas
exchange was determined on the fourth to sixth functional
leaf from the top of the stem, using the LI-6400-02B
portable photosynthesis system (LiCor-6400, LiCor,
Lincoln, NE, USA), during serious water stress (20-23
July, 2014). Photosynthesis measured before water stress
was used as a control. The measurements were made on
sunny days at 08:30 — 11:30 h, with maintenance of the
photosynthetic photon flux density at 1,400 umol(photon)
m 2 s and CO; concentration at 400 pmol mol!, a leaf
temperature of 35 + 1°C, a relative air humidity of 60—65%,
and a flow of 500 umol mol™!. Photosynthetic parameters
including net photosynthetic rate (Pn), stomatal conduc-
tance (gs), intercellular CO, concentration (C;), and tran-
spiration rate (E) were simultaneously measured, recorded,
and calculated according to von Caemmerer and Farquhar
(1981). The water-use efficiency (WUE) was calculated as
WUE = Pn/E (Bierhuizen and Slatyer 1965).

The Chl fluorescence parameters and relative Chl
content index (CCI) were measured on the same leaves in
the afternoon after photosynthesis measurements using the
MD-500 chlorophyll fluorescence spectrometer (Yi Zong
Qi Technology Co. Ltd., Beijing, China) and CCM-200
Plus Chl content meter (OPTI-Sciences Inc., USA),
respectively. For fluorescence induction measurements,
excitation and extinction wavelengths were 470 and
735 nm, respectively, and the intensity of the excitation
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was 3,400 pmol(photon) m? s™'. During the measure-
ments, the maximum (Fy,) and minimum (Fy) fluorescence
yields of the dark-adapted leaves were determined. The
variable fluorescence (Fy) was calculated as F, = Fy, — Fo
(Rohacek 2002), and the maximal quantum yield of PSII
photochemistry (F,/Fn) and the potential photochemical
efficiency of PSII (F./Fo) were also calculated.

MDA and Pro: Lipid peroxidation was determined by
measuring MDA content using the method described by
Hodges et al. (1999) with minor modifications. A total of
0.5 g powdered leaf tissue was homogenized in 10 ml of
10% (w/v) trichloroacetic acid (TCA) and centrifuged at
10,000 x g for 10 min. Next, 2 ml 0.6% (w/v) thio-
barbituric acid in 10% TCA were mixed with 2 ml of
supernatant. The mixed solution was incubated in boiling
water for 30 min, after which the reaction was stopped by
placing in an ice bath. The mixture was centrifuged at
10,000 x g for 10 min, and the absorbance of the super-
natant was measured at 532, 600, and 440 nm using a
spectrophotometer (Ultrospec 6300 pro, Cambridge,
England). MDA content was expressed in nmol per FM.
Pro content was assessed using the method of Bates et
al. (1973) with minor modifications. The powdered leaf
(0.3 g) was homogenized in 8 ml of 3% (w/v) aqueous
sulfosalicylic acid solution and then centrifuged at
10,000 x g for 10 min. The supernatant (2 ml) reacted with
2 ml of acid ninhydrin and 2 ml of glacial acetic acid for
1 h at 100°C before termination via ice bath. The mixture
was then extracted with 4 ml of toluene. The absorbance
was measured at 520 nm (Ultrospec 6300 pro, Cambridge,
England). And Pro content was expressed in pug per FM.

Antioxidant enzymes: The extracts used for SOD (EC
1.15.1.1), POD (EC: 1.11.1.7), and CAT (EC: 1.11.1.6)
measurements were prepared by homogenizing the leaf
powder (1 g) in 10 ml of 0.1 mM phosphate buffer (pH 7.2)
containing 1 mM EDTA and 1% polyvinylpyrrolidone.
The homogenate was centrifuged at 12,000 x g for 15 min
at 4°C, and the supernatant was used for enzymatic
determination. The soluble protein content of the
supernatant was monitored using Coomassie Brilliant Blue
G-250 according to Bradford (1976), using bovine serum
albumin as a standard.

SOD activity was assayed according to the method of
Giannopolitis and Ries (1977) by monitoring the inhibition
of photochemical reduction of nitroblue tetrazolium. The
amount of enzyme inhibiting 50% photochemical
reduction of nitroblue tetrazolium was defined as 1 unit of
SOD at 560 nm. POD activity was determined by the
oxidation of guaiacol with the presence of H,O, as
described by Lin and Wang (2002). The absorbance of the
mixture was measured at 470 nm by using a spectropho-
tometer (Ultrospec 6300 pro, Cambridge, England). POD
activity was expressed in mmol ! (product) min~! g~!'(FM).
CAT activity was determined using the method described
by Carrillo ef al. (1992). The reaction was started by the
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addition of 0.1 mM phosphate buffer (pH 7.2) and 20 mM
H,0; to the enzyme extract. The breakdown of H,O, at
240 nm was monitored using a spectrophotometer. CAT
activity was expressed as mmol(H,0,) min™ g”'(FM).

Statistical analysis: Two-way analysis of variance
(ANOVA), using the water stress treatments and popu-
lations as two independent factors, was applied to
determine the differences in parameters (gas exchange,
Chl fluorescence, RWC, RMP, MDA, Pro, and enzyme
activities) between populations at each watering stage. The
analyses were performed using the general linear model
ANOVA procedure. If significance (p<0.05) was observed,
then a post hoc comparison of the least significant

Results

Relative water content and electrolyte leakage: Both the
RWC and electrolyte leakage were significantly affected
by the populations, watering treatments, and the
population x watering treatment interaction (Table 1). The
RWCs of leaves from the four populations showed evident
decreases under water stress (Fig. 14). The RWCs slightly
decreased under WS;, but they were insignificantly
different from WW. The RWCs decreased sharply and
significantly under WS; and WS;. Compared to the diploid
population, the triploid populations (especially the
triploid-F population) showed higher RWCs under WS,
and WS;s. The electrolyte leakage, expressed as the RMP,
increased with increasing water deprivation. The RMP of
the stressed populations increased by 197, 123, 149, and
143% in diploid, triploid-F, -S, and -P populations under
WS;3, respectively (Table 1). Both RWC and RMP in the
four populations approximately recovered to their WS,
levels 3 d after rewatering.

difference (LSD) was used to determine the differences
between populations. The within-population coefficient of
variation (CV) was calculated as the standard deviation
(SD) divided by the mean. Pearson’s correlation
coefficients for all physiological traits of the genotypes
overall were calculated to determine the correlations
between any two traits under WW and WSs. SPSS 20.0
(SPSS Inc., Chicago, IL, USA) was used to perform the
statistical tests and determine descriptive statistics. A
principal component analysis (PCA) was performed on the
trait values from four populations using R statistical
software to represent physiological diversity under WW,
WS, and RW. The original variables were homogeneous
prior to PCA.

Photosynthesis and Chl fluorescence: The gas-exchange
parameters in the four populations significantly decreased
by water stress (Fig. 2). The effect of population was not
observed under WUE (Table 1). F,/F,, was significantly
affected by the interaction between population and
watering treatment (Table 1). The diploid population
showed the greatest difference with triploid-F population
compared to the other two triploid populations under WW.
Reductions of the photosynthetic and Chl fluorescence
parameters, excluding WUE and CCI, were lesser in the
triploid populations than those in the diploid population
(Table 1).

Malondialdehyde and free proline: Contents of MDA
and Pro increased in the four populations with the severity
of water stress, but there were apparent differences
between the four populations (Fig. 3). The effects of
population, watering treatment, and population x watering
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Fig. 1. Effect of watering on relative water content
(RWC, %) (4) and relative membrane permeability
(RMP, %) (B) in leaves from the four Populus
populations. The bars indicate means + SD (n = 3).
Different letters on the bars indicate significant
differences. WW — well-watered (80-85%); WS —

WATERING TREATMENT

mild water stress (50-55%); WS2 — moderate water
stress (30-35%); WSs — severe water stress (10—
15%); RW — rewatering (80-85%).
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Fig. 2. Effect of watering on photosynthesis and chlorophyll fluorescence parameters in the four Populus populations. The bars indicate
means = SD (n = 3). Different letters on the bars indicate significant differences. WW — well-watered (80-85%); WSs — severe water

stress (10-15%); Px — net photosynthetic rate; gs — stomatal conductance; Ci —

intercellular carbon dioxide concentration; £ —

transpiration rate; WUE — water-use efficiency; CCI — chlorophyll content index; Fv/Fm — maximal quantum yield of PSII

photochemistry; Fv/Fo — potential photochemical efficiency of PSII.

treatments interaction showed significant differences
(Table 1). In the diploid population, the MDA content
increased by 308% under WS; compared with WW, while
the increases were 214, 258, and 243% in the triploid-F, -
S, and -P populations, respectively (Table 1). The greatest
Pro accumulation was in the triploid-F population (11-fold
increase compared to a 7.2-fold increase in the diploid
population; Table 1). Significant differences in both MDA
and Pro contents were observed under WS, and WS;,
while there were no differences under WS, (Fig. 3). MDA
and Pro contents of the four populations recovered to their
approximate concentrations seen under WS; and showed
no differences 3 d after rewatering.

Antioxidative defense systems: Population and watering

treatment significantly affected soluble protein content and
antioxidative enzyme (SOD, POD, and CAT) activities
(Table 1). The population x watering treatment interaction
effect showed significance for soluble protein content and
SOD activity, but not for POD or CAT activities (Table 1).
The soluble protein contents of the four populations
obviously decreased with increased water stress (Fig. 44).
It partially recovered after rewatering. The water shortage
significantly activated the antioxidant system of leaves in
the four populations. SOD, POD, and CAT showed similar
variations with the intensified watering treatments and
recovered to prior-stress levels after rewatering (Fig. 48—
D). However, compared to the diploid population, the
triploid populations showed the higher enzyme activities
under WS3 (Table 1).
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Fig. 4. Effects of watering on soluble protein content (4), superoxide dismutase (SOD) (B), peroxidase (POD) (C), and catalase (CAT)
(D) activities in the four Populus populations. The bars indicate means + SD (n = 3). Different letters on the bars indicate significant
differences. WW — well-watered (80-85%); WS1— mild water stress (50-55%); WSz — moderate water stress (30-35%); WS3 — severe
water stress (10-15%); RW — rewatering (80-85%).

Coefficients of variation within populations, corre-
lations among genotypes, and principal component
analysis (PCA) of physiological responses: Variability
was found within each population under WW and WS;
(Table 2). POD and RWC had the highest and lowest CVs
under WW, and triploid population had larger values than
diploid in most of the parameters evaluated. The
physiological traits of Chl fluorescence, cell membrane
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injury, and enzyme activities were not correlated under
WW (Table 3). In addition, each two of photosynthetic

parameters
(Table 3). However,

significant positive correlations
significant correlations existed

showed

between photosynthesis and enzyme activities under WSs,
indicative of an obvious water stress response in the
progenies (Table 3).

The scatter diagrams, derived from PCA under WW,
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Fig. 5. The principal component analysis (PCA) results for well-watered (WW), severe water stress (WS3), and rewatering (RW)

conditions in 120 genotypes of Populus

WS;, and RW conditions, showed a wide variability
among the hybrid progenies following severe water stress
and rewatering (Fig. 5). The first two principal
components contributed 33.7, 61.7, and 45.2% of the
diversity under WW, WS;, and RW, respectively (Table
28, supplement available online). Px showed the highest
variable loading in PC1, followed by gs and CCI, under

Discussion

The adaptations of plants to water shortage conditions are
comprehensive and complex processes widely affected by
inherent drought tolerance mechanisms and external
environmental conditions (Bray 1997). In this study, the
physiological responses of four Populus populations,
including three triploid populations with different 2n
gamete origins and one diploid population, under
continuous drought treatment were investigated. The leaf
RWC is a common indicator of the sensitivity of plants to
dehydration (Sanchez-Rodriguez et al. 2010). Compared

WW. E showed the highest variable loading in PC2, which
had negative loadings for F,/Fi, and F,/Fo. Under WS3, the
loadings of PCl did not differ between variables,
indicating that water stress influenced all physiological
traits. Upon rewatering of the samples, RWC and RMP
showed the highest variable loadings in PC1 and PC2,
respectively.

to the diploid population, the three triploid populations
showed significantly higher leaf RWCs under WS, and
WSs (Fig. 14), indicating that the triploid populations,
especially triploid-F, exhibited better water usage than the
diploid population under moderate and severe water stress.
According to previous studies, drought-tolerant species/
genotypes show a lesser decrease in RWC under water
stress compared to drought-sensitive species (Xiao ef al.
2008, Yin et al. 2009).

Water stress significantly decreased photosynthesis,
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Chl contents, and Chl fluorescence parameters in the four
populations in our study (Fig. 2). Under WS treatment, the
higher g, was probably one reason for the higher Py in the
triploid populations, since stomatal limitation is coupled
with photosynthetic reduction (Cornic 2000). Reducing g
under WS is considered an adaptation mechanism to
reduce water loss in plants, followed by a reduction in £
due to stomatal control (Karimi et al. 2015). The present
study showed that the triploid populations, compared to
the diploid population, showed lesser decreases in gs, E,
and Py under WS compared with WW (Table 1). This
indicated that photosynthesis was more sensitive to water
deprivation in diploids than in triploids. Nonstomatal
factors limited photosynthesis at the WSs stage (Fig. 2).
Under severe WS, the capacity of chloroplasts to fix CO,
affects photosynthesis more than it does increased
stomatal diffusive resistance (Bota ef al. 2004). One of the
factors affecting CO, fixation under drought is the
inhibition of photochemical processes usually during
severe water stress and at low RWC. Earlier studies
showed that Chl contents typically declined under water
stress because of their slow synthesis or rapid breakdown
(Majumdar et al. 1991). However, our results showed that
CCI decreased less in the diploid than that in the triploid
populations (Table 1). Thus, the Rubisco and chloro-
phyllase activities may play important roles in the adapt-
ability to water stress (Mihailovi¢ et al. 1997, Lawlor and
Cornic 2002, Chaves ef al. 2003, Bota et al. 2004). As an
indicator of the photochemical efficiency of electron
transport in PSII, Chl fluorescence can be used to indicate
the extent of water stress damaging the photosynthetic
apparatus (Rohacek 2002). It has been shown that F./Fy, is
highly stable in many species in normal habitats but
decreases sharply under biotic and abiotic stress conditions
(Bjorkman and Demmig 1987). The F,/F, showed no
differences under WW, while sharp decreases were
observed under WS; (Fig. 2G), suggesting the damage of
PSII. These data are consistent with those of other plant
species, including Triticum aestivum L. (Kong et al. 2016).
The reductions of F./Fy, and F,/Fo were lesser in triploid
populations than those in the diploid population under WS
in our study (Fig. 2G,H), which indicated that the triploid
populations, especially triploid-F, provided stronger
photoprotection against water deprivation than that of
diploid population.

Moreover, another potentially important mechanism of
drought tolerance is osmotic adjustment, which can be
achieved by the accumulation of compatible solutes, such
as soluble sugars, Pro, and amino acids (Misra and Gupta
2005). Pro has been considered a major hydroxyl radical
scavenger that protects plasma membrane integrity and
prevents protein denaturation under drought stress (Ain-
Lhout et al. 2001, Bartels and Sunkar 2005). In the present
study, the contents of Pro significantly increased in the
four populations under prolonged drought (Fig. 3B). It can
be interpreted as a mechanism for lowering osmotic
potential. Futhermore, diploids had the lowest RWCs
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under WS, and WSs. However, the triploid-F population
had higher contents of Pro than that of the diploid
population under WS, and WSs, which is indicative of a
greater ability to scavenge free radicals in triploid com-
pared to diploid populations. The significantly different
levels of osmotic adjustment among the four populations
may explain their different tolerance to drought.

Drought stress also resulted in serious damage of
cellular membranes in all four populations, as indicated by
electrolyte leakage and increased MDA contents after
sustained water deprivation in our study (Figs. 1B, 34). As
an indicator of cell membrane damage, the magnitude of
increase of the MDA content, a product of peroxidation by
ROS, which affects phospholipids, has been used to
determine the extent of damage caused by water
deprivation (Xu et al. 2006, Sancoka et al. 2004). The
significantly greater accumulation and increased rate of
RMP and MDA in the diploid compared to triploid
populations indicated that the triploid population exhibited
less damage and more tolerance to drought. Drought-
tolerant species including polyploid Lonicera japonica (Li
et al. 2009) and P. cathayana Rehder accumulate less
MDA and leak electrolytes (Xiao et al. 2008). The
continuous increases in RMP and MDA under sustained
water stress indicated that antioxidative protection was not
sufficient to prevent cell membrane damage caused by
ROS. Higher MDA contents under drought stress may
result from the downregulated activity of antioxidative
enzymes (Selote and Khanna-Chopra 2010), which was
further supported in the present study by the enzyme
activities and significantly negative correlation between
MDA and enzyme activities under WSs. In our study,
enzymatic responses to ROS reflected ability to scavenge
free radicals and to avoid damage from the oxidative stress
caused by water stress in the four populations. There were
significant differences in the activities of SOD, POD, and
CAT between each stress stage (Fig. 4), but the higher
enzyme rates in the triploid-F population (Table 1)
suggested that triploid populations showed a stronger
ability to resist to ROS and a greater tolerance to water
deprivation. Increased enzyme activities have also been
reported in wheat (Shao et al. 2005) and maize (Jiang and
Zhang 2002).

Physiological variation was detected within the
populations tested in this study (Table 2). Most parameters
showed larger CVs under WS3; compared with WW,
indicating a genotype-based adaptive response to water
stress. Triploid genotypes were more tolerant to water
deficit than that of diploids in terms of peak values within
populations. However, overlaps between populations were
observed for each parameter (Table 2), indicating that
some triploid genotypes were less resistant than the diploid
genotypes. In Avena species, which have different ploidy
types, some diploid species had a stronger tolerance to
drought than tetraploid and hexaploid species (Peng et al.
2011b).

In conclusion, water stress caused a serie of adaptive
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physiological effects in the four populations, including
membrane damage, decreased RWC, photosynthesis, and
chlorophyll fluorescence parameters, and increased
antioxidant enzymatic activity. Notably, the effects of the
physiological responses became increasingly obvious with
increasing drought. The triploid-F population was more
resistant to water deficits than the diploid population,
followed by the triploid-S and triploid-P populations. The
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