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Abstract Research on crop response to deficit
irrigation is important to reduce agricultural water
use in areas where water is a limited resource. The
objective of this study was to evaluate changes in
physiological and root traits under mild and intense
drought stress in tall fescue. It also sought to find
associations between these changes and field drought
tolerance. A total of 24 tall fescue genotypes were
selected from a wide polycross population and
assessed for field drought tolerance during
2011-2012 in the field. The genotypes were classified
as tolerant, moderately tolerant, and susceptible based
on drought stress tolerance index (STI), tolerance
index (TOL), and yield reduction (YR). In 2013, 24
genotypes were clonally propagated and planted in
polyvinylchloride (PVC) tubes under, three levels of
moisture regimes. Root characteristics were investi-
gated at 0-30 and 30-60 cm depths of soil. Also 11
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physiological traits, dry forage yield, STI, TOL, and
YR were recorded. At the 30—60 cm depths of soil, the
root length increased by 5.95 and 7.30 % under mild
and intense stress, respectively. Under mild stress, root
area and root volume were positively correlated with
STI. Consequences of drought stress, manifested as
declined relative water content and chlorophyll, could
be associated with a decrease in the activity of
antioxidant enzymes. Some tall fescue genotypes
had extensive root systems, high photosynthetic
capacity, and less YR in the field. These genotypes
may adapt to drought through drought avoidance and
drought tolerance mechanisms. The application of
principle component analysis for screening suitable
genotypes was also discussed.

Keywords Fescue - Root - Selection index - Water
stress

Introduction

Tall fescue (Festuca arundinacea Schreb.) is an
outcrossing allohexaploid (2n = 6x = 42) forage
grass. The higher drought tolerance of this species
compared to other cool-season grasses such as Lolium
perenne (perennial ryegrass) and Poa pratensis (Ken-
tucky bluegrass) makes it particularly appropriate for
arid and semi-arid regions (Sheffer et al. 1987;
Gazanchian et al. 2006). On the other hand, its
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potential for summer dormancy is assumed to be
linked with higher persistence over long dry summers
(Norton et al. 2006). The plant has wide distribution
with great genetic diversity in Iran and mainly grows
in natural rangelands of the central, western, and
northern regions of the country. In regions with lower
precipitation, it is found along irrigation ditches and
farm levees.

Drought is one of the most important abiotic
stresses restraining the survival and growth of plants
in arid and semi-arid areas of the world. About one-
third of the world’s cultivated land is in semi-arid and
arid regions and this includes Iran (Atlin and Frey
1990; Blum 2011). Plants respond and adapt to
drought stress with a variety of escape, avoidance,
and tolerance mechanisms, all of which serve to
improve the efficiency of water uptake, use, or loss
(Wang and Huang 2004). Drought tolerance charac-
teristics include root penetration into deeper portions
of the soil profile and osmoregulation in plant tissues
at low water potentials (Bonos et al. 2004). Some
studies have indicated total root length to influence
water and nutrient uptake. Meanwhile, water and
nutrient uptake during drought may be more important
criterion to drought avoidance (Huang et al. 1997).
Therefore, improving drought avoidance and toler-
ance is a major objective in plant breeding programs
for dryland agriculture (Kirigwi et al. 2004). Huang
and Gao (2000) introduced enhanced root growth and
water uptake in lower soil depths and maintenance of
root activity as root physiological and morphological
characteristics associated with drought avoidance in
tall fescue cultivars. Bonos et al. (2004) suggested
selection for deeper root production in tall fescue to be
important for drought tolerance. Other researchers
found a high positive correlation between root growth
and drought tolerance (Ekanayake et al. 1985;
Chloupek et al. 1999). Karcher et al. (2008) proposed
selecting germplasms based on high root to shoot ratio
in the greenhouse as a feasible method for improving
drought tolerance of turf grass in the field.

Physiological factors also involve in drought stress
injury and should thus be considered for describing
drought tolerance in screening studies (Jiang and
Huang 2001). Reactive oxygen species (ROS) such as
superoxide, hydrogen peroxide, and hydroxyl radicals
are produced under stress conditions (Meloni et al.
2003). These compounds can seriously disrupt normal
metabolism through oxidative damage to lipids,
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proteins, and nucleic acids (Rout and Shaw 2001).
Antioxidative enzymes are critical components of
ROS scavenging systems. Superoxide dismutase
(SOD) is a major scavenger of superoxide and its
enzymatic activity results in H,O, which is then
scavenged by catalase (CAT) and a variety of perox-
idases (POX) (Cakmak and Horst 1991; Alscher et al.
2002). Evaluating the effects of environmental
stresses on the antioxidant system in the apoplast has
highlighted the significance of this space in plant
response to abiotic stresses (Vanacker et al. 1998).
Jiang and Huang (2001) reported reduced activity of
ascorbate peroxidase (APX) in two cool-season turf
grasses under drought and heat stress and justified the
reduction by decreased CAT activity.

Drought stress damages photosynthetic apparatus
and diminishes chlorophyll content (Fu and Huang
2001). Rong Hua et al. (2006) concluded that chloro-
phyll content could be considered as a reliable
indicator in screening genotypes for drought tolerance.
Among the solutes, water soluble carbohydrates
(WSC), inorganic ions, and proline are associated
with osmotic adjustment during drought and other
environmental stresses in annual and perennial grasses
(Bajji et al. 2001). Although plant species can differ
considerably in their ability to accumulate proline
upon stress, there is no clear relationship between this
ability and stress tolerance among species (Maggio
et al. 2002). Keles and Oncel (2004) found high
relative water content (RWC) to be closely related to
drought tolerance. Efforts are currently directed to
access new, affordable, and reliable indices to help in
the selection of drought tolerant genotypes (Hura et al.
2007). While drought susceptibility of a genotype is
often measured as a function of the reduction in yield
under drought stress, values are confounded with
differential yield potential of genotypes (Blum 2011).
Therefore, several selection indices have been recom-
mended on the basis of yield under stress and non-
stress conditions in order to identify drought tolerant
genotypes. Instances are stress tolerance index (STI)
introduced by Fernandez (1992), which can be used to
identify genotypes that produce high yields under both
stress and non-stress conditions, and tolerance index
(TOL) introduced by Rosielle and Hamblin (1981)
based on differences in yields measured under non-
stress and stress conditions. Using drought tolerance
and susceptibility indices, Ebrahimiyan et al. (2012)
assessed drought tolerance of 75 tall fescue genotypes
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in three different flowering sets. Nevertheless, little
information is still available about the relationship
between these indices and root and physiological
traits. The present study hence aimed to evaluate the
response of physiological and root characteristics of
tall fescue genotypes under drought stress conditions
and to determine the relationship between these traits
and drought and susceptibility indices under field
drought conditions.

Materials and methods
Field experiment

Field experiment was conducted at the Research Farm
of Isfahan University of Technology (located at
Lavark, Iran, 32°30'N, 51°20'E, 1,630 m asl) during
2011-2012. The area had a clay loam soil (pH 7.5)
with the average bulk density of 1.48 g/cm? in the top
60-cm layer of the soil surface. The mean annual
precipitation and temperature were 140 mm and
15 °C, respectively. It also had dry summers with
usually no rain from late May to mid-October.

After developing a broad-based population from
polycross of a set of 25 parental tall fescue genotypes
(Majidi et al. 2009), 24 (eight early-, eight mid-, and
eight late-season flowering) genotypes were selected
within the progenies based on drought tolerance and
susceptibility indices (Ebrahimiyan et al. 2012). The
genotypes were clonally propagated in a greenhouse
and then transferred to the field in March 2011. A
randomized complete block design with three repli-
cations was then used to evaluate the genotypes under
control and water stress conditions (supplied when
respectively 50 &= 5 % and 90 £ 5 % of the total
available water was depleted from the root-zone)
(Allen et al. 1998). The irrigation intervals during the
growing season and between the two irrigation
treatments were variable depending on weather con-
ditions. In the early summers, the grass was cut from
5 cm above the ground at 50 % flowering stage and
the weight of herbage was recorded for all plants. The
three selection indices including STI (Fernandez
1992), TOL (Rosielle and Hambline 1981), and yield
reduction ratio (YR) were calculated based on the dry
forage yield (DFY) under control and water stress
conditions (Table 1) according to the following
formulae:
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STI = (Ys x Yp)/(Ymp)* (1)
TOL = Yp — Ys (2)
YR=(Yp—Ys)/Yp (3)

where Ys and Yp are the yield of the ith genotype
under stress and normal conditions, respectively. Ymp
is the mean yield of all genotypes in control condition.

Pot experiment

The experiment involved two factors (moisture levels
and genotypes) with three replications arranged in a
completely randomized design. A total of 24 geno-
types were clonally propagated and planted in poly-
vinylchloride (PVC) tubes (60 x 16 cm) filled with a
mixture of coarse river sand and silt loam soil (1:2 v/v)
collected from the field in 2013. The plants were
grown from March to July 2013 under natural
condition (daily temperatures of 18-28 °C and pho-
toperiod of 14 h). The time of irrigation in control
treatment was determined based on soil water deple-
tion in the root zone with maximum allowable
depletion equal to 0.5 (Allen et al. 1998) as follow:

Oirrig = Orc — (Opc — Owp) % 0.5 (4)

where 0, is the soil water content at irrigation time,
Ogc is the volumetric soil water content at field
capacity (%), and Owp is volumetric soil water content
at wilting point (%).

The reference crop evapotranspiration was calcu-
lated based on the United Nation’s Food and Agricul-
ture Organization (FAO)-56 Penman—Monteith
equation (Allen et al. 1998). The evapotranspiration
of grass in the container condition was thus computed
as follows:

ET,; = ETy X Kyc (5)

where ET, and ET,. are grass evapotranspiration
under the field and container conditions (mm dayfl),
respectively. Ky;c is the microclimate coefficient and
was assumed to be 1.2 (Gheysari et al. 2009). When
> ET, reached to irrigation depth (Djy,), it was the
irrigation time for all irrigation levels. At this time, the
control level received D, and other irrigation levels
received a proportion of the water applied to the
control level (50 and 75 % for intense and mild
stresses, respectively):
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Table 1 Information on tall fescue genotypes assessed for drought tolerance in field during 2009-2012

Genotype Origin Flowering 2009-2010 2011-2012 Drought
code status tolerance
TOL STI YR TOL STI YR
1 Iran, Yazdabad Medium 72.07 0.85 52.23 41.58 0.71 45.80 Susceptible
3 Tran,Yasuj Medium —10.65 0.03 —69.30 —-2.75 0.07 —13.58 Tolerant
11 Hungary, Medium 41.06 0.47 43.62 17.41 1.46 16.56 Tolerant
unknown
17 Iran, Fozve Medium 47.50 0.46 48.67 —36.62 0.59 —80.49 Tolerant
19 Iran, Shahrood Medium 15.07 0.17 29.10 —14.83 0.11 —72.50 Tolerant
21 Iran, Fozve Medium 105.33 2.09 50.02 51.08 2.89 31.36 Moderately
tolerant
23 Poland, unknown Medium 22.19 0.63 23.69 —66.5 0.35 —271.42 Tolerant
25 Iran, Shahrood Medium 45.17 0.88 37.00 10.66 4.02 6.48 Tolerant
Iran,Yazdabad Early 72.58 0.41 60.07 2.33 1.26 2.34 Susceptible
Iran,Yasuj Early 62.23 0.24 63.88 —1.58 0.08 —6.41 Susceptible
3 Iran,Yasuj Early 55.41 0.73 41.77 46.66 1.85 32.31 Moderately
tolerant
4 Iran, Mobarake Early 85.18 0.47 63.55 44.95 0.36 56.16 Susceptible
9 Iran, Fozve Early 72.16 0.48 57.46 0.33 0.58 0.49 Susceptible
10 USA, New Jersy Early 68.38 1.32 39.24 141.18 0.59 83.87 Susceptible
14 Hungary, Early 39.97 0.12 60.66 11.04 0.16 26.47 Tolerant
Csesznek
16 Iran, Fozve Early 32.44 0.40 34.83 —11.58 0.80 —15.94 Moderately
tolerant
2 Iran, Yasuj Late 16.48 0.55 18.34 —31.83 0.12 —100.31 Tolerant
3 Iran,Yasuj Late 189.37 1.94 69.22 162.20 2.32 56.28 Susceptible
6 Iran, Daran Late 39.51 0.31 47.08 —46.75 0.08 —230.86 Moderately
tolerant
7 Iran, Daran Late 12 0.16 23.49 4.79 0.07 13.31 Moderately
tolerant
12 Hungary, Late —2.47 0.11 —7.00 —23.12 0.09 —80.43 Moderately
unknown tolerant
15 Iran, Yazdabad Late 47.03 0.40 48.57 141 0.35 81.34 Moderately
tolerant
20 Iran, Fozve Late 59.18 0.48 53.30 49.83 0.25 53.87 Moderately
tolerant
25 Iran, Shahrood Late 53.62 0.80 41.83 258.64 1.46 78.83 Moderately
tolerant
LSD 13.01 0.39 34.42 14.58 0.15 26.91
Divyig = (Opc — Owp) x 0.5 X D (6) Spectrophotometry was used to measure total

where D is the soil column depth (cm).

Measurements

During the 60-day treatment period, various physio-
logical characteristics of shoot were measured. Leaf
water status was determined by estimating the RWC
according to Ritchi’s et al. (1990) method.
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chlorophyll (Tchl), chlorophyll a, chlorophyll b, and
carotenoids (Arnon 1949). Moreover, proline content
(Pro) was determined based on the method described
by Bates (Bates et al. 1973). WSC content was
assessed according to Dubois et al. (1956) method. For
enzyme extracts and assays, 0.1 g of leaves were
sampled and frozen in liquid nitrogen. They were
subsequently ground in 1 ml solution containing
50 Mm  phosphate buffer (pH 7.8), 1%
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Polyvinylpolypyrrolidone (w/v), 2 Mm Ethylenedia-
minetetraacetic acid (EDTA), 0.2 % Triton X-100,
50 Mm Tris hydrochloride (Tris—HCL), and 2 Mm
Dithiothreitol (DTT). The homogenate was centri-
fuged at 14,000 rounds per minute (rpm) for 30 min
and the supernatant was collected and used for enzyme
assays. Catalase (CAT) activity was calculated as the
reduction of the absorbance at 240 nm for 2 min
following the decomposition of H,O, (Change and
Maehly 1955). Moreover, APX activity was measured
as the decrease in absorbance at 290 nm for 2 min
(Nakano and Asada 1981). The activity of peroxidase
(POX) was assessed as the increase of absorbance at
470 nm for 2 min (Herzog and Fahimi 1973). Enzyme
activities were expressed on the basis of per unit
protein weight. Protein content was determined by
using bovine serum albumin as the standard Bradford
(1976).

The grass was cut manually from 5 cm above the
PVC tube and each plant’s weight of herbage was
recorded after drying at 72 °C for 48 h. The three
selection indices (STI, TOL, and YR) were calculated.
At the end of the 60-day dry down period, all plants in
each container were harvested and the shoots were
separated from the roots. The soil column was sliced
into two layers (0-30 and 30-60 cm). The roots in each
layer were washed free of soil and root wet weight
(RWW) was measured immediately. The characteris-
tics of all roots such as root length (RL) and root area
(RA) were measured by a computer scanner and GiA
Roots software (Galkovskyi et al. 2012). Root volume
(RV) was measured as recommended by Archimedes.
Root dry weight (RDW) was obtained after roots were
dried in an oven at 85 °C for 48 h. Finally, the root to
shoot ratio (R/S) was calculated.

Statistical analysis

Data were tested for normality by Kolmogorove Smir-
nove test and was subjected to analysis of variance
(ANOVA) using SAS (2001) to determine difference
among treatments and genotypes for each variable.
Treatment means were separated using the LSD test
(P < 0.05). The correlation coefficients between traits
were calculated using proc CORR of SAS. Principle
component analysis (PCA) was performed based on
correlation matrix to reduce the multiple dimensions of
data space (Johanson and Wichern 2007) using SAS and
the biplot was drawn using Stat Graphics software.

Results
Evaluation of drought tolerance in the field

Results from the analysis of variance showed a
significant difference in DFY between the water stress
and control environments (P < 0.01). The effects of
genotype and genotype X environment interaction
were also significant for all measured traits (Data not
shown). Moreover, water stress reduced DFY in both
years. After a hierarchical cluster analysis based on
forage yield, STI, TOL, and YR, from the 24 tall
fescue genotypes, eight were classified as tolerant,
nine as moderately tolerant, and seven as susceptible
(Table 1).

Root and physiological assessment in pot
experiment

Analysis of variance indicated that the effect of
moisture was highly significant for all root traits at
both depths. Significant differences were found among
the genotypes for all root traits in both depths. The
interaction of moisture environment and genotype was
also significant for the measured traits (Table 2).
Comparisons with the control treatment revealed
the RL at the 0-30 cm depth of the root zone
decreased by 11.86 and 41.65 % under mild and
intense drought stresses respectively. Meanwhile,
under the same conditions, the roots were significantly
longer than the control at the 30-60 cm depth
(Table 3). On the other hand, at the 0-30 cm depth,
intense drought stress caused significant reduction in
the RA compared to the control and mild drought
stress conditions. However, no significant difference
in root zones at the 30-60 cm depths was found
between intense drought stress and control conditions.
Moreover, at the 0-30 cm depth, the RV and root dry
matter under control condition were higher than the
values obtained under two levels of drought stress.
Nevertheless, no such significant differences were
detected at the 30-60 cm depth between intense
drought stress and control conditions. Higher drought
stress was associated with increased root to shoot ratio
(by about 7.69 and 54.16 % at the 0-30 cm and
30-60 cm depths of root, respectively) (Table 3).
Mild and intense drought stress conditions signif-
icantly reduced DFY by 15.56 and 50.31 %, respec-
tively. Similarly, RWC decreased by 28.09 and
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Table 2 Analysis of variance for root traits in 24 tall fescue genotypes under moisture environments (control, mild stress and intense
stress) under pot experiment in 2013

Source of variation df  Mean square
Root length Root area Root Root wet Root dry Root dry Ratio of
volume  weight weight matter root/shoot
percent

Depth 0-30 (cm)
Environment 2 192,774,553.2" 1,277,700.60"" 40757 672317 1489  53.05" 0.08"
Genotype 23 17,800,660.8"  116,493.45™ 4026 33417 046" 21.22" 0.06™
Environment x genotype 46  3,850,766.4" 23,090.477 1544 16477 012" 33.30™ 0.03"
Error 144 208,604 2,041.41 237 2.64 0.04 0.35 0.001
Coefficient of variation 7.29 8.00 13.59 1583  15.34 423 8.67

Depth 30-60(cm)
Environment 2 41153265 57426747 3898 20043 178"  63.557 0.34™
Genotype 23 34391,537.77  236,914.647  28.647° 71.637 072" 32.44™ 0.07"
Environment x genotype 46  13,227,517.3" 4490324 16067 19.187 0207  30.81" 0.02"
Error 144 88,573 3,121.78 1.01 0.50 0.01 0.48 0.0008
Coefficient of variation 4.62 9.63 10.53 758  10.53 6.01 9.63

** Significant at P < 0.01

Table 3 Means of root traits in 24 tall fescue genotypes under three levels of moisture environments (control, mild stress and intense

stress) under pot experiment in 2013

Moisture Root length Root area  Root volume  Root wet Root dry Root dry matter ~ Ratio of root/
environments (cm) (cm?) (cm?) weight (g) weigh (g) percent shoot
Depth 0-30 (cm)
Control 7,623.78% 648.63* 14.00* 13.26* 1.85% 14.98* 0.39°
Mild stress 6,719.23°  634.21° 10.54° 10.37° 1.44° 14.05 0.36°
Intense stress  4,447.79¢ 411.03° 9.44¢ 7.15¢ 0.94¢ 13.26° 0.42°%
Depth 30-60 (cm)
Control 6,157.36°  555.33° 9.96 9.78" 1.13 12.04* 0.24°
Mild stress 6,523.84*  610.60° 8.71° 10.86* 1.12° 10.48° 0.28"
Intense stress  6,606.58" 572.91° 10.01* 7.58° 0.85° 12.17% 0.37*

Mean followed by the same letter in each column are not significantly different according LSD test (probability level of 5 %)

37.24 % under mild and intense drought stress levels,
respectively. Intense drought stress significantly
increased not only carotenoids (Car), chlorophyll a/b
(Chlasb), chlorophyll a (Chla), proline (Pro), and
WSC) contents, but also peroxidase (POX) activity.
Total chlorophyll content (Tchl), catalase (CAT) and
APX activities decreased under intense drought stress
conditions compared to control condition (Table 4).
Correlation coefficients between different traits
with TOL and STI were calculated in the pot
experiment and are presented in Table 5. Under both
mild and intense drought stress conditions, DFY was
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highly and positively correlated with STI but nega-
tively correlated with TOL and YR. Total RA (TRA)
and total root volume (TRV) were positively corre-
lated with STI only under mild stress condition.
Moreover, STI had a moderately negative correlation
with root to shoot ratio only under intense drought
stress condition. TOL and YR were negatively corre-
lated with TRL only under mild stress condition
(Table 5).

Under control condition, chlorophyll a/b and chlo-
rophyll b were significantly correlated with all root
characteristics. Meanwhile, RWC was correlated with
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Table 5 Correlation coefficients of different traits with TOL, STI and reduction in mild stress and intense stress condition under pot

experiment in 2013

Traits Mild stress Intense stress

TOL STI YR TOL STI YR
Wet forage yield (g) —0.56** 0.55%%* —0.59%%* —0.23ns 0.35ns —0.34ns
Dry forage yield (g) —0.82%* 0.79%* —0.86%* —0.77%* 0.84%#%* —0.91**
Dry matter percent —0.30ns 0.18ns —0.29ns —0.54%%* 0.66%* —0.62**
Crown diameter (cm) 0.19ns —0.25ns 0.19ns 0.21ns —0.04ns 0.13ns
Plant height (cm) —0.03ns 0.005ns —0.04ns —0.32ns 0.28ns —0.32ns
Number of stems per plant 0.04ns —0.08ns 0.04ns —0.11ns 0.53%%* —0.20ns
Total root length (cm) —0.49%%* 0.30ns —0.48%%* 0.03ns —0.007ns —0.003ns
Total root area (cm?) —0.24ns 0.43%* —0.27ns 0.13ns —0.08ns 0.09ns
Total root volume (cm?) —0.26ns 0.47%* —0.28ns 0.19ns —0.09ns 0.17ns
Total root wet weight (g) —0.27ns 0.38ns —0.28ns 0.05ns —0.05ns 0.06ns
Total root dry weight (g) —0.31ns 0.15ns —0.29ns 0.08ns —0.13ns 0.08ns
Total root dry matter percent —0.05ns —0.22ns —0.007ns —0.27ns 0.12ns —0.29ns
Ratio of root/shoot —0.17ns —0.09ns —0.14ns 0.31ns —0.58%%* 0.43%*
Relative water content 0.07ns —0.18ns 0.09ns —0.16ns —0.005ns —0.15ns
Chla content (mg/g leaf) —0.32ns 0.15ns —0.32ns —0.05ns 0.19ns —0.02ns
Chlb content (mg/g leaf) —0.27ns 0.12ns —0.25ns —0.04ns 0.23ns —0.03ns
Cartenoeid content (mg/g leaf) —0.40* 0.21ns —0.38ns —0.12ns 0.19ns —0.11ns
Total chlorophyll (mg/g leaf) —0.31ns 0.14ns —0.29ns —0.05ns 0.21ns —0.03ns
Ratio of Chla/Chb 0.18ns —0.08ns 0.17ns 0.08ns —0.20ns 0.07ns
Ratio of TChl/Car —0.03ns —0.05ns —0.03ns 0.05ns 0.18ns 0.08ns
Proline content (umol/g leaf) —0.36ns 0.21ns —0.38ns 0.19ns 0.19ns 0.14ns
Water soluble carbohydrates (mg/ml) —0.24ns 0.13ns —0.23ns 0.11ns 0.03ns 0.03ns
CAT content (umol min~' mg™" protein) 0.26ns —0.26ns 0.29ns —0.31ns 0.23ns —0.36ns
APX content (pumol min~' mg™' protein) —0.22ns —0.12ns —0.19ns 0.001ns 0.04ns —0.007ns
POX content (pmol min~" mg_l protein) —0.22ns 0.22ns —0.22ns 0.02ns 0.17ns —0.01ns

ns non-significant
* Significant at 5 % level of probability
** Significant at 1 % level of probability

b, Tchl, Tchl/carotenoids, and carotenoids and a
positive correlation with chlorophyll a/b. Therefore,
selection based on high PCl values can lead to
sensitive genotypes with low photosynthetic capacity.
On the other hand, PC2 was positively correlated with
TRL, TRA, TRV, TRWW, TRDW, and root to shoot
ratio. Thus, genotypes with high PC2 are suitable for
intense stress conditions. According to the biplot
analysis of PC1 and PC2 (Fig. 2), genotypes 2L, 17M,
14E, and 15L had low PCI1 and high PC2 and were
hence identified as preferable genotypes for intense
stress condition.
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Cluster analysis generally confirmed the results of
PCA. Under mild drought stress in the pot experiment,
the genotypes were classified into four separate
clusters (Fig. 3). The first group included seven
genotypes with moderate-high photosynthetic capac-
ity and low potential of root production. The second
group consisted of seven genotypes with low-moder-
ate photosynthetic capacity and moderate-high poten-
tial of root production. The third group comprised four
genotypes (2L, 23M, 21M and 14E) with moderate-
high photosynthetic capacity and moderate-high
potential of root production. They were nearly in
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Table 6 Correlation coefficients of different traits under mild stress (above diagonal) and intense stress (below diagonal) conditions
under pot experiment in 2013

DFY RWC chla chlb car Tchl Chla/b WSsC
DFY 1 —0.08 ™ 0.22 " 0.15™ 0.29 ™ 020 ™ —0.05 ™ 0.31 " 0.19 ™
RWC 0.09™ 1 —0.23" —0.35™ —0.22" —0.28" 0.45" —0.28" —0.18 ™
Cha 0.07™ —0.22" 1 093" 0.95" 0.99"" —0.62"" 0.02 ™ 0.12 ™
Chb 0.08™ —0.16 ™ 0.79"" 1 0.90™" 0.95™" —0.85"" 0.03 ™ 0.14 ™
car 0.14" —0.12 ™ 093" 0.81°" 1 0.95"" —0.65"" 0.06 ™ 0.24"
Tchl 0.07" —0.20™ 0.95"" 0.93"" 0.92"" 1 —0.72"" 0.02 ™ 0.13 ™
Chl alb —0.09™ 0.15™ —0.48™" —0.88"" —0.57"" —0.70"" 1 —0.01™ —0.11™
Pro —0.008" —0.06 ™ 0.36" 0.06 ™ 027" 0.24" 0.14 ™ 0.02 "
WSC 0.001™ —0.02 ™ —0.06 ™ —0.16 ™ —0.16 ™ —0.11™ 0.23" 0.39" 1
CAT 0.35™ 0.35™ 0.05* 0.17 "™ 0.14 ™ 0.11™ —0.20 ™ 0.05 " 0.11"™
APX 0.01™ 033" —0.01 " —0.04 ™ 0.12 " —0.02°% 0.02 ™ 0.12 " —021™
POX 0.08™ —0.34"" 0.24" 0.19* 0.09 ™ 0.23" —0.07 ™ 0.05 ™ —0.11™
TRL 0.06" —0.12 ™ 0.12" 0.04 ™ 0.20 ™ 0.09 ™ 0.007 ™ 022" 0.01 ™
TRA —0.02" —0.07 ™ 0.03 " —0.06 ™ 0.10 ™ —0.01™ 0.12 " 025" 0.0008 ™
TRV —0.08™ —0.06 ™ 0.09 ™ —0.01™ 0.15™ 0.04 ™ 0.11 ™ 0.30 ™ —0.007 ™
TRWW —0.01™ —0.07 ™ 0.22" 0.09 ™ 0.26" 0.17 " 0.02 ™ 0.30" —0.09 ™
TRDW —0.03™ —0.02 ™ 0.03 ™ —0.08 ™ 0.08 ™ —0.01™ 0.17 ™ 0.19 ™ 0.009 ™
TRDM 0.24™ 027 ™ —0.23" —0.21 ™ —0.25" —0.23" 020 ™ —0.20 ™ 0.18™*
R/S —0.52"" 0.03 ™ —0.05 ™ —0.20 ™ —0.03 " —0.12" 0.28" 0.11™ 0.02 ™
CAT APX POX TRL TRA TRV TRWW TRDW TRDM R/S
DFY —0.23™ 0.01 "™ 031 "™ 0.49™ 0.49™ 0.48™ 0.49™ 0.36" —0.14 ™ 0.12 ™
RWC 0.23" —0.05™ —0.17 "™ —0.13 ™ —0.09 ™ —0.06™  —0.15™ —0.08 ™ 0.08™  —0.17"™
Cha —0.39™ 0.11™ 0.04 ™ 0.008™  —0.009™  —0.15™ 0.01 ™ 0.04 ™ —0.09 ™ 0.12 ™
Chb —0.41™ 0.20 ™ 0.06 ™ 0.009™  —0.08™ —0.11™  —0.02™ —0.007™  —0.05™  —0.13™
car —0.39™ 0.10 ™ 0.001 ™ 0.02 ™ —0.01™ —0.15™ 0.01 ™ —0.08 ™ —0.14™  —0.19™
Tchl —0.41" 0.15™ 0.05 ™ 0.009™  —0.03™ —0.14™  —0.001 ™ 0.02 ™ 0.08™  —0.13™
Chl alb 043 —0.32" —0.09 ™ 0.01 ™ 0.15 ™ 0.05 ™ 0.07 ™ 0.08 ™ —0.01 ™ 0.13 ™
Pro —0.16™ —0.001™  —0.08"™ 041" 0.11 ™ 0.08 ™ 0.11™ 0.22° 0.20 ™ 0.25"
WSC —0.07™ 0.18 ™ —0.08 ™ 0.08 ™ —0.18 ™ 0.02 ™ 0.03 0.14 ™ —021™  —0.19™
CAT 1 —0.37" —0.28™ 0.12 ™ 0.009 ™ 0.23" 0.17 ™ 0.05 ™ —0.04 ™ 0.13 ™
APX 0.03™ 1 0.18 ™ 0.12 ™ 0.09 ™ 0.03™  —0.06"™ 0.15 ™ 0.38™ 0.22"
POX —0.05™ 0.01 "™ 1 0.23" 0.53"" 021" 043" 0.46"" 0.12 ™ 0.42""
TRL 0.14™ 0.004 ™  —0.08 " 1 0.64"" 0.59" 0.58™" 0.63"" 0.23" 0.63""
TRA 0.13™ —0.06 ™ —0.14 ™ 0.86"" 1 0.56"" 0.66"" 0.70"*" 0.17 ™ 0.64""
TRV 0.03™ —0.03 ™ —0.16 ™ 0.84™" 092" 1 041" 0.44™" 0.09 ™ 046"
TRWW  —0.11™ —0011™  —0.04™ 079" 0.79"" 0.82°" 1 0.69"" —0.22" 0.54""
TRDW  —0.08™ —0.13 ™ —0.12 " 0.73™" 0.817" 0.82"" 0.88""" 1 0.39™" 0.82""
TRDM 0.34" —0.17 "™ 0.007 ™  —0.23" —0.07 ™ —0.12™  —0317 —0.04 ™ 1 048"
R/S —0.24" —0.05™ —0.27" 0.41™" 0.53"" 057" 0.60""" 0.72"" —0.02™ 1

DFY Dry forage yield, RWC relative water content, Chla chlorophyll a content, Chlb chlorophyll b content, Car carotenoids contents, Tchl total
chlorophyll, Chi-a/b ratio of Chla/Chlb, Pro proline content, WSC water soluble carbohydrates, CAT catalase activity, APX ascorbate peroxidase
activity, POX peroxidase activity, TRL total root length, TRA total root area, TRV total root volume, TRWW total root wet weight, TRDW total root dry
weight, TRDM total root dry matter percent, R/S ratio of root to shoot

ns: non-significant, *: Significant at 5 % level of probability and **: Significant at 1 % level of probability
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Table 7 Principal component loadings for the traits measured
on 24 tall fescue genotypes under two levels of drought stress
(mild and intense stress) under pot experiment in 2013

Characters Mild stress Intense stress
PC1 PC2 PCI PC2
Dry forage yield (g) 0.19 023 —-0.07 -0.11

Total root length (cm) 0.11 033 —-0.05 0.36

Total root area (cm?) 0.09 0.35 0.001 0.39

Total root volume 0.02 0.32  —-0.03 0.40
(cm?)

Total root wet weight 0.10 032 —-0.09 0.39
(&

Total root dry weight 0.11 0.35 0.01 0.39
(€3]

Total root dry matter ~ —0.008 0.11 0.14  —0.11

percent
Ratio of root/shoot 0.03 0.33 0.09 0.33
Relative water content —0.21  —0.004 0.12 -0.04
Chla (mg/g leaf) 035 -0.13 —-0.38 0.03
Chla b (mg/g leaf) 036 —-0.15 -039 —-0.04
Cartenoeid content 034 -0.14 -0.37 0.06
(mg/g leaf)

Total chlorophyll (mg/ 036 —0.14 —0.41 0.001
g leaf)

Ratio of Chl a/b —0.31 0.15 0.33 0.08

Ratio of Tchl/car 027 -0.09 -036 —0.06

Proline content (pmol/ 0.06 0.13 —-0.12 0.15
g laef)

Water soluble 0.10 —0.05 0.10  —0.004
carbohydrates (mg/
ml)
CAT content (pt —0.24 0.09 —0.05 —0.04
mol min~' mg™"
protein)
APX content (p 0.12 0.02 0.001 -0.01
mol min~' mg™!
protein)
POX content (pt 0.16 0.19 -0.13 —-0.08
mol min~' mg™!
protein)
TOL -021 —0.15 0.04 0.12
STI 0.14 0.15 -0.13 -0.12
Eigenvalue 6.12 5.37 5.67 5.28

Percent of variation 28.24 24.44 25.80 24.04
Cumulative percentage  28.24 52.68 25.80 49.84

vicinity of STI, DF, POX, and proline on the biplot
(Fig. 1). The rest of the genotypes, which had low
photosynthetic capacity and low-moderate potential of
root production, were clustered into the fourth group.

@ Springer

Under intense drought stress, the genotypes were
again categorized into four distinct clusters (Fig. 4).
The first group contained seven genotypes with low
photosynthetic capacity and low potential of root
production. The second group included eight geno-
types with high photosynthetic capacity and low-
moderate potential of root production. The third group
consisted of four genotypes with low photosynthetic
capacity and low potential of root production. The
remaining genotypes (2L, 17M, 14E, 15L and 7L),
which had moderate-high photosynthetic capacity and
moderate-high potential of root production (nearly
adjacent to all root traits and proline on the biplot)
were allocated to the fourth cluster (Fig. 2).

Discussion

Drought tolerance mechanisms depend on extensive
root systems and physiological functions such as
osmoregulation in plant tissues and protection against
oxidative damage. The present study evaluated a set of
diverse genotypes of tall fescue in terms of field
drought tolerance (based on drought tolerance and
susceptibility indices) and the response of root and
physiological traits. Significant differences between
all traits of the selected genotypes indicated large
genetic variation in this germplasm. This variation can
be used for selecting drought tolerant genotypes.

The pattern of root distribution within a soil
profile differs based on crop species, soil type,
moisture, fertility, and other environmental variables.
In our study, while drought stress conditions caused
significant increases in RL at the 30-60 cm depths of
soil, such a change was not observed at the 0-30 cm
depths of the root zone. In other words, in well-
watered conditions, tall fescue species spread their
roots on the surface to use less energy for water
uptake (Sheffer et al. 1987). Hung and Gao (2000)
reported that in some tall fescue genotypes, increas-
ing drought stress was associated with decreased RL
at the 0-20 cm and 20-40 cm depths of the root
zone. The same conditions, however, increased RL at
the 40-60 cm depths. Increased RL at deeper soil
layers during drought stress has also been detected in
other species and is thus considered as an important
adaptation mechanism to improve the efficiency of
plant water uptake (Molyneux and Davies 1983;
Gallardo et al. 1996).
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In the current study, intense drought stress was
accompanied by reduced RA compared to mild
drought stress. Moreover, intense drought stress
significantly increased RV, root dry matter percent,
and root to shoot ratio at the 30—60 cm depths of soil.
The mentioned increments enhance the availability of
root system distribution at deeper soil layers during
drought stress and hence contribute to better water
absorption (Serraj et al. 2004; Farre and Faci 2009).
Increased root to shoot ratio during drought stress has
also been introduced as a drought avoidance mecha-
nism (Guo et al. 2002; Bonos et al. 2004; Karcher et al.
2007).

Similar to the findings of Pand and Singh (Pande
and Singh 1981), we observed decreased RDW under
intense drought stress (Table 3). However, mild stress
significantly increased root RDW. In fact, higher
drought stress reduced net assimilation by the roots
and consequently root weight (Khalid 2006). Never-
theless, since root hairs, which have high absorption
potential, constitute a small percentage of the total root
weight, root weight is not an important factor in
determining root activity (Farre and Faci 2009).

In the present study, intense drought stress
decreased DFY, RWC, chlorophyll b, Tchl, CAT,
and APX. Meanwhile, mild drought stress only
decreased DFY, RWC, and chlorophyll b (Table 4).
On the other hand, intense and mild drought stress
conditions increased chlorophyll a/b, carotenoids,
proline, POX, WSC and chlorophyll a levels
(Table 4). Chlorophyll content is a major determinant
of photosynthetic capacity under intense stress, i.e.
higher chlorophyll content and stability have been
reported to be associated with drought tolerance. Thus,
selecting genotypes based on increased or stable
chlorophyll content may prevent yield loss under
drought stress. Although reduced chlorophyll content
has been suggested as a reaction to drought stress,
similar to our findings, some studies have documented
elevated chlorophyll content under mild drought stress
(Garcia-Valenzuela et al. 2005; Ebrahimiyan et al.
2013). This increment might be the result of slower
cellular growth relative to chlorophyll synthesis
(Garcia-Valenzuela et al. 2005). Consistent with our
findings, Ebrahimiyan et al. (2013) reported increased
chlorophyll a/b which can be justified by faster
damage to chlorophyll b compared to chlorophyll a
under intense stress condition. While chlorophyll b is
found exclusively in photosynthetic antennas,

chlorophyll a exists in both the reaction centers of
photosystems I and II and photosynthetic antennas
(Lichtenthaler and Buschmann 2001). Several
researchers have reported reduced DFY under drought
stress which is evidently due to decreased water
potential and the consequent decline in net assimila-
tion by the leaves (Sarker et al. 1999; Merewitz et al.
2010). Karcher et al. (2007) concluded that the
reduction in DFY under drought stress is a drought
avoidance mechanism in most turf grasses.

The effects of stresses on enzyme activity depend
on crop species and type, duration, and intensity of
drought stress. Decreased CAT and APX activities
under drought stress have been observed in cool-
season turf grasses (Smirnoff 1993; Castillo 1996;
Jiang and Huang 2001). Generally, the oxidative
injury induced by intense drought stress is character-
ized by the reduction in antioxidant enzymes and
increase in lipid peroxidation. Carotenoids can act as a
non-enzymatic antioxidant. They have multiple roles,
e.g. light harvesting and protection from oxidative
damage caused by drought, in developing drought
tolerance (Simkin et al. 2008; Jaleel et al. 2009).
Higher carotenoid contents under intense drought
stress could be attributed to increased proline, POX,
and WSC. The latter is in turn caused by the inhibition
of growth and hydrolysis of complex carbohydrates
(such as starch) through lowering the water potential
(Moradshahi et al. 2004). The accumulation of com-
patible solutes such as proline and WSC is a common
adaptation mechanism acquired by annual and peren-
nial grasses under water deficit stress (Bajji et al.
2001). These compounds also improve plant stress
tolerance by protecting and stabilizing membranes and
enzymes during stress conditions (Rudoplh et al.
1986).

The pot experiment in the current study showed a
positive correlation between DFY and STI. In contrast,
TOL and YR were negatively correlated with DFY
under mild and intense stress conditions. This differ-
ence can indicate that each index demonstrates
specific biological responses to drought. According
to the results of correlations between different traits
and TOL, STI, and YR in the pot experiment, under
mild stress, selection based on higher TRL, TRA, and
TRV will lead to genotypes with higher yield, yield
stability, and drought tolerance. However, a moder-
ately negative relationship was found between root to
shoot ratio and STT under intense stress. Naturally with
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Fig. 1 The bipolt display of root and physiological traits, stress
tolerance indices and tall fescue genotypes yield levels under
mild stress condition (DFY dry forage yield, RWC relative water
content, Chla chlorophyll a content, Chlb chlorophyll b content,
Car carotenoids contents, Tchl total chlorophyll, Tchl/Car ratio
of Tchl/Car, Chi-a/b ratio of Chla/Chlb, Pro proline content,
WSC water soluble carbohydrates, CAT catalase activity, APX

ascorbate peroxidase activity, POX peroxidase activity, TRL
total root length, TRA total root area, TRV total root volume,
TRWW total root wet weight, TRDW total root dry weight,
TRDM total root dry matter, R/S root to shoot ratio, ST7 stress
tolerance index, TOL tolerance index). Definition origin of the
genotypes can be seen in Table 1
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Fig. 2 The bipolt display of root and physiological traits, stress
tolerance indices and tall fescue genotypes yield levels under
intense stress condition (DFY dry forage yield, RWC relative
water content, Chla chlorophyll a content, Chlb chlorophyll b
content, Car carotenoids contents, Tchl total chlorophyll, Tchl/
Car ratio of Tchl/Car, Chl-a/b ratio of Chla/Chlb, Pro proline
content, WSC water soluble carbohydrates, CAT catalase

augmentation of the drought stress, the shoot produc-
tion reduce more than root production therefore root to
shoot ratio increase (Kmoch et al. 1957). This
mechanism can be especially beneficial for surviving
from intense drought stress conditions. Hence, as
suggested by Karcher et al. (2008) and Bonos et al.
(2004), root to shoot ratio can be used as a selection
criterion for drought tolerance under intense stress.
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activity, APX ascorbate peroxidase activity, POX peroxidase
activity, TRL total root length, TRA total root area, TRV total
root volume, TRWW total root wet weight, TRDW total root dry
weight, TRDM total root dry matter, R/S root to shoot ratio, ST
stress tolerance index, TOL tolerance index). Definition origin
of the genotypes can be seen in Table 1

In this study, a negative relationship was observed
between chlorophyll a/b and APX activity under mild
stress, i.e. lower chlorophyll a/b after mild stress can
cause a relative increase in APX activity. Meanwhile,
the positive correlations of RWC with CAT and APX
indicate that decreased RWC during intense stress was
associated with loss of chlorophyll and lipid peroxi-
dation which in turn triggered oxidative injury. Similar
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Fig. 3 Dendrogram of 24 tall fescue genotypes evaluated under
mild drought stress using Ward clustering method. Definitio
origin of the genotypes can be seen in Table 1

findings were also reported by Jiang and Huang
(2001). We also discovered a positive relationship
between WSC and proline under intense drought
stress. In other words, proline and WSC are linked
with osmotic adjustment and drought tolerance (Bajji
et al. 2001). Under mild stress, the positive correla-
tions between proline and TRL on the one hand, and
between POX and TRA, TRWW, TRDW, and root to
shoot ratio, on the other, confirmed the significance of
these physiological traits in determining root traits
under drought stress condition and selection criteria
for drought tolerant genotypes.

Wide distribution of genotypes on the biplot of
PCA, which was confirmed by cluster analysis,
indicated that tolerant genotypes had extensive root
systems and high photosynthetic capacity and could
thus adapt to drought through drought avoidance
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Fig. 4 Dendrogram of 24 tall fescue genotypes evaluated under
intense drought stress using Ward clustering method. Definition
origin of the genotypes can be seen in Table 1

and tolerance mechanisms. Moderately tolerant
genotypes usually had one of the drought tolerance
mechanisms such as highly extensive root systems
or proper physiological and metabolic functions.
Susceptible genotypes had less extensive root sys-
tems and photosynthetic capacity. We failed to
establish a complete relationship between genotype
classifications based on drought tolerance in the
field and pot experiments which is evidently due to
difference on moisture regimes, and other environ-
mental variables. While some genotypes such as 2L
and 14E were tolerant, 1M, 4E, 2E, and 10E were
susceptible. Others, e.g. 7L and 20L, were moder-
ately tolerant both in the field and pot experiments.
Apparently, the selected genotypes had high genetic
variation in terms of DFY, root system, and
physiological traits in response to drought stress.
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In conclusion, the results of this study suggested that
soil moisture stress could greatly influence root
characteristics and physiological functions and thus
affect plant growth and biomass production. This effect
is highly dependent on drought stress intensity. Large
genetic variation between the selected genotypes in all
measured traits highlighted the fact that selection of tall
fescue genotypes based on simultaneous increments in
photosynthetic capacity, forage yield, and root pro-
duction under drought stress would lead to improved
drought tolerance. Although root to shoot ratio might
act as part of a survival mechanism under intense
drought stress, this trait had no significant relationship
with drought tolerance in forage tall fescue. Generally,
field screening of genotypes for drought tolerance and
susceptibility indices is useful for characterizing
genotypes with different levels of yield reduction
under drought stress. However, combining the field
results with root and physiological responses could be
more beneficial to describing genetic variation and
distinguish superior genotypes under stress conditions.
The results of PCA and cluster analysis indicated the
superiority of some genotypes (2L and 14E) under
drought stress conditions and can be used in develop-
ment of synthetic varieties. Biplots may also be
employed for identification of contrasting genotypes
when planning to develop mapping populations for
genome studies of drought tolerance in tall fescue.
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