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Abstract The selection of drought-tolerant plants is an

important aspect of plant breeding. We studied physio-

logical and biochemical mechanisms of different ploidies

of Populus ussuriensis Kom. that relate to drought stress

tolerance. We used a 5% (v/v) polyethylene glycol (PEG-

6000) solution to simulate drought stress. We recorded leaf

phenotypes including color, dry area and curl degree. We

evaluated sequential variations in some drought stress tol-

erance-related physiological and biochemical indices and

compared these among diploid clones (CK), triploid clones

(T12) and tetraploid clones (F20). T12 leaves exhibited

slightly more drought stress damage than CK and F20

leaves. CK leaves suffered the most severe drought stress

damage. The physiological and biochemical indices of the

different ploidies differed significantly 12 days after

drought stress treatment. The activities of superoxide dis-

mutase, peroxidase, catalase and proline in the triploid

(T12) leaves were the highest. The relative electric con-

ductivity and malondialdehyde content of T12 leaves were

the lowest. The index values of F20 were between those of

the diploid and triploid. In consideration of these results,

the drought resistance of the three different ploidies of P.

ussuriensis can be ranked as T12[ F20[CK. We spec-

ulate that the gene expression patterns of polyploid clones

of poplar will change after genome doubling and that some

of the drought stress tolerance-related physiological and

biochemical indices will be improved, resulting in greater

drought tolerance of polyploid clones.
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Introduction

When the number of chromosomes in body cells increases

three or more times, the organism is characterized by

polyploidy (Storchova and Pellman 2004; Stebbins 1970).

As the chromosomes in polyploid plants double, they

exhibit larger cell volume and contain higher nutrient

content. Sometimes, the increased chromosomes result in

giant organs (such as leaves, flowers and stems), deep

color, and strong stress tolerance/resistance (Randolph

1941; Otto and Whitton 2000). For example, the cell vol-

ume of nine-year-old triploid Populus tomentosa was 2–3

times that of diploids under the same growth conditions

(Zhu and Kang 1998; Fang et al. 2001). Triploid or tetra-

ploid Japanese black pine contained higher superoxide

dismutase (SOD, which can prevent the formation of lipid

peroxides and oxidative damage) than did diploid Japanese

black pine (Niwa and Sasaki 2003). Triploid Populus

tremula not only exhibited stronger drought/barrenness

stress tolerance but also displayed stronger disease resis-

tance than diploids and was more suitable for mountain

planting under poor natural conditions. Triploid birch
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showed enhanced resistance to rust (Johnsson 1944;

Ramsey 2011; Eifler 1960; Sita et al. 1980). Taken toge-

ther, the increase in gene dose played an important role in

plant stress resistance/tolerance (Panchuk et al. 2002).

Populus ussuriensis has excellent characteristics, such

as strong adaptability, rapid growth and high yield (Li et al.

2005). In northern China, drought stress is one of the most

severe abiotic limiting factors affecting the growth and

development of P. ussuriensis (Anjum et al. 2011; DaMatta

2004). Therefore, drought tolerance is one of the most

important objectives of polyploid P. ussuriensis breeding

(Li et al. 2006; Flowers 2004).

Osmond et al. (1980) demonstrated a series of physio-

logical changes in plants in response to water stress. First,

the cytoplasmic membrane structure was damaged, and

leaves were then dehydrated, resulting in intracellular fluid

extravasation and increased contents of malondialdehyde

(MDA) and reactive oxygen species (ROS) (Abuduwaili

et al. 2015; Martin et al. 2008). Second, the activities of

SOD and other antioxidant enzymes increased to maintain

low levels of ROS to protect plant cells from oxidative

stress damage (Gill and Tuteja 2010; Alscher et al. 2002;

Michalak 2006). Then, proline (PRO) osmolytes accumu-

lated to maintain cell turgor and allowed cells to suffer less

damage from drought stress (Pérez-Pérez et al. 2007; Fan

et al. 2012; He et al. 2011; Tsugane et al. 1999). Changes

in physiological and biochemical indices (e.g., SOD, POD,

and MDA) can reflect the degree of drought stress damage,

and they are therefore useful for evaluating drought toler-

ance of plants (Zhang and Kirkham 1996; Liu et al. 2013;

He et al.2014; Hasheminasab et al. 2012).

We evaluated drought stress tolerance of diploid (CK),

triploid (T12) and tetraploid (F20) P. ussuriensis by treat-

ing plants of the three ploidies with polyethylene glycol

6000 (PEG-6000). Then, the relative conductivities, the

contents of MDA and PRO, and the activities of SOD, POD

and CAT of the three different ploidies of P. ussuriensis

were investigated. Our study objective was to identify the

physiobiochemical mechanisms responsible for response to

drought stress by P. ussuriensis polyploids. Our goal was to

provide guidance for the practice of poplar polyploid

breeding and the selection and popularization of forest

resources.

Materials and methods

Plant materials and drought stress treatment

The plant materials included three polyploid lines of

P. ussuriensis: diploid (CK), triploid (T12) and tetraploid

(F20). On 20 April 2016, twigs of CK, T12 and F20 were

prepared for cutting propagation by planting in plastic pots

(21 cm diameter 9 21 cm depth) containing soil, sand and

peat (v/v/v = 2/3/5) at the Northeast Forestry University

nursery shed. Plant culture conditions were: relative

humidity, 50–65%; temperature (day/night), 26–30 �C/
22–25 �C; and photoperiod, natural light conditions. After

60 days, 35 healthy plants (approximately 100 cm in

height) from each line were selected for subsequent

drought stress treatment.

The drought stress treatment was performed with 5% (v/

v) PEG-6000 solution. The third to fifth functional leaves

were harvested just before drought stress treatment (i.e., 0

day samples) and 3, 6, 9 and 12 days after drought stress

treatment at 8:30 am. Meanwhile, 6 healthy plantlets (ap-

proximately 100 cm in height) from each line were set as

the control group and were irrigated with water. All leaf

samples were harvested with three biological replicates.

Each plant was sampled at one time point and only once to

avoid effects caused by mechanical injury. Then, the har-

vested leaves were directly frozen in liquid nitrogen for

subsequent experiments.

Phenotype investigation

To perform phenotype evaluation, the leaf phenotypes

including color, dry area and curl degree were recorded

using a Canon camera just before commencement of the

drought stress treatment (i.e., 0 day) and at 3, 6, 9, and 12

days after commencement of the drought stress treatment.

MDA and PRO content detection and antioxidant

enzyme (SOD, POD and CAT) activity detection

The contents of MDA and PRO and the activities of SOD,

POD and CAT were detected using kits purchased from

Suzhou Keming Biotechnology Company (Suzhou, China).

Detection procedures were conducted according to the

manufacturer’s instructions in the product manual by uti-

lizing a Lambda 25 UV/VIS spectrophotometer (Perkin

Elmer, Illinois, USA). Detection for all the samples was

performed with three independent repeats.

Relative electrolyte leakage content detection

For each sample, approximately 0.3 g leaf tissue was taken

by using a puncher and avoiding main veins. These sam-

ples were then transferred into a syringe containing 20 mL

deionized water. Gas was continuously pumped into the

syringe until the leaf tissues completely sank into the

deionized water. We then measured the conductivity (R1)

of these leaf tissues with a conductivity meter (Five Easy

Plus FE38, Mettler Toledo, Zurich, Switzerland). The

detection procedure was performed according to the man-

ufacturer’s instructions. We then heated the leaf samples in
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boiling water for 30 min, cooled them to room tempera-

ture, and again recorded their conductivity (R2). Detection

for all the samples was performed with three independent

repeats. The relative electrolytic leakage of each sample

was calculated as follows:

RL ¼ R1=R2

� �
� 100% ð1Þ

where RL is relative electrolyte leakage, R1 is the first

detected conductivity value of each leaf sample and R2 is

the total conductivity value of each leaf sample.

Statistical analysis

The experimental data were analyzed using SPSS 19.0

statistical software with variance analysis and multiple

comparisons. The following linear models were used for

ANOVA:

Yij ¼ lþ ai þ eij ð2Þ

where l is the general mean, ai is the effect of the poly-

ploid lines, and eij is the random error term.

Results

Phenotype investigation of different ploidy lines

during drought stress treatment

The CK, T12 and F20 lines showed normal and healthy

growth before drought stress treatment. With increasing

duration of drought stress, the symptoms of damage dis-

played by each became apparent. The leaf color around

veins turned yellow, the yellow area gradually expanded,

and the leaf finally withered and curled.

Three days after the onset of drought stress treatment,

yellow stripes appeared on the CK leaves. The F20 leaves

also exhibited drought stress injury but to a lesser degree

than CK. The T12 leaves showed no effect of drought

stress at 3 days. At 6 days after drought stress treatment,

brown stripes appeared on the CK and F20 leaves. Drought

injury to leaves was more severe in the CK leaves than in

the F20 leaves. At 6 days of treatment, the T12 leaves

began to display slight symptoms of drought stress injury.

At 9 days of drought stress treatment, most of the CK

leaves had withered, and the symptoms of injury were

severe. The degree of injury of the F20 leaves was less than

that recorded for the CK leaves. Only the edges of the T12

leaves turned yellow and withered. At 12 days of drought

stress treatment, the CK plants exhibited more severe

drought stress injury. The leaves had withered, and the leaf

edges showed evidence of necrosis and rolled up. The T12

leaves turned yellow and withered, and the edges of the

F20 leaves turned scorched. Throughout the process of

drought stress treatment, the drought stress symptoms of

the T12 leaves were less pronounced than those of the CK

and F20 leaves. The CK leaves displayed the most severe

drought stress damage (Fig. 1).

Cell membrane permeability of leaves

of the different ploidy lines under drought stress

Relative electrical conductivity (REC) reflects the osmotic

regulation capacity of the plasma membrane under drought

stress. The prestress (0 day) REC values were set as the

comparison values for the different ploidy lines. Under

normal water conditions, there was no obvious REC dif-

ference among leaves from the three different ploidy lines.

Throughout the drought stress treatment, the REC values of

the leaves of the three different ploidy lines showed an

increasing trend, but their increasing ranges differed from

one another. At 3 days of drought stress, the REC values

increased by 11.2% for CK and 11.1% for F20 leaves. The

REC of T12 leaves was 7.3%, which was lower than the

REC values for CK and F20 leaves (P\ 0.01). At 12 days

of drought stress, the CK leaves exhibited the maximum

recorded REC values, while the T12 leaves exhibited the

minimum REC values, with a lower mean REC for T12

leaves (P\ 0.01), (Fig. 2).

MDA contents of leaves of the different ploidy lines

under drought stress

MDA is the final product of membrane lipid peroxidation,

which can combine with the membrane protein, the

enzyme and the cross-linker to inactivate and destruct the

structure and function of the biofilm. The initial (0 day)

MDA contents were set as the comparison values for the

different ploidy lines. The MDA contents of the leaves

from the three different ploidy lines increased with stress as

time went on. Under normal water conditions, the MDA

contents of the leaves from the three different ploidy lines

were not identical, while the CK leaves contained the

highest MDA contents. On the 3rd day after drought stress,

the MDA contents of CK leaves had significantly increased

by 39.0% compared with T12 and F20 (increased by 9.3

and 37.8%, respectively) (P\ 0.01). On the 9th day after

drought stress, the MDA contents of CK leaves had

increased by 43.3%, while those of F20 leaves had

increased by 32.2% and those of T12 leaves had increased

by 19.8% (P\ 0.01). On the 12th day after drought stress,

the CK leaves contained 30.03 nmol g-1 MDA, the F20

leaves contained 24.76 nmol g-1 MDA, and the T12 leaves

contained 20.02 nmol g-1 MDA (P\ 0.05) (Fig. 3). The

results show that under drought stress, the CK leaves
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suffered the most severe membrane damage and exhibited

the weakest oxidation resistance.

The PRO contents of leaves of the different ploidy

lines under drought stress

Proline is an osmotic regulator whose content is affected by

the availability of water, and when soil moisture is defi-

cient, the free proline content increases. The initial (0 day)

PRO contents were set as the comparison values for the

different ploidy lines. Under normal water conditions, the

PRO contents of leaves of the three different ploidy lines

did not exhibit significant differences, but the T12 leaves

contained the highest PRO content (Fig. 4). Under drought

stress, the PRO contents of CK, T12 and F20 leaves first

increased and then decreased, but their peak time points

and increasing ranges were different. On the 3rd day after

drought stress, the PRO content of CK reached its peak

Fig. 1 Dynamic morphological

observation of different

polyploidy lines of P.

ussuriensis under drought stress

conditions. [The third functional

leaves of the CK, T12 and F20

lines were dynamically

observed at 0, 3, 6, 9 and

12 days after drought stress.

The leaves in this

figure presented the average

degree of drought stress injury

of each detected line (a CK,

b T12, c F20)]
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level (31.16 lg g-1); the PRO content of T12 was

36.302 lg g-1; and the PRO content of F20 was

29.93 lg g-1, indicating that T12 was the most sensitive to

drought stress (P\ 0.05). On the 6th day after drought

stress, the PRO contents of the triploid T12 and the tetra-

ploid F20 reached their peak, but their peak values, which

were 43.31 and 31.14 lg g-1 (P\ 0.01), respectively,

were significantly different. On the 12th day after drought

stress, the PRO contents of CK leaves decreased by 19.7%,

while the PRO contents of T12 and F20 decreased by 9.3

and 13.7%, respectively (P\ 0.01).

The SOD activities of leaves from the three different

ploidy lines under drought stress

The SOD enzyme activity reflects the ability of plants to

clear active oxygen. The initial (0 day) SOD activities were

set as the comparison values for the different ploidy lines.

Under normal water conditions, the SOD activities of T12

leaves were higher than those of CK and F20 (Fig. 5).

After drought stress, the SOD activities of CK, T12 and

F20 leaves first increased and then decreased with stress as

time went on. On the 3rd day after drought stress, the SOD

activity increased to its maximum level, and T12 displayed

the highest increasing range, while CK exhibited the lowest

increasing range. Moreover, the SOD activities of T12

leaves increased rapidly, their average peak value reached

up to 263.97 U g-1, and their increasing range was 85.2%;
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activity (unit is U g-1 FW) in CK, T12 and F20 leaves during drought
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Fig. 2 The relative electrical conductivity of leaves of different

polyploidy P. ussuriensis lines during drought stress. [The dynamic

changes in relative electrical conductivity (REC) (unit is nmol g-1

FW) in CK, T12 and F20 leaves during drought stress treatment. Data
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Fig. 3 The MDA contents of leaves of different polyploidy P. us-

suriensis lines during drought stress. [The dynamic changes in MDA

content (unit is nmol g-1 FW) in CK, T12 and F20 leaves during

drought stress treatment. Data are mean ± SD (n = 3), (P\ 0.05)]
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the SOD activity increasing range of CK leaves was at its

minimum, 27.6%, and its peak value was 169.06 U g-1;

the SOD activity increasing range and the peak value of

F20 leaves were 52.4% and 207.79 U g-1, respectively

(P\ 0.01). During the entire stress treatment, T12 exhib-

ited the highest SOD activity, while CK exhibited the

lowest SOD activity.

The POD activities of leaves of the three different

ploidy lines under drought stress

Peroxidase mainly catalyzes the oxidation of hydrogen

peroxide on various organic and inorganic substances. In

the absence of hydrogen peroxide, oxygen molecules are

oxidized as hydrogen receptors. The initial (0 day) POD

activities were set as the comparison values for the dif-

ferent ploidy lines. The POD activity of T12 was higher

than that of CK and F20 under normal water conditions

(Fig. 6). Under drought stress, the POD activities of CK,

T12 and F20 initially increased and then decreased, but

their peak time points and increasing ranges were different.

Specifically, on the 3rd day after drought stress, the POD

activity of CK reached its peak value (298.284 U g-1), with

an increase of 23.9%; the POD activity and the increase of

F20 leaves were 304.48 U g-1 and 23.2%, respectively;

and the POD activity (336.51 U g-1) and the increasing

range (32.9%) of T12 were the highest. On the 6th day after

drought stress, the POD activity of T12 (363.24 U g-1) and

F20 (325.66 U g-1) leaves reached their peak levels, and

their increasing ranges were 7.9 and 7.0%, respectively; the

POD activity of CK leaves decreased by 9.8%. On the 9th

day after drought stress, the POD activities of CK, T12 and

F20 leaves decreased by 33.0, 15.4 and 23.9%,

respectively.

The CAT activities of leaves of the three different

ploidy lines under drought stress

Catalase is an antioxidant enzyme that catalyzes the

decomposition of hydrogen. The initial (0 d) CAT activities

were set as the comparison values for the different ploidy

lines. Under normal water conditions, the CAT activity of

T12 was higher than that of F20 and CK (Fig. 7). The CAT

activities of CK, T12 and F20 reached their peak levels on

the 3rd day after drought stress treatment. The increasing

range of T12 leaves was 65.8%, and the activity value was

236.94 U g-1 min-1 (P\ 0.01). The CAT activity of CK

(51.3%) increased more obviously than that of F20

(48.7%), but the enzyme activity value of F20 (203.19 U

g-1 min-1) was higher than that of CK (189.80 U g-1 -

min-1). The CAT activities of CK, T12 and F20 reached

their lowest values on the 12th day after drought stress

treatment; the values were 78.63, 118.49 and 88.38 U

g-1 min-1, respectively, and their decreasing ranges were

24.0, 19.6 and 23.9%, respectively (P\ 0.01).

Discussion

Drought tolerance of plants involves complex physiologi-

cal regulation mechanisms that combine various physio-

logical and biochemical factors, and are related to the

plant’s own genetics and the interaction between plants and
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the external environment (Gupta and Huang 2014; Xiong

and Zhu 2003). Generally, we cannot directly judge the

drought tolerance characteristics of plants by only one

index. In recent years, environmental adaptability research

on polyploid plants has made significant progress. Ram-

sey’s survey found that hexaploid yarrow was distributed in

arid dunes, while tetraploid yarrow was mostly distributed

in moist grasses; moreover, the hexaploid proved more

adaptable to drought than the tetraploid. Several published

reports proposed that the effects of the antioxidant enzymes

in tetraploid and hexaploid Cenchrus on the removal of

ROS were greater than those in diploids under drought

stress; similarly, tetraploid melon and tobacco showed

strong drought tolerance (Sivakumaran, et al. 1980; Sutka

et al. 1995). The results achieved in the present study also

showed that there were differences in the drought toler-

ance-related traits between the diploid P. ussuriensis and

polyploid P. ussuriensis, and these results were in agree-

ment with previously published research. Based on the

determinations of drought tolerance-related physiological

and biochemical indicators, the performance of leaves of

different ploidy lines of P. ussuriensis was different. Under

drought stress, plant growth was weakened, specific leaf

area was damaged, and leaf number and biomass signifi-

cantly decreased (Bréda et al. 2006; Xu and Zhou 2005).

The morphological observations after drought stress

showed that the leaves of the polyploid strains (T12 and

F20) exhibited less injury than those of the diploid, and the

CK plants suffered the most severe drought stress damage.

Increased cell membrane permeability is the most direct

and obvious injury to the cell membrane by water stress

(Bajji et al. 2002). As the stability of the cell membrane

decreases under drought stress, the selective permeability

of the cell membrane changes or is completely lost, and

thus, the cells are damaged due to a large amount of

intracellular ion osmosis (Pembrey et al. 1999). In the

process of drought stress treatment, the increasing range of

REC of T12 leaves was the smallest, and its peak value was

the lowest, while CK leaves exhibited the maximum REC

increasing range and the highest peak value. The results

indicated that the stability of the triploid cell membrane

was better than that of the diploid under drought stress

conditions. MDA is an important product of membrane

lipid peroxidation, and its content can reflect the relative

permeability of the plasma membrane, which is one of the

indices of the degree of plant injury (Dhindsa et al. 1981;

Yan et al.1996). Generally speaking, with an increase in

the degree of water stress, MDA content will increase

rapidly. The MDA peak value (Sairam and Srivastava

2001) and increasing range of T12 leaves were both lower

than those of CK and F20 leaves in the process of drought

stress, indicating the triploid leaves suffered less drought

stress damage. Under osmotic stress, plants can reduce

water potential by accumulating a certain amount of solutes

to maintain the water balance and ensure normal growth

(Morgan 1984; Hsiao 1973; Anjum et al. 2011). Among

these solutes, proline is the most widely distributed and the

most effective. When the plant is confronted with drought

stress, proline can balance cellular metabolism, and thus,

the antireversion force of plants will be enhanced (Weim-

berg et al. 1984; Lisar et al. 2012). Our results showed that

the PRO content of the triploid T12 was significantly

increased on the 6th day after drought stress. The PRO

contents of T12 and F20 on the 12th day after drought

stress treatment increased slightly compared to untreated

plants (0 day). SOD, POD and CAT are important com-

ponents of the antioxidant enzyme system (Anjum et al.

2011) and play important roles in the removal of super-

oxide radicals, hydrogen peroxide and peroxides, and in the

prevention of or reduction in the formation of radicals (Pan

et al. 2006; Gong et al. 2005). They are scavengers of

oxygen free radicals. Under drought stress, the balance of

free radical production and the cell removal system are

destroyed, and excess free radicals can damage the cell

membrane systems (Jung 2004; Toivonen and Sweeney

1998). According to the present study, the SOD/POD/CAT

activity of T12 leaves was higher than that of CK and F20

leaves during the whole drought stress treatment, indicating

that the triploid strain contains a stronger antioxidant

defense system than the diploid CK and the tetraploid F20

(T12[ F20[CK). In summary, the results obtained in

the present study suggest that the triploid P. ussuriensis

showed stronger tolerance to drought stress than the tet-

raploid and diploid under short-term drought stress.

Conclusion

Genome doubling has improved the activities of some

drought stress tolerance-related enzymes (such as SOD,

POD and CAT) and the productivity of some drought stress

tolerance-related metabolites (such as proline and MDA) in

P. ussuriensis polyploid clones (T12 and F20). In our

analysis, 6 physiological and biochemical indices (which

are related to drought stress tolerance) of three different

ploidy lines of P. ussuriensis were evaluated. We conclude

that the triploid showed stronger drought stress tolerance

than the tetraploid and diploid plants under short-term

drought stress. In order to discover the drought stress tol-

erance mechanisms of polyploid P. ussuriensis, further

molecular experiments on gene and protein expression are

needed. Taken together, the results and conclusions of this

study can guide research on drought stress tolerance

mechanisms in different ploidies of P. ussuriensis while

producing alternative germplasm resources for work on

poplar stress tolerance breeding in the future.
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