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Abstract The natural variation of drought tolerance

among eight Iranian bermudagrass (Cynodon dactylon

L.) accessions was evaluated and compared with a

commonly used variety by measuring various mor-

phological, growth, physiological and molecular

responses during mild and severe drought stress

conditions. A combined multivariable analysis using

principal component analysis, hierarchical clustering

analysis, as well as drought-tolerance ranking mea-

surement showed that the accessions were clustered

into three groups in terms of drought tolerance. This

method evaluated three accessions (Maragh, Abyaneh,

and Badrood) as superior drought-tolerant, three

(Karshahi, Josheghan, and Kashan) as relatively

drought-tolerant, and three (Ardeha, SWI-7, and

Khonb) as drought-sanative genotypes. Drought-tol-

erant accessions generally showed improved growth

and relative water content (RWC), minor electrolyte

leakage (EL) and lipid peroxidation (MDA), higher

content of pigments (Chlorophyll and carotenoid) and

dark green color index (DGCI), more significant up-

regulation of two stress-related genes (ECERI-

FERUM1 and Delta 1-pyrroline-5-carboxylate syn-

thetase), as well as higher accumulation of proline

content compared to sensitive accessions under

drought stress. On the other hand, drought-sensitive

accessions typically had more activity of antioxidant

enzymes (catalase and ascorbate peroxidase), and

higher amounts of soluble sugars (glucose, mannose,

and rhamnose), compared to tolerant accessions under

drought stress. In conclusion, different defensive

strategies may be recruited by tolerant or sensitive

bermudagrass genotypes during encountering to

drought stress.

Keywords Bermudagrass (Cynodon dactylon L.) �
Mild and severe drought stress � Superior accessions �
growth � physiological and molecular parameters �
PCA (principle component analysis) � HCA
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Introduction

Drought as one of the most important abiotic stresses

widely affects growth and plant productivity around

the world (Kim et al. 2013; Nohong and Nompo 2015;

Shi et al. 2012). The plant responses to drought
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generally depend on the degree and duration of stress,

the genotype and the developmental stage of plant

(Anjum et al. 2011), which mainly lead to large-scale

changes in physiological, biochemical, molecular, and

cellular processes in the plant cells (Akram et al. 2008;

Ye et al. 2015). Like other oxidative stresses,

prolonged drought periods could result in overpro-

duction of reactive oxygen species (ROS), which play

a crucial role in stress acclimation in plants. Accli-

mation processes might be accompanied with alter-

ations in plant-water relations, pigment content,

membrane stability (Anjum et al. 2011), photosynthe-

sis or respiration rates, or even carbohydrate contents

(Jaleel et al. 2009) to maintain plant hemostasis under

such unfavorable conditions. Additionally, at the

molecular level, a complex series of signal transduc-

tion cascades regulate the expression of some stress-

related genes (Bray 2002).

Grasses belonging to the family Poaceae which

accepted as one of the most diverse groups of plants

widely used as turf around the world (Manuchehri and

Salehi 2015). The grasses have some abilities to

survive and adapt to a wide range environmental stress

conditions such as drought. Meanwhile, providing a

sustainable irrigation water resource for turfs in arid

and semiarid regions is challenging. Therefore, only a

few plant species produce acceptable turf in such

regions, and as a result, proper strategies are necessary

for the selection of most tolerant genotypes adapted to

the prolonged periods of drought (Etemadi et al.

2005). Among these, bermudagrass (Cynodon dacty-

lon (L.) Pers.), as one of the warm-season perennial

grasses, has been widely used and accepted as an ideal

choice for turfgrass in arid regions (Melmaiee et al.

2015). Apart from use as turfgrass on the sports field,

golf courses and home lawns (Lu et al. 2009; Shi et al.

2012), the species are commonly used for livestock

forage (Wu et al. 2004), and soil stabilization (Yer-

ramsetty et al. 2008).

While bermudagrasses are generally drought-resis-

tant, significant differences existed among the geno-

types or accessions (Beard and Sifers 1997; Etemadi

et al. 2005). Shi et al. (2012) showed natural differ-

ences of drought stress tolerance in bermudagrass

varieties mainly depend on the alterations of water

status, osmolyte accumulation, and the activity of

antioxidant enzymes. Significant differences have also

been observed among the bermudagrass accessions in

terms of proline content, and growth-related traits such

as total root length and root diameter (Etemadi et al.

2005), leaf water content (LWC), and photosynthetic

pigments (Hu et al. 2010; Lu et al. 2007, 2009).

The objective of the present study was to compare

several Iranian bermudagrass accessions in terms of

morphological, growth, physiological and molecular

responses during control, mild and severe drought

stress conditions. The multivariate analysis of the

results were used to evaluate the degree of tolerance

among different accessions under drought and identify

the most tolerant turfs for arid regions. The variations

of the responses among the accessions during different

drought regimes, and the possible tolerance mecha-

nisms were also discussed.

Materials and methods

Accessions collection and growth conditions

Eight natural accessions of Bermudagrass (C. dacty-

lon) were collected from several arid locations in

Kashan and its suburb at the center of Iran. The

collected grasses naturally stayed green during pro-

longed periods of drought. Taxonomic identification

up to species level was done for all accessions

collected from wild habitats according to keys used

from de Wet and Harlan (1970) and Phillips (1995).

None of the identified accessions were previously

registered as a variety in Iran. All selected bermuda-

grasses covered the surface of the ground as a natural

lawn. Visual evaluations and scoring were performed

according toMorris (2002) based on common qualities

such as turf color, texture, leaf surface, turf height,

Turf density, traffic tolerance and only those obtained

minimal threshold scores selected for the main exper-

iment. Each selected plant was assigned an accession

name from its original location name. The grasses

harvested from their original locations with

30 9 30 cm squares, cleaned from other contaminant

grasses and cultivated in 20-cm pots. A commonly

used commercial and registered variety of bermuda-

grass, SWI-7 were planted in pots and used as a control

and standard genotype. The pots maintained in a

greenhouse for initial acclimatization for three

months. Healthy sprigs separated from well-rooted

grasses and were individually planted in a mixture of

perlite and cocopeat (1:1) in10 cm pots. The pots kept

in a temperature-controlled room under 16 h light/8 h

123

   91 Page 2 of 21 Euphytica          (2021) 217:91 



dark regime with a temperature of 30 ± 28C. The
plants were irrigated every day and fertilized with a

Hoagland’s nutrient solution (Hoagland and Arnon,

1950) once a week.

Drought treatment

Naturally collected bermudagrass accessions as well

as standard cultivar were evaluated for drought

tolerance. Three-month old grasses with the expanded

root were used for experiments. Drought stress was

induced by discontinuing irrigation. The plants

divided into two groups: drought-free controls which

daily irrigated with 100% field capacity; and drought-

stressed plants which subjected to water withholding

for 7 or 14 days. Therefore, the plants after withhold-

ing water for 7 or 14 days (7DAW or 14DAW) used to

consider as mild or severe drought-stressed plants,

respectively. All pots maintained at an average air

temperature of 27� C during the first and second week

of the drought treatment in a phytotron. For each

independent drought treatment, at least three repli-

cates were used for each accession in a randomized

complete block design. At least 15 pots were prepared

in each replicates and 15 technical replicates (sam-

plings) were taken to determine each growth-related

trait. Also, at least three technical replicates were also

taken to measure each physiological and molecular

parameter from leaves of all accessions and used for

further analysis.

Growth analysis

The growth parameters recorded in bermudagrasses

stressed under mild and severe drought and compared

with those of drought-free controls. The average leaf

length and width were recorded by measuring the

values from the leaves of four final nodes below the

shoot apex. Randomly selected stolen and erect shoots

were also used for measuring internode length and

shoot diameter from the internode between the third

and fourth nodes from the apical meristem. Turf height

was calculated from the average plant height selected

from different positions of pots. All parameters were

measured with a vernier caliper.

Image analysis

Images from control or drought-stressed turfs were

taken with a digital camera, collected in a joint

photographic experts group (JPEG) format, and saved

at the size of about 2.5 Mb. Images were analyzed by

an open-source ImageJ plugin to calculate a dark green

color index (DGCI) by quantifying hue angle, satura-

tion, and brightness for each image (Zhang et al.

2017).

Relative water content

To estimate Relative Water Content (RWC), the

weights of leaves from each accession was recorded

as fresh weight (FW); the samples were placed into

test tubes containing sterile distilled water for about

24 h and weighed again to obtain turgid weight (TW).

Turgid leaves were then dried in an oven at 80 �C for

48 h, weighed and recorded as dry weight (DW). The

RWC as a percentage was calculated using the

following formula (Ings et al. 2013): (FW-DW)/

(TW-DW) 9 100.

Electrolyte leakage

The electrolyte leakage of the leaves was measured as

a stability index for the plasma membrane. Leaves

with 0.1 g weight were placed in 15 ml of sterile

distilled water for 24 h on a shaker. The initial

electrical conductivity (Ci) of the solution was mea-

sured by a conductivity meter (Istek C65). The

solutions containing leaf samples were autoclaved

and subjected to the maximal measure of electrical

conductivity (Cmax). The EL was calculated by the

following formula: (Ci / Cmax) 9 100.

Malondialdehyde assay

The content of Malondialdehyde was estimated as

previously described (Yan et al, 1996) to evaluate lipid

peroxidation. Leaf tissues (0.1 g) were collected from

each sample and added with 3 ml of % 0.1

trichloroacetic acid (TCA) (Merck). The samples

were crushed in a porcelain mortar and then cen-

trifuged for 5 min at 10,000 rpm. The supernatants

(500 ll) were added to 500 ll of 5% (w/v) thiobar-

bituric acid (Sigma-Aldrich Chemie GmbH, Stein-

heim, Germany), and the resulting mixtures were
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maintained at a temperature of 95 �C for 30 min in a

water bath and then quickly transferred on ice. The

absorbance at 532 nm was measured by a spectropho-

tometer (Shimadzu, UV-1800, Japan). The nonspecific

absorbance was determined at 600 nm and subtracted

from that at 532 nm. MDA content finally was

calculated using the following formula and extinction

coefficient of 155 mM-1 cm-1:

MDAðmMÞ ¼ ðA532 � A600Þ=155

Soluble carbohydrates

The content of soluble sugars was measured using the

phenol–sulfuric acid method described by Kochert

(1978). Dried leaf samples (0.1 g) were added with

10 ml 70% ethanol and kept in a refrigerator (4 �C) for
a week. One ml of the supernatant was taken and

added with 1 ml of sterile distilled water. The mixture

was then added with 1 ml of 5% phenol and 5 ml of

80% sulfuric acid. The absorption was read spec-

trophotometrically at 480 nm (for rhamnose), 485 nm

(for glucose), and 490 nm (for mannose). The amount

of sugars in samples was measured using a standard

curve equation and expressed as lg/gDW.

Proline

The proline content of leaves were determined based

on the method of Bates et al. (1973) using L-proline

(Sigma Aldrich Chemie, GmBH, Steinheim, Ger-

many) as the standard. Leaf samples (0.5 g) were

homogenized in 10 ml of 3% aqueous sulphosalicylic

acid (Sigma-Aldrich Chemie GmbH), and the homo-

genate was centrifuged. Then, a mixture of 2 ml

supernatant, 2 ml of acid ninhydrin (Merck), and 2 ml

of glacial acetic acid were boiled at 100 8C for one h in

a water bath. After chilling, 4 ml of toluene was added

to the reaction mixture and mixed thoroughly. The

absorbance of the part with toluene was recorded at

520 nm. Proline concentration expressed in lg/gDW.

Pigments

Pigments including chlorophyll a, chlorophyll b, and

total carotenoids were quantified in leaf samples

according to the method of Lichtenthaler andWelburn

(1983). Fresh leaf samples were weighted (0.2 g) and

homogenized with 5 ml of 80% acetone (Merck,

Darmstadt, Germany) using a mortar and pestle.

Homogenate centrifuged at 10,000 rpm for 15 min

(Eppendorf, Hamburg, Germany), and 10 ml 80%

acetone added to the resulting supernatant. The

pigments were calculated through absorptions at

663.2 nm, 646.8 nm and 470 nm and the equations

as below:

Ca ¼ 12:21A663 � 2:81A646

Ca ¼ 12:21A663 � 2:81A646

Cb ¼ 20:13A646 � 5:03A663

CXþC ¼ 1000A470� 3:27Ca � 104Cb

229

Enzyme extraction and assay

Leaf samples (100 mg) were homogenized using

1.5 ml ice-cold sodium phosphate buffer (pH:7.4)

containing 1.8 mM KH2PO4, 10 mM Na2HPO4,

2.7 mM KCl, 140 mM NaCl and 1% (w/v) poly-

vinyl-pyrolidone (PVP). All chemical prepared from

Merck (Darmstadt, Germany). After centrifugation of

the homogenate at 4 �C for 20 min at 13,000 rpm, the

supernatant was used as a source for enzyme assay.

Catalase

Catalase (CAT) activity was measured as previously

described (Aebi 1984). Briefly, the reaction mixture

(1 ml) contained 100 ll enzyme extract and 900 ll
sodium phosphate buffer (pH 7.0) and 10 mM H2O2

(Merck) used for enzyme assay. The reaction started

when the extract was added. The H2O2 disappearance

rate recorded for 60 s at 240 nm, and the enzyme

activity was measured by monitoring the dissociation

of hydrogen peroxide using an absorbance coefficient

of 0.0436 mM-1 cm-1 for H2O2. One unit of catalase

was defined as the amount of required enzyme for the

dissociation of 1 lmol of H2O2 in one min at 25 �C.

Ascorbate peroxidase

Ascorbate peroxidase (APX) activity was measured

according to the modified method of (Nakano and

Asada 1987). One ml of the reaction mixture con-

tained 50 mM sodium phosphate buffer (pH 7.0),

0.5 mM ascorbate (Sigma-Aldrich Canada Ltd.,
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Oakville, ON. Canada), 0.1 mM EDTA Na2, 1.2 mM

H2O2 and 100 lL of enzyme extract. The ascorbate

oxidation as an indicator of the APX activity was

monitored from the decline in absorbance at 290 nm.

Oxidized ascorbate was measured using the extinction

coefficient of 2.8 mM-1 cm-1. One unit of APX

defined as 1 lmolmL-1 ascorbate oxidized per minute.

RNA extraction and cDNA synthesis

Total RNA was extracted from 50 mg leaf samples

using Plant Total RNA MiniKit (RBC Bioscience,

Taiwan) according to the manufacturer’s instructions.

The RNA integrity was checked electrophoresis on a

1.5% agarose gel. The purity of RNA was checked

spectrophotometrically from the absorbance ratios of

260:230 and 260:280, and the RNA quantity calcu-

lated by the absorbance at 260 nm. The RNA samples

were treated with RNase-free DNase I to remove any

minor genomic DNA contamination. Synthesized

cDNA first strand was done using RevertAid First

Strand cDNA Synthesis Kit (Thermo Fisher Scientific)

according to the manufacturer’s protocol.

Semi-quantitative PCR

Semi-quantitative PCR was used to estimate the

relative expression of p5cs (Delta 1-pyrroline-5-car-

boxylate synthetase) and CER1 (ECERIFERUM1)

genes in leaves of samples. For amplification, two ll
of cDNA were used with 1 unit of Taq DNA poly-

merase (CinnaGen) in the buffer provided by the

manufacturer. Gene-specific primers (Supplementary

Table S1) for p5cs and CER1and a housekeeping gene

(ef1a) as internal control were designed according to

the sequences previously deposited in the NCBI

(JK34599, JK340598, and ES295560.1, respectively)

using PrimerQuest and checked by OligoAnalyzer 3.1

(Integrated DNA Technologies, http://eu.idtdna.com).

The annealing temperature and the number of cycles

during PCR were optimized using a gradient thermo-

cycler (Bio-Rad MyCycler, USA) for each gene. After

electrophoresis of PCR products, the intensity of

bands analyzed and quantified by ImageJ (ver. 6).

Each sample assayed in triplicate. Mean and standard

deviations of all intensities calculated after normal-

ization to the intensity of internal control.

Data analysis

The data were entered and captured in tables using

Microsoft Excel (ver. 2013). SPSS statistical package

(Ver.19) employed for further statistical analysis using

the Two-way analysis of variance (ANOVA) followed

by a Duncan’s Multiple RangeTest (DMRT) to

compare the mean at the p\ 0.05 level. The graphs

generated from the data using the GraphPad Prism

software (ver. 6).

The Principal Component Analysis (PCA) analysis

and Hierarchical Clustering Analysis (HCA) were

performed using the ClustVis online tool (Metsalu and

Vilo 2015). The drought tolerance of different ber-

mudagrass accessions assessed using the PCA ranking

value according to a modified formula previously

derived by Zhu et al. (2014) as follows:

Ranking value ¼ ðContibution of PC1ð%Þ � PC1Þ
þ ðContibution of PC2ð%Þ � PC2Þ

Where the contributions of two major components

PC1 (Principle component 1), and PC2 (Principle

component 2) were obtained from PCA analysis and

indicated as %. The PC1 and PC2 were the PCA

loading of growth, physiological and molecular

parameters for nine bermudagrass accessions under

control or mild or severe drought conditions. Numer-

ical rank was measured from the mean ranking values

under either mild or severe drought conditions used as

an indicator to evaluate and compare the drought

tolerance of bermudagrass cessions.

Results

Evaluation of growth-related traits

From several C. dactylon genotypes naturally existed

in various arid locations in Kashan (central Iran), eight

accessions that passed necessary standards as a turf

were selected (Supplementary Table S2). The growth-

related traits including leaf length, leaf width, intern-

ode length, shoot diameter, and turf height were

evaluated under drought-free control and drought

stress conditions for each bermudagrass accessions

and were compared with that of SWI-7 a commonly

used variety (Seeds West, Inc.) (Table 1). The results

showed that the values of growth traits were

123

Euphytica          (2021) 217:91 Page 5 of 21    91 

http://eu.idtdna.com


intrinsically variable among the accessions. The traits

including leaf length, internode length, shoot diame-

ter, and turf height were highly correlated and

generally reduced during mild or severer drought

conditions. Among the accessions, Khonb, Ardehal,

Kashan, Josheghan, and SWI-7 showed a high degree

of variability in the values of these traits during

different drought treatments. On the other hand, the

accessions Abyaneh, Badrood, and Maragh indicated

minimum variability or even stability in these traits

after coping with drought. Among the traits, leaf width

was the only growth-related parameter that did not

change during seven days after water withholding

(mild stress); however a significant reduction in that of

all accessions was observed when withholding con-

tinued to 14 days (severe stress). In this regard,

significant reductions of leaf width from 80 to 87%

were observed in Khonb, Ardehal, Kashan, and SWI-

7, whereas only 47% and 49% reduction of leaf width

were seen in Abyaneh and Maragh, respectively.

Table 1 The growth-related traits of different bermudagrass accessions evaluated under drought-free control and drought stress

conditions

Accession Growth

Condition

Leaf length

(mm)

Leaf width

(mm)

Internode length

(mm)

Shoot diameter

(mm)

Turf height

(mm)

Control 122 ± 7a 2.7 ± 0.2cd 19 ± 2ghijk 0.9 ± 0.4efg 146 ± 61efgh

Abyaneh 7 DAW 95 ± 19a 2.5 ± 0.2d 23 ± 10efghi 0.8 ± 0.2def 128 ± 35fghi

14 DAW 101 ± 18a 1.4 ± 0.3h 20 ± 11efghi 0.8 ± 0.3ghi 127 ± 34i

Control 118 ± 22a 2.9 ± 0.5d 25 ± 3a 1.2 ± 0.1cdef 174 ± 28efgh

Ardehal 7 DAW 113 ± 28a 2.7 ± 0.4d 17 ± 4efghi 1.4 ± 0.2def 140 ± 37ghi

14 DAW 68 ± 18b 0.6 ± 0.1h 13 ± 3fghij 0.4 ± 0.2def 92 ± 18fghi

Control 154 ± 32a 1.8 ± 0.5bcd 23 ± 9de 1.1 ± 0.1bcdef 211 ± 53bcd

Badrood 7 DAW 158 ± 30a 2.7 ± 0.2d 36 ± 9de 0.9 ± 0.2efg 246 ± 41b

14 DAW 72 ± 10b 0.6 ± 0.2ef 18 ± 4feg 0.5 ± 0.1hi 101 ± 16fghi

Control 195 ± 28a 3.3 ± 0.2a 46 ± 13de 1.0 ± 0.2a 320 ± 42bc

Josheghan 7 DAW 113 ± 33b 3.2 ± 0.2ab 45 ± 5hijk 1.4 ± 0.3def 216 ± 27cde

14 DAW 99 ± 20b 1.1 ± 0.3 fg 24 ± 6 cd 0.5 ± 0.1hi 182 ± 50def

Control 108 ± 37a 3.1 ± 0.5abcd 22 ± 6ab 1.6 ± 0.4cdef 234 ± 101efgh

Kashan 7 DAW 102 ± 23a 2.7 ± 0.6bcd 19 ± 4ghijk 1.0 ± 0.1def 173 ± 30fghi

14 DAW 63 ± 16b 0.4 ± 0.1h 9 ± 7kl 0.5 ± 0.2ghi 160 ± 43i

Control 80 ± 10a 2.7 ± 0.6bcd 19 ± 6hijk 1.0 ± 0.1bcde 136 ± 68cde

Karshahi 7 DAW 60 ± 17ab 2.5 ± 0.4d 21 ± 7efgh 1.0 ± 0.2ab 93 ± 24efgh

14 DAW 60 ± 10b 0.8 ± 0.1gh 12 ± 4ijk 0.6 ± 0.1i 66 ± 13fghi

Control 85 ± 21a 2.64 ± 0.5abc 29 ± 6efgh 0.9 ± 0.1def 142 ± 35a

Khonb 7 DAW 72 ± 18b 2.5 ± 0.3bcd 17 ± 6jkl 1.0 ± 0.2bcd 91 ± 30bcd

14 DAW 54 ± 20b 0.4 ± 0.1h 6 ± 4ghijk 0.7 ± 0.1hi 67 ± 25cde

Control 128 ± 20a 2.6 ± 0.4e 31 ± 5efghi 1.0 ± 0.3efg 144 ± 23efg

Maragh 7 DAW 90 ± 13b 2.6 ± 0.5bcd 26 ± 10l 1.0 ± 0.2fgh 90 ± 5efghi

14 DAW 87 ± 6b 1.5 ± 0.5gh 37 ± 6def 1.0 ± 0.1fgh 100 ± 30efghi

Control 80 ± 17a 2.5 ± 0.6bcd 26 ± 5 l 1.0 ± 0.1cdef 138 ± 25efgh

SWI-7 7 DAW 67 ± 15ab 2.3 ± 0.2bcd 17 ± 5bc 1.3 ± 0.2abc 99 ± 29fghi

14 DAW 50 ± 17b 0.5 ± 0.2ef 9 ± 3l 0.4 ± 0.1i 78 ± 16hi

Values are the mean of at least three independent replicates. Different letters indicate significant differences (P\ 0.05)
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Analysis of color index (DGCI)

The visible color differences, as well as Dark Green

Color Index (DGCI) among accessions is shown in

Fig. 1. The results showed that the majority of

accessions had DGCIs closed to their well-watered

controls when subjected to mild drought stress

(7DAW). However, most accessions subjected to

severe drought stress by water withholding for 14 days

(14DAW) showed wilting and yellowing in their

leaves. Among the accessions, Abyaneh had the

highest DGCI under severe drought treatment, with

only a 7% reduction relative to the control condition.

This trend was followed by Maragh with only a 12%

DGCI reduction under severe drought stress. The

lowest DGCI under severe drought stress was recorded

for SWI-7 with approximately a 50% reduction

compared to that under control condition. Ardeha,

Khonb, and Josheghan accessions followed this

reduction with 42, 39, and 37% in their stress-related

DGCIs, respectively.

Relative water content

The relative water content (RWC) was calculated to

evaluate the plant water status under mild or severe

drought conditions (Fig. 2). According to the results,

under stress-free control condition, all bermudagrass

accessions had a high level of RWC value. In this

context, although the most accessions relatively

maintained their high RWC value under mild drought

level similar to that of their controls, significant

reductions were observed in RWCs of three acces-

sions, including Khonb, Karshahi, and SWI-7. Under

severe drought regime, the RWCs of almost all

accessions generally decreased. Remarked reductions

in RWC were recorded for Khonb and SWI-7 acces-

sions under such severe stress, which were about

85.7% and 81.6% less than that of their daily-watered

controls, respectively. On the other hand, a low RWC

reduction was observed in Abyaneh andMaragh under

severe drought condition. Stressed plants of these two

accessions showed only a 9.6% and 20.9% reduction

compared to the controls, respectively. Other acces-

sions showed moderate reductions in RWC under

stress conditions.

Electrolyte leakage

Mild and severe drought conditions enhanced the rate

of electrolyte leakage as compared to the control

(Fig. 3). During mild drought stress, little increases of

electrolyte leakage relative to that of the controls

occurred in all bermudagrass accessions ranged from

1.3% to 6%. During severe drought stress, the rate of

EL in almost all accessions was significantly

increased, except in Abyaneh, which had similar EL

values under both mild and severe drought conditions.

The highest values for EL under severe drought stress

were seen in SWI-7 and Khonb with 74.2% and 60.7%

increase compared to those of control condition,

respectively. Meanwhile, under such stress, minimal

values of EL with only a 3.97% and 5.96% increase

relative to the daily-watered control were recorded in

Maragh and Abyaneh, respectively.

Lipid peroxidation

Little increases inMalondialdehyde (MDA) content as

an essential indicator of lipid peroxidation was

observed in bermudagrass accessions during mild

drought stress. In contrast, significant increases of

lipid peroxidation took place in the leaves of almost all

accessions during severe stress condition (Fig. 4). The

minimum and maximum values of MDA under severe

drought stress belonged to Abyaneh and SWI-7, which

were 35% and 480% more than that recorded for the

controls, respectively. Other accessions fell between

these two extremes.

Soluble carbohydrates

The results indicated that compared to control, a

higher amount of rhamnose accumulated in the leaves

of most accessions coped with mild drought stress

except forMaragh, Badrood, and Kashan (Fig. 5a). On

the other hand, a more significant increase of rham-

nose was observed in almost all accessions under

severe drought stress. In this regard, the highest

amounts of rhamnose accumulated in Ardehal and

Abyaneh, which were approximately 9 and 15 times

higher than those in their controls, respectively.

Similar trends were observed for the accumulation

of glucose and mannose in turfs during drought stress

(Fig. 5b, c). Relative to controls, a higher amount of

glucose and mannose recorded for almost all

123

Euphytica          (2021) 217:91 Page 7 of 21    91 



Fig. 1 Visible color

differences and DGCI (dark

green color index), as a turf

quality indicator, evaluated

for different bermudarass

accessions under control and

mild (7DAW) or severe

(14DAW) drought

conditions
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bermudagrass accessions over mild drought stress,

except for Badrood. As seen for rhamnose, the highest

increase of glucose and mannose production also were

observed in bermudagrasses during severe drought

stress. Interestingly, under severe drought stress, the

highest amounts of glucose and mannose accumulated

in Badrood, which were 27 and 8 times more when

compared to controls, respectively.

As another part of our work, biochemical analysis

used to estimate the proline concentration in different

bermudagrass accessions. As indicated in Fig. 5d, the

results showed that compared to control condition, a

significant increase of proline observed in several

accessions including, Khond, Joshegan, Ardehal and

SWI-7 under mild drought stress, which did not

increase more when the stress prolonged up to 14 days

(severe stress). On the other hand, proline accumula-

tion in some accessions, including Maragh, Badrood,

and Abyaneh did not trigger under mild drought stress

more than that of control. These accessions accumu-

lated a significant proline when the stress prolonged up

to 14 days, which was 10.6, 7.9, and 7.5 folds more

than that of drought-free controls.

Chlorophylls and carotenoids

The content of chlorophylls increased in the majority

of brmudagrass accessions under a mild stress condi-

tion when compared to the controls (Table 2). Accord-

ing to our data, the highest increases of chlorophyll

under mild stress compared to the drought-free control

condition were recorded for Kashan and SWI-7 (33%),

followed by Ardehal (30%). Several accessions,

including Maragh, Abyaneh, Badrood, and Karshahi

saved their chlorophyll under mild stress at the same

levels as drought-free controls. On the other hand,

under severe drought stress, a significant decline was

Fig. 2 Relative water content of different bermudagrass

accessions under control, and mild (7DAW) and severe

(14DAW) drought conditions. Values are the mean of at least

three independent replicates. Different letters indicate signifi-

cant differences (P\ 0.05)

Fig. 3 Electrolyte leakage (%) of different bermudagrass

accessions under control, and mild (7DAW) and severe

(14DAW) drought conditions. Values are the mean of at least

three independent replicates. Different letters indicate signifi-

cant differences (P\ 0.05)

Fig. 4 MDA content of different bermudagrass accessions

under control, and mild (7DAW) and severe (14DAW) drought

conditions. Values are the mean of at least three independent

replicates. Different letters indicate significant differences

(P\ 0.05)
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monitored in the chlorophyll content of the most

accessions. Under such a long-term stress condition,

Maragh and Abyaneh were the only accessions that

saved their chlorophyll at the same content as their

drought-free controls.

As indicated in Supplementary Table 2, under mild

drought stress, no significant increase in the content of

total carotenoid was observed in almost all accessions,

except in Kashan, which showed a 26% increase of

carotenoid compared to control. Under severe drought

stress, the carotenoid content of several accessions,

including Ardehal, Kashan, and Karshahi, signifi-

cantly decreased compared to mild or even control

conditions. In this regard, Badrood, Maragh, and

Abyaneh were the only accessions that had more

carotenoid relative to their drought-free control. Other

accessions maintained their carotenoids at the same

level as their controls.

Activity of antioxidant enzymes

The effect of mild and severe drought conditions on

the activities of antioxidant enzymes in the leaves of

bermudagrass accessions were indicated in Fig. 6. The

results demonstrated an increased CAT activity in the

leaves of all accessions during mild drought stress

(Fig. 6a). In such a short-term stress condition, the

accession Karshahi showed the highest increase of

CAT activity among the others, which was 107%more

than that of control. It followed by Khonb and Ardehal

with increases of 88% and 66% compared to their

controls, respectively. On the other hand, only a small

Fig. 5 The content of a rhamnose, b mannose, c glucose, and

d proline in different bermudagrass accessions under control,

and mild (7DAW) and severe (14DAW) drought conditions.

Values are the mean of at least three independent replicates.

Different letters indicate significant differences (P\ 0.05)
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increase of CAT activity compared to control (23%)

was recorded for accession Abyaneh under mild

drought condition followed by moderated 37% and

48% increases of enzyme activity for Badrood and

Maragh, respectively. The activities of CAT enzymes

further increased in all accessions when the drought

period extended up to 14 days (severe stress). In this

regard, compared to control, the maximum increase of

CAT activity (252%) shown in the leaves of Kashan

followed by a 225% and 187% increase of the activity

recorded in Josheghan and Ardehal, respectively.

Under this severe stress, Badrood, Abyaneh, and

Maragh showed the lowest increase of CAT activity

among the accessions.

Significant increases of APX were also revealed in

the leaves of all bermudagrass accessions under
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Fig. 6 The activity of a CAT, and b APX enzymes in different

bermudagrass accessions under control, and mild (7DAW) and

severe (14DAW) drought conditions. Values are the mean of at

least three independent replicates. Different letters indicate

significant differences (P\ 0.05)
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drought conditions, especially when the plants

severely stressed (Fig. 6b). Under mild stress, the

highest APX activity observed in Ardehal accession

with an about 100% increase of enzyme activity

compared to control. During this condition, the

minimum APX activity among the accessions

belonged to Badrood, which showed only a 28%

increase of activity compared to control. Ayaneh, and

Maragh also showed a moderate increase of APX

activity under mild drought stress. On the other hand,

the highest increase of APX was seen in Khonb,

Karshahi, and Ardehal when the plants water-withheld

for 14 days (severe drought stress), which were about

410%, 237%, and 118% more than those of controls,

respectively. In this regard, the accessions Abyaneh

and Maragh showed the lowest increase of enzyme

activity during severe drought stress with only a 68%

and 112% increase compared to that of control.

Relative gene expression

As another part of our work, semi-quantitative RT-

PCR analysis used to estimate the relative expression

of two stress-related genes, CER1and p5cs, as the

molecular markers of drought in different bermuda-

grass accessions. As indicated in Fig. 7a, our results

showed that compared to control or even mild drought

conditions, a significant increase of relative expression

in CER1 gene only occurred in all bermudagrass

accessions when the drought stress prolonged up to

14 days (severe stress). The highest relative expres-

sion of CER1 gene under severe drought conditions

observed in the leaves of Abyaneh, Kashan, and

Maragh, which was 9, 3.3, and 2.1 folds more as

compared to that of drought-free controls.

On the other hand, two different expression patterns

for p5cs gene were seen for various bermudagrass

significantly accessions (Fig. 7b). In accessions

Khonb, Kashan, Ardehal, Josheghan, and SWI-7, the

relative expression of p5cs gene increased during mild

stress at seven days after irrigation withholding

(7DAW) and then decreased close to the control

levels during server drought stress at 14 days after

water withholding (14DAW). In such a pattern, the

maximum expression of p5cs recorded for Khonb at

mild stress condition, which was about 2-folds more

than that of control. In other accessions including,

Maragh, Badrood, Karshahi, and Abyaneh, the relative

expression of p5cs gene approximately remained

constant during seven days of water withholding (mild

stress) and then increased significantly when the stress

prolonged to 14 days (severe stress). In this context,

the maximum relative expression of p5cs gene

observed in Abyaneh and Maragh under severe stress

condition, which respectively was 3.9 and 2.6 folds

higher when compared with that of controls.

PCA analysis

The loading plots of PC1 and PC2 based on the

analysis of growth and physiological traits as well as

gene expression in different bermudagrass accessions

under various drought treatments is shown in Fig. 8.

According to PCA results, PC1 captured 85.2, 64.3,

and 68.6% of the total variations under control, mild

Fig. 7 The relative expression of a p5cs, and b CER1 genes in

different bermudagrass accessions under control, and mild

(7DAW) and severe (14DAW) drought conditions. Values are

the mean of at least three independent replicates. Different

letters indicate significant differences (P\ 0.05)
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and severe drought conditions, respectively. The

principal component 2 (PC2) also captured 7.0, 17.7,

and 17.8% of the total variations under control, mild

and severe drought conditions, respectively. There-

fore, the PC1 and PC2 cumulatively took 92.2, 82.0,

and 86.4 of variations under control, mild and severe

drought conditions, respectively.

PCA analysis showed that the growth-related

parameters including leaf length, leaf width, internode

length, shoot diameter, turf height, and RWC were

grouped under the same cluster over control or drought

stress conditions (Fig. 8a, b and c, red ellipsoids,

respectively). These traits positioned on the left side of

the plot under control condition; however stretched

into the right side of PC1 axis under both mild and

severe drought conditions, which were an indication of

the negative impact of drought stress on these traits.

Another group of parameters, including antioxidant

enzymes (CAT and APX), MDA, EL, proline, pig-

ments (chlorophyll and carotenoid), as well as the

relative expression of CER1 genes were clustered

together and concentrated on the center of biplot under

drought-free control condition (Fig. 8a, blue ellip-

soid). This group distributed across the plot when the

bermudagrasses coped with drought stress. As indi-

cated, the majority of these parameters stretched into

the left lower side of the plot under severe drought

stress. These results showed a direct relation between

these parameters and drought stress intensity. The

third group of parameters, including the contents of

rhamnose, glucose and mannose, proline as compat-

ible soluble, DGCI, along with CER1 expression were

clustered into a separate and extreme group. The

parameters in this group positioned at the right side of

the plot under control condition (Fig. 8a, green

ellipsoid), whereas the majority of them completely

stretched into the left side of the plot under both mild

and severe drought conditions (Fig. 8b, c, green

ellipsoids). This distribution pattern showed that these

parameters with an accession-dependent manner sig-

nificantly induced when the bermudagrasses coped

with drought stress.

Among the parameters, dark green color index or

DGCI was clustered into different groups under

various drought treatments. DGCI was clustered with

the third group of parameters under control or mild

drought stress conditions, and positioned respectively,

at the right and left side of the biplot (Fig. 8a, and b,

green ellipsoid), whereas under severe drought stress,

DGCI separated from this group, stretched into the

right side of the PC1 axis and was clustered with the

first group of parameters (Fig. 8c, red ellipsoid). This

pattern was an indication of a significant decline in

DGCIs of bermudagrasses occurred when the drought

period prolonged for 14 days (severe drought stress).

To cluster the bermudagrass accessions under

different conditions, we performed PCA using the

various physiological, morphological, and molecular

measurements collected at control, mild, and severe

drought treatments. The PCA analysis clustered all

accessions into three treatment groups (Fig. 9a, Con-

trol, 7DAW, and 14DAW). Under control and mild

drought conditions, all accessions were concentrated

at the right of the PC1 axis and the center of the PC2

with a low-resolution power and some degree of

overlapping. On the other hand, under severe drought

stress, all bermudagrass accessions were stretched into

the left side of the biplot and discriminated from those

under control and mild drought conditions. These

results suggested the majority of drought-related

Fig. 8 Principal components analysis (PCA) for growth, physiological and molecular parameters in different bermudagrass accessions

under a control, b mild drought (7DAW), and c severe (14DAW) drought conditions
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responses in most bermudagrass accessions generally

triggered after a prolonged (14DAW) or severe stress

condition.

The results obtained by hierarchical clustering

analysis (HCA) were relatively similar to those of

PCA. HCA showed that the growth-related parame-

ters, RWC, and DGCI under control and drought

conditions grouped into a distinct cluster (Fig. 9b, the

group I). This group generally reduced under drought,

especially by severe drought stress in bermudagrasses.

On the other hand, other physiological and gene

expression parameters clustered into a separate group

(Fig. 9b, group II). These parameters often demon-

strated to be increased in bermuadgrass accessions

under both drought stress levels and further be divided

into various subgroups. Among these, soluble carbo-

hydrates, including rhamnose, glucose, mannose, and

proline as well as the relative expression of CER1

gene, were tightly clustered to each other and

increased significantly in stressed plants, especially

under the severe stress condition.

According to HCA results, the heatmap classified

nine bermudagrass accessions into two distinct clus-

ters under severe drought stress (14DAW) (Fig. 9,

cluster a, and b). Cluster a showed the highly drought-

tolerant bermudagrass accessions including Maragh,

Abayneh, and Badrood. Other accessions grouped in

cluster b, which subdivided into moderately tolerant

and sensitive accessions.

Besides the PCA and HCA, a mean ranking value

calculated to explain relative drought tolerance for

each bermudagrass accession. According to data in

Table 3, among the accessions, Maragh, Abayneh, and

Badrood had the highest mean ranking value, respec-

tively, and found to be the most drought-tolerant

accessions. On the other hand, accessions including,

Khonb, SWI-7, and Ardehal showed to have relatively

lower and mean ranking values, suggesting these

bermudagrasses were sensitive to drought stress. Other

accessions including Karshahi, Josheghan, and

Kashan and had a moderate mean ranking value and

drought tolerance, especially under severe drought

stress.

Discussion

Drought, as an everyday stress could generally result

in widespread changes in plant cells, extremely

depending on the degree and duration of the stress

and the genotype of the species. In this regard, we now

found that the degree of tolerance against drought

differs from genotype to genotype in almost all plant

species (Lin et al. 2006). Therefore, the selection of

the most drought-tolerant genotypes of commonly-

used plants is considered as one of the cheapest and

most efficient strategies to cope with the problem of

limited availability to irrigation water. A fundamental

prerequisite for this is a comprehensive understanding

of how the various genotypes respond and tolerate

water deficiency stress at different biochemical,

physiological, and molecular levels. In this study,

the responses of several Iranian bermudagrass acces-

sions to the mild and severe drought stress conditions

Fig. 9 a Clustering of different bermudagrass accessions under

control, and mild (7DAW), or severe (14DAW) drought stress

conditions based on a principal components analysis (PCA) and

b hierarchical clustering analysis (HCA)
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compared to evaluate the degree of drought tolerance

among the accessions in order to finally identify the

most tolerant bermudagrass for arid and semi-arid

regions.

Plants usually respond to stress conditions by

reducing their growth rates. There were many pieces

of evidence showed that drought stress was a very

critical growth-limiting factor especially at the early

phase of the plant life cycle which impact mainly on

cell elongation and enlargement (Bhatt and Rao 2005;

Shao et al. 2008). On the other hand, the growth

reduction under drought stress allows the turfs to

reduce the evaporation rate and save sufficient water

content for sustaining normal processes of the plant

cell during the long term of drought periods (Ierna and

Mauromicale 2006; Sánchez-Rodrı́guez et al. 2010).

According to our data, the growth-related parameters

in all bermudagrass accessions generally reduced

during mild or severer drought conditions. We found

that the growth-related responses were highly variable

among the accessions and also among the various

drought treatments. Generally, under mild and even

severe drought stress conditions, the accessions

Abyaneh, Badrood, and Maragh showed significantly

higher growth stability than the other accessions. This

result indicated that these accessions could have a

better growth status than others, with higher resistance

to drought, especially at prolonged periods of water

deficiency.

Color is an important criterion to evaluate the

overall quality of turfgrass, and thus different

approaches have been applied to assess the turf color

differences. The analysis of the digital image of turf

areas to extract pixel information and finally to

calculate a turf color index has been performed by

some computer software. The commercial software

package SigmaScan Pro (Systat 1998) and a free open-

source ImageJ plugin (Zhang et al. 2017) has been

developed to measure a dark green color index (DGCI)

as an indicator of turf quality. In the present study,

DGCIs calculated from HSB (hue angle, saturation,

and brightness) of images used to measure and

compare the color and quality of bermudagrass

accessions under control or drought stress conditions.

A general reduction in DGCI values of turfgrasses

occurred, especially under severe drought stress

perhaps due to employing a defensive mechanism

called by us ‘‘drought escape’’ by which the turfs could

pass into a dormancy phase and avoid stress. On the

other hand, most resistant turfs can maintain their

DGCI values at a high level during long-term drought

periods. In our study, the DGCI values of mildly

drought-stressed plants closed to their well-watered

controls; however, DGCIs in the most bermudagrasses

treated by severe drought stress sharply reduced,

which generally accompanied with a leaf wilting and

yellowing. Among the accessions tested, only Abya-

neh and Maragh indicated a stable DGCI value, which

Table 3 Ranking values of different bermudagrass accessions under control, and mild (7 DAW) and severe (14 DAW) drought

conditions.

Ranking value PC2 PC1 Accession

Mild

drought

Severe

drought

Mean Ranking

value

Numerical

rank

Severe

drought

Mild

drought

Mild

drought

Severe

drought

215.50 179.68 107.75 1 0.90 0.95 0.18 2.97 Maragh

167.85 129.62 83.93 2 0.71 0.21 0.39 2.05 Abyaneh

132.05 77.82 66.02 3 0.10 -1.82 1.27 1.12 Badrood

19.47 18.90 9.73 4 0.67 0.95 -0.52 -0.04 Karshahi

-16.19 -27.02 -8.10 5 -0.99 -0.68 1.06 -0.87 Josheghan

-49.39 -23.66 -24.69 6 -0.60 0.08 -0.17 -0.82 Kashan

-89.05 -31.26 -44.52 7 -0.81 -0.99 -0.79 -0.94 Ardehal

-98.97 -87.28 -49.48 8 0.28 1.36 -0.51 -2.03 SWI-7

-102.18 -57.71 -51.09 9 -0.26 -0.07 -0.90 -1.45 Khonb

Values are the mean of at least three independent replicates
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still was high under severe drought stress. Therefore,

these accessions selected as the two elite bermuda-

grass cultivar for arid regions.

A very close link exists between the DGCI values

and the actual values of leaf chlorophyll content. The

content of foliar chlorophyll has previously been used

as a crucial marker of the physiological status of a

plant under a specific condition (Steele et al. 2008). In

this context, the content of both forms of chlorophyll,

Chl a and Chl b, as the essential pigments for the

conversion of light energy to supply chemical energy,

as well as the total chlorophyll contents are correlated

directly to photosynthetic capacity and primary pro-

duction of plants (Curran et al. 1990; Filella et al.

1995). The decrease in the content of chlorophyll has

been generally considered as a common plant response

under drought stress and on the other hand, Chloro-

phyll stability proven to be a common indicator of

drought tolerance of plant genotypes (Bijanzadeh and

Emam 2010; Javadi et al. 2017). In this regard, it was

reported that water deficiency significantly diminished

the content of total chlorophyll, chlorophyll a and

chlorophyll b in bermudagrass cultivars when exposed

to 55% field capacity stress (Riaz et al. 2010). In our

study, all bermudagrass accessions showed a fixed or

increased Chl content under mild drought stress

(7DAW); however, a significant decline was observed

in the values of the majority of accessions when the

drought prolonged to 14 days. Exceptions were

Maragh and Abyaneh, which maintained their chloro-

phylls at the same level as control plants under both

mild and severe drought conditions, and thus, they had

a higher drought tolerance among the accessions. This

conclusion could also be inferred from the

stable DGCI values of these accessions under both

mild and severe drought conditions. The pigment

reduction in sensitive accessions might be the conse-

quence of stress-induced destructions in chlorophyll

biosynthesis and/or induction of pigment degradation.

Lower production of photosynthetic pigments, at least

in part, could also be as a result of a higher

accumulation of compatible solutes like proline which

could synthesize over stress conditions, because they

are both produced from the same precursors

(Bahreininejad et al. 2013; Paleg and Aspinall 1981).

Carotenoids are well-known antioxidants that have

defensive roles in plants, especially against abiotic

stressors (Egert and Tevini 2002). A positive matched

correlation typically existed between the contents of

chlorophyll and carotenoid supported the idea that any

photo-induced degradation of chlorophyll may be

induced by the carotenoid reduction (Elmi Anaraki

et al. 2017; Javadi et al. 2017). This conclusion was

relatively in agreement with our results that showed

under stress conditions, especially severe drought, the

sensitive accessions simultaneously decreased the

contents of their chlorophyll and carotenoid, and vice

versa, the resistant plants maintained their photosyn-

thetic pigments by a synchronized saving of their

carotenoids.

The carotenoids also have well-known protective

effects on stabilizing the plant cell membranes against

lipid peroxidation (Havaux 1998). The plant geno-

types with a higher drought tolerance were reported to

have a more stable membrane, and as a result, a lower

lipid peroxidation might occur in their tissues when

encountered with stressors (Mirzai et al. 2013; Pandey

et al. 2010; Sánchez-Rodrı́guez et al. 2010). On the

other hand, due to the presence of a positive correla-

tion, a high MDA content as the main product of lipid

peroxidation currently is synchronized with a high

percentage of leakage from the membranes.

Significant lipid peroxidation and leakage were

simulated in bermudagrass accessions only during

severe drought stress. This result agreed with that of

Du and Wang (2012), who showed that EL signifi-

cantly changed in hybrid bermudagrass only under

prolonged drought stress (18 days of stress). These

findings suggested an intrinsic drought tolerance for

bermudagrass species. Despite this, variation also

existed among the various accessions, so that a lower

increase of the MDA content, as well as EL, found in

the leaves of accessions like Abyaneh and Maragh,

which could be evidence of their higher drought

tolerance. This result was in agreement with the that of

Shi et al. (2012), who showed drought stress could

induce a more water loss, more significant electrolyte

leakage, and higher production of hydrogen peroxide

and lipid peroxidation in drought-sensitive variety like

Yukon compared to more tolerant Tifgreen variety.

A lower lipid peroxidation and electrolyte leakage

in drought-resistant genotypes have previously been

attributed to enhanced activity of antioxidant

enzymes, which could effectively scavenge stress-

induced free radicals such as hazardous ROS from the

cells (Arora et al. 2002). To protect plants against

oxidative stress, superoxide dismutase (SOD) can alter

superoxide radicals into hydrogen peroxides (H2O2),
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which in turn converted to water molecule by a bunch

of downstream enzymes like catalase (CAT) and some

peroxidases such as Ascorbate peroxidase (APX)

(Kadkhodaie et al. 2013). It has been proposed that

CAT participates in the breakdown of photo-respira-

tory H2O2 crated in plants under stress conditions (Ren

et al. 2016; Sofo et al. 2015) and APX plays a central

role in drought-related responses and consequently

retrieval from water-deficient conditions (Faize et al.

2011; Fini et al. 2012). As indicated in our study,

increased activity of CAT and APX enzymes was

observed in almost all bermudagrass accessions after

exposure to both mild and severe drought conditions,

indicating that bermudagrass species might recruit a

general antioxidant enzyme-based defense mecha-

nism. Interestingly, the activity of both enzymes were

relatively higher in sensitive accessions than that in

resistant bermudagrasses. This result did not agree

with those reported by other researchers who found a

greater activity in a bunch of antioxidant enzymes in

tolerant genotypes than in sensitive bermudagrasses

(Shi et al. 2012; Zhao et al. 2011). This disagreement

may be explained by the genotype-related differences

existed in the basal activity of these enzymes among

the various accessions or varieties, because the basal

activity of CAT and APX were relatively lower in

resistant than sensitive bermudagrasses under

drought-free control condition. Overall results indi-

cated that although the enzymatic defensive system

could generally help the bermudagrasses during

responding to drought, bearing a more resistance

capacity against drought in resistant accessions might

be related to some additional factors.

One of the most essential plant strategies against

drought or dehydration stress is the hyper-accumula-

tion of some sugars and compatible solutes within the

cell. Our results showed that stress-associated sugars

such as rhamnose, mannose, and glucose significantly

were increased in both sensitive and resistant acces-

sions, especially under severe drought stress. These

results were in accordance with that of another study

that showed higher accumulation of various metabo-

lites including seven sugars (sucrose, glucose, galac-

tose, fructose, mannose, maltose, xylose) under,

severe drought stress compared with the well-watered

conditions (Du et al. 2012). Based on our results, sugar

accumulation was a general drought-related response

in the species and among the accessions, no correla-

tion observed between the sugar content, and the

degree of drought resistance, especially during severe

drought stress. This result was again relativity dis-

agreed with another study reported that drought

induced a significantly more sugar accumulation in

drought-tolerant bermudagrasses. On the other hand, a

reliable correlation existed between proline accumu-

lation and the degree of drought tolerance in ber-

mudagrass accessions, so that Maragh, Abyaneh, and

Badrood as the most tolerant accessions had a higher

content of proline under severe drought stress. In

contrast, less tolerant accessions such as Khond and

SWI-7 increased their proline only under mild drought

stress and no additional proline accumulated in these

accessions after prolonging the stress to 14 days. In

agreement, another study also indicated that proline

production was significantly higher in drought-toler-

ant variety known as Tifgreen than those of the other

bermudagrasses over drought stress condition (Shi

et al. 2012). Du et al. (2012) also showed that among

ten amino acids tested, proline accumulated at the

highest levels in tolerant hybrid bermudagrass under

severe drought stress, and thus, this physiological trait

could be associated with drought adaptation of the

genus. The plant’s ability to accumulate more amount

of proline, especially under severe stress conditions,

has been previously selected as a reliable criterion to

find the most tolerant genotypes (Aghaie et al. 2018;

Mafakheri et al. 2010). Proline, as a compatible solute,

is thought to have protective roles in higher plants and

algae against various stressors (Verbruggen and

Hermans 2008). This organic compound could supply

energy for cell growth and survival, stabilize mem-

branes and subcellular structures, and act as a scav-

enger of free radicals from the cells that allows them to

withstand stressful conditions (Javadi et al. 2017;

Medeiros et al. 2012; Nxele et al. 2017; Sánchez-

Rodrı́guez et al. 2010). On the other hand, a higher

poline accumulation under water-deficit stress could

increase intracellular osmotic pressure and hence

inhibit water loss from the plant cells, which is an

essential factor for the plant to survive under stress

conditions.

Analysis of gene expression in bermudagrass under

stress identified a bunch of drought-responsive genes

(Huang et al. 2019; Kim et al. 2009; Zhou et al. 2014).

Among these, a gene encoding Delta 1-pyrroline-5-

carboxylate synthetase (p5cs), as a critical enzyme for

proline synthesis has found to be significantly up-

regulated under drought stress (Kim et al. 2009). It has
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recently concluded that the up-regulation of this gene,

and hence, the increased proline accumulation mainly

induced under mild drought stress condition, but might

not related to higher drought tolerance of bermuda-

grasses under severe drought stress (Huang et al.

2019). Our study showed that this conclusion could

only be acceptable for sensitive genotypes which

showed a limited ability in both relative expression of

p5cs and proline accumulation under prolonged

drought stress, but may not be accurate for resistant

genotypes that indicated a higher p5cs expression and

as a result, a higher proline accumulation especially

under severe drought stress. Therefore, superior

drought tolerance in bermudagrasses, especially under

severe drought stress could be reasonably contributed

to a higher ability of proline production in this species.

Another gene, ECERIFERUM1 (CER1) predicted

to encode an enzyme involved in a central step in wax

biosynthesis and highly associated to plant responses

to biotic and abiotic stressors (Bourdenx et al. 2011).

This gene was previously shown to induce at both mild

and severe drought stress and had a higher expression

rate in drought-tolerant bermudagrass (Tifway) than in

sensitive genotype (C2990). The same study also

showed that the up-regulation of this gene in a

combination of some other related genes such as

sterol desaturase in tolerant genotypes may increase

the thickness of cuticle layer on the epidermis of aerial

organs, allowing turfs to avoid drought stress through

saving higher relative water content in the leaves

(Zhou et al. 2014). Our results showed that Maragh,

Abyaneh, Badrood, and Karshahi, as the most

drought-tolerant accessions, exhibited higher CER1

expression levels as well as RWC in leaves compared

to sensitive accessions under drought stress.

Multivariate computational and clustering methods

such as PCA, and HCA has been usually considered as

positive approaches to analysis and interpret the

results from a vast set of parameters with different

origin and nature. These methods recently used to

overall analysis of growth, physiological, biochemical

or molecular parameters in order to understand the

responsive mechanisms of plants during different

biotic or abiotic stressors and to screen different plant

species to identify their genotypes with a superior

stress tolerance (Aghaie et al. 2018; Chunthaburee

et al. 2015; Kim et al. 2013). These analysis had

previously denoted the diversity of 49 switchgrass

genotypes using a combined PCA and correlation

analysis from variations in several physiological

parameters (Liu et al. 2015).

Using a combined PCA and HCA approach,

successfully clustered our bermudagrass accessions

in terms of their capability for drought resistance into

two major groups based on some growth, physiolog-

ical, and molecular parameters measured in plants

exposed to mild or severe drought conditions. Accord-

ing to this whole-plant screening method, Maragh,

Abyaneh, and Badrood were clustered together and,

respectively, had the highest drought-tolerance among

the accessions. These accessions also had greater

ranking values under both mild and severe drought

conditions among the others, suggesting them as the

superior drought tolerant turfs for the arid and semi-

arid regions. On the other hand, it inferred from PCA,

HCA as well as the ranking analysis that the acces-

sions such as Khonb, SWI-7 and Ardehal were the

most drought-sensitive among accessions and hence

may not be proper for planting in arid areas. There

should especially be more prohibition on using the cv.

SWI-7 because this cultivar is routinely used for turf in

the green spaces and parks in the arid region of Iran

where the irrigation water supply for turfs is a big

problem.

The multivariable analysis also showed that the

superior drought-tolerant bermudagrass accessions

generally indicated better growth, minor EL and

MDA, greater RWC, pigments and DGCI, the upper

expression level of two stress-related genes, as well as

higher accumulation of proline compared to sensitive

accessions, under drought stress. Therefore, tolerant

accessions may be maintained their survival and water

status, especially under severe drought stress mainly

by an improved accumulation of osmolytes, especially

proline and antioxidants such as carotenoids as well as

a recruiting avoidance mechanism like an extra

deposit of waxy cuticle on the epidermis of areal

parts. On the other hand, sensitive bermudagrass

generally showed more activity of antioxidant

enzymes (catalase and ascorbate peroxidase), and

higher amounts of soluble sugars (glucose, mannose,

and rhamnose), compared to tolerant accessions under

drought stress. Therefore, these might be recruited by

sensitive bermudagrasses as the main defensive

strategies against drought stress. A higher expression

of the CER1 gene linked to the more accumulation of

waxy cuticle in the leaves was also observed in

sensitive accessions; however, such avoidance ability
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was limited in these accessions compared to that of

tolerant accessions.

Conclusions

Multivariable analysis clustered several Iranian ber-

mudagrass accessions into three groups, including

superior drought-tolerant, relatively drought-tolerant,

and drought-sensitive genotypes. We showed that

drought-tolerant bermudagrasses typically had a better

growth and water status, lower membrane damage and

leakage and a higher green color index under bothmild

and severe drought stress conditions, compared to

sensitive accessions. It was also concluded that

different defensive strategies might be recruited by

tolerant or sensitive bermudagrass genotypes during

coping with drought stress: superior genotypes toler-

ated to drought mainly by an improved pigment

production, a more significant expression of two

stress-related genes (CER1 and p5cs) as well as a

higher proline accumulation, while sensitive geno-

types generally responded to drought using a more

activity of antioxidant enzymes, and higher accumu-

lation of soluble sugars, such as glucose, mannose, and

rhamnose. The newly-discovered bermudagrass

accessions might be finally introduced as new promis-

ing cultivars used as covered plants in the arid region

where the irrigation water supply for turfs is a big

challenge.
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