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ABSTRACT

The effect of soil drought on leaf water content, proline content, and the activity of guaiacol (GuPX) and
ascorbate (APX) peroxidases as well as the level of lipid peroxidation were investigated in leaves of drought resi-
stant red fescue (Festuca rubra) and drought sensitive perennial ryegrass (Lolium perenne). Plants were grown
under glasshouse conditions in soil pot culture. 26 day-old grasses were exposed to drought by withholding irriga-
tion for 18 days. Water content in leaves of perennial ryegrass decreased more than in red fescue throughout the
experimental period. On the other hand, proline content (PC) was higher in red fescue. The activity of APX and
GuPX increased in leaves of red fescue, while it did not change in perennial ryegrass. Our data demonstrate that
both red fescue and perennial ryegrass were able to survive applied drought, as shown by a lack of stress-induced
lipid peroxidation and hence no evidence of oxidative damage. We speculate, that the observed drought stress to-
lerance at cellular level was associated with the ability to accumulate proline, and to maintain high activity of
APX and GuPX, resulting in protection against oxidative damage and lipid peroxidation. It seems that this mecha-

nism works better in red fescue.
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INTRODUCTION

Drought is one of the most important environmental fac-
tors limiting productivity of many crops in numerous re-
gions of the world (Bray 1997; Tubiello et al. 2007). Red
fescue (Festuca rubra) and perennial ryegrass (Lolium pe-
renne) are two major cool-season forage and turf grasses in
temperate regions of the world (Stadelman et al. 1998).
These species constitute valuable components of universal
grass mixtures used for turf on sports fields, golf courses,
roadsides and pasture. They also play a considerable role
in the restoration of natural value of degraded areas and
areas requiring reclamation (Wang and Ge 2005; Martinel-
lo and D’Andrea 2006). Cool-season forage and turf gras-
ses species often suffer from drought, which deteriorates
sward density as well limits its survival and persistence
(Huang et al. 1998; Huang and Gao 1999; Jiang and Huang
2000; Martiniello and d’Andrea 2006). Due to extensive,
deep rooting, fescue is able to avoid leaf water deficit and
is considered to be drought resistant grass (Sheffer et al.
1987; Karsten and MacAdam 2001). Perennial ryegrass is
characterized by a high seed production and a high persi-

stence capability, but is rather susceptible to drought (Vo-
laire et al. 1998; Lucero et al. 1999).

The capacity of plant to survive in water-limiting condi-
tions depends on induction of mechanisms involved in
avoidance of dehydration and tolerance to dehydration in
cells (Farooq et al. 2009). Water deficit enhances the pro-
duction of reactive oxygen species (ROS) such as supero-
xide radical (O,”) and hydrogen peroxide (H,0,), which
may cause lipid peroxidation and consequently membrane
damages (Smirnoff 1993; Van Breusegem et al. 2001; Mit-
tler 2002; Apel and Hirt 2004). The maintenance or increa-
se in the activity of enzymes involved in removing these
toxic ROS, to avoid cellular damages, is regarded as an im-
portant factor in tolerance to dehydration (Sairam et al.
1997; Fu and Huang 2001; Terzi and Kadioglu 2006). The
enzymatic antioxidant systems include, among others, pe-
roxidases (EC 1.11.1.7, etc.), which are important hydro-
gen peroxide scavenging enzymes (Hiraga et al. 2001).
Guaiacol peroxidase (GuPX) is characterized by broad
specificity with respect to substrate, and both guaiacol and
pyrogallol have been used as electron donor in assays their
activity. Many isoenzymes of GuPX occur in vacuole, cell
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wall and cytosol (Amako et al. 1994; Mika and Liithje
2003). Ascorbate peroxidase (APX) is distributed in at le-
ast four cell compartments: stroma, tylakoid membrane,
microbody and cytosol, and is characterized by high degree
of specificity for ascorbic acid and high affinity to H,O,
(Yoshimura et al. 2000). Its essential role is the scavenging
of H,0, in the chloroplast (Asada 1992).

One of the most common metabolic responses to drought
is the accumulation of free proline, which is considered to
be involved both in dehydration avoidance and in tolerance
mechanisms (Serraj and Sinclair 2002; Chaves et al. 2003;
Nayyar 2004; Ashraf and Foolad 2007; Trovato et al.
2008). Proline as a non-toxic compatible compound pro-
tects the cell membranes against detrimental effects of de-
hydration and lowers generation of ROS (Smirnoff and
Cumbes 1989; Bandurska 2000; Kocsy et al. 2005). Like-
wise, accumulation of proline permits osmotic adjustment,
which results in water retention and avoidance of cell de-
hydration (Blum 2005; Kavi Kishor et al. 2005).

The objective of the present study was to compare the ef-
fect of soil drought on metabolic changes associated with the
maintenance of stable leaf water content as well with leaf
dehydration tolerance in drought resistant red fescue (Festu-
ca rubra) and drought sensitive perennial ryegrass (Lolium
perenne). Plant responses were assessed by evaluating leaf
water content, proline content, level of lipid peroxidation as
well the activity of guaiacol and ascorbate peroxidases.

MATERIALS AND METHODS

Plant material and growth conditions

Red fescue (Festuca rubra) cv. ‘Areta’ and perennial rye-
grass (Lolium perenne) cv. ‘Tivoli’ were used in this study.
‘Areta’ is a Polish cultivar classified as slender creeping
red fescue, which runs strongly by rhizomes and is able to
cover a large area as well as increase sward density (Golin-
ska and Golinski 2005; Golifiski and Domanski 2005).
These properties make it the principal component in the
universal lawn mixture. ‘Tivoli’ is a Danish forage cultivar
of ryegrass, which is also added to the universal lawn mi-
Xture to ensure rapid greening.

Seeds obtained from the Antoniny Plant Breeding Sta-
tion were sown in two plastic containers filled with soil
and allowed to germinate under glasshouse conditions.
Each container was divided in two parts, one for perennial
ryegrass and the other for red fescue. Plants were watered
regularly to maintain soil moisture at about 60% of water
capacity. 26 day-old plants grown in one container were
exposed to drought by withholding irrigation for 18 days.
Control plants grown in the second container were watered
regularly. The samples of leaves at similar developmental
stage from control and drought treated plants were collec-
ted 3 times during the stress period and used for the esti-
mation of water content (WC), lipid peroxidation (MDA),
proline content (PC), as well as ascorbate peroxidase
(APX) and guaiacol peroxidase (GuPX) activities.

Measurements

Water content (WC) in leaves was estimated by measu-
ring leaf fresh weight and dry weight following oven dry-
ing of fresh leaf samples at 70°C. WC (%) was calculated
using the following formula:

Bandurska H. et al.

WC = fresh matter — dry matter

X100 (%)
fresh matter

For proline determination, samples (300 mg) of fresh le-
af tissues were freeze-dried and stored at -20°C until analy-
sis. PC was determined according to Bates et al. (1973) by
measuring the quantity of the coloured reaction product of
proline with ninhydric acid. The absorbance was read at
520 nm. The amount of proline was calculated from a pre-
viously plotted standard curve for L-proline and expressed
in pg - g ! of leaf dry matter (DM).

For the assays of APX, GuPX and lipid peroxidation,
samples of fresh leaf tissue (300 mg) were homogenized in
a chilled mortar with 3 cm? 0.1 M potassium phosphate
buffer (pH 7.0) with 30 mg Polyclar AT added and centri-
fuged at 16 000 x g for 30 min at 4°C. The supernatant was
collected for assays of soluble protein content, enzyme ac-
tivities and lipid peroxidation.

The activity of APX was determined according to Naka-
no and Asada (1987). The reaction mixture contained 2.3
cm? 0.1 M potassium phosphate buffer (pH 7.0), 0.2 cm? 5
mM L-ascorbate, 0.3 cm? 1 mM H,0, and 0.2 cm? enzyme
extract. The hydrogen peroxide dependent oxidation of
ascorbate was followed by a decrease in absorbance at 290
nm (absorption coefficient 2.8 mM! - cm!). A unit of en-
zyme activity is defined as the amount of enzyme that oxi-
dizes 1 mol of substrate per second. APX activity was
expressed as nkat - mg™! protein.

The activity of GuPX was estimated according to Ham-
merschmidt et al. (1982). The reaction mixture contained
0.5 cm? enzyme extract, 0.5 cm? 3.4 mM guaiacol and 0.5
cm? 0.9 mM H,0,. The oxidation of guaiacol to tetraguaia-
col in the presence of H,0, was measured as an increase in
absorbance recorded at 470 nm. The enzyme activity was
calculated using absorption coefficient for tetraguaiacol
(26.6 mM-! - cm'!) and was expressed as nkat - mg™! protein.

The level of lipid peroxidation was measured by determi-
nation of malondialdehyde (MDA) content according to
the method described by Dhindsa and Matowe (1981). The
volume of 2 cm? of 20% trichloroacetic acid (TCA) contai-
ning 0.5% thiobarbituric acid (TBA) was added to 500
pl of the supernatant. The mixture was incubated at
95°C for 30 min, quickly cooled in an ice bath to room
temperature and then centrifuged at 10 000 x g for 10 min.
Absorbance of the supernatant was determined at 520 nm
and 600 nm. The value for nonspecific absorption at 600
nm was subtracted from the value at 532 nm. The concen-
tration of MDA was calculated using extraction coefficient
of 155 mM-! - cm'! (Heath and Packer 1968).

Protein was determined according to the method applied by
Bradford (1976), using bovine serum albumin as a standard.

Statistical analysis

The experiment was done twice and in each case similar
trends were observed. Analyses for each investigated para-
meter were made in five biological replicates. Values
shown in Figures represent means of five replicates from
one representative experiment. Significance of differences
was performed using Tukey’s multiple range tests. Pearson
correlation coefficients were determined for the relation-
ships between WC and PC in leaves. Statistical analyses
were performed using Statistica 8.0 software.
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RESULTS

The restriction of water supply caused various decline in
leaf WC of examined grasses. During 18 days of stress leaf
WC in red fescue decreased gradually to 78.8%. However,
in perennial ryegrass WC decreased to 76.3% after 5 days
of stress already. Then, after 13-day stress, it slightly incre-
ased to 84.6% and at the end of stress decreased to as little
as 67.2% (Fig. 1).

Proline content in control plants remained stable during
the experimental period and no significant differences were
detected between species (Fig. 2). Free proline level chan-
ged differently throughout the drought period in the exami-
ned grasses. After 18 days of stress red fescue was found to
exhibit about a 2-fold higher PC than perennial ryegrass.
However, in the former, a pronounced increase in proline
level was observed already after 5 days of stress. An
enhanced proline accumulation in leaves accompanied the
stress-induced reduction of WC. The analysis of correla-
tions between WC and proline level in leaves of both red
fescue and perennial ryegrass revealed a negative and stati-
stically significant relationship (Fig. 3).
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The examined grasses responded differently to drought
in respect to the activity of GuPX and APX (Figs 4 and 5).
In leaves of red fescue the activity of GuPX did not change
after 5 and 13 days of drought stress, but then at day 18 it
increased to about 38% above the control. APX activity de-
creased after 13 days of drought and then it increased to
about 12% above the control at day 18. In the case of pe-
rennial ryegrass the activity of both enzymes practically
did not change in relation to non-stressed plants.

The protein contents in both grasses were rather stable thro-
ughout experiment. Only at 18 day of stress slight but statisti-
cally significant higher protein content was observed in leaves
of stressed plant as compared to control (data not shown).

Stress-induced changes in the level of lipid peroxidation
(MDA) are shown on Fig. 6. In leaves of red fescue subjec-
ted to drought for 5 days lipid peroxidation level was about
25% lower than in control, but no difference was observed
in MDA content between control and stressed plants after
13 and 18 days of stress. However, during the entire expe-
rimental period the MDA content in leaves of the stressed
perennial ryegrass was lower by about 18% to 46% than
that in the control.

Festuca rubra Lolium perenne control
100 — siress
cd cd cd ¢ ed ci d ol
80 4 b b
5 a
o 60
40 -
20 4 Fig. 1. Water content in leaves of Festuca ru-
0 bra L. ‘Areta’ and Lolium perenne L. ‘Tivo-
5 13 18 5 13 18 1i’ in response to drought. Different letters
indicate significant differences between me-
days of stress ans of five replicates (p<0.05).
3500 =
Festuca rubra Lolium perenne
3000 control
= —— siress
=
fal 2500 .
i, 2000 d
2 1500 c
@
£ 1000
c‘ . . . ~
=8 500 , b b ab b : Fig. 2. Proline content in leaves of Festuca
a5 - a . a L rubra L. ‘Areta’ and Lolium perenne L. ‘Ti-
0 5 13 18 5 13 18 voli’ in response to drought. Different letters
indicate significant differences between me-
days of stress ans of five replicates (p<0.05).
3500 . 2600 .
.. Festuca rubra . Lolium perenne
3000 ¥ = 14510.66 - 164.48'X 2400 Y = 3947.07 - 28.67*X
. 1 =-08180 r = 0.6067
= 2500 . p = 0.00019 = 2200 p=0.016
a2 - - =] + b
= 2000 T_ 2000 -
= ol
@ 1500 2 1800
= @
s £ 1600
£ 1000 S
= 1400 +
500 ¢
1200 a3 Fig. 3. The relationship between proline ac-
055 70 71 78 87 86 1000 * cumulation and water content in leaves of
WE (%) 98 62 66 70O T4 78 82 86 Festuca rubra L. ‘Areta’ and Lolium perenne
WC (%) L. “Tivoli’.



114 DROUGHT, PROLINE AND PEROXIDASES ACTIVITY IN GRASSES Bandurska H. et al.
% o5 | Festuca rubra Lolium perenne control
= — stress
2
o 20 - d
A
g 15
c ¢
;] c atic b
= 10 abc gpe
—_ a abc abc 5p
>
o 5
8 Fig. 4. Guaiacol peroxidase activity in leaves
0 of Festuca rubra L. ‘Areta’ and Lolium pe-
5 13 18 5 13 18 renne L. ‘Tivoli’ in response to drought. Dif-
ferent letters indicate significant differences
days of stress between means of five replicates (p<0.05).
25 =
. Festuca rubra Loiium perenne control
= — stress
= 20
(=]
et T
o of
™ 15 de de
o
1
E bc hc = G
+ 10 - 4 ab
- a a a
=
> 5 Fig. 5. Ascorbate peroxidase activity in lea-
o ves of Festuca rubra L. ‘Areta’ and Lolium
< perenne L. ‘Tivoli’ in response to drought.
5 13 18 5 13 18 Different letters indicate significant differen-
ces between means of five replicates
days of stress (p<0.05).
25 =
. Festuca rubra Lolium perenne control
= — stress
2 20 -
(=]
et T
o of
'lT 15 4 de de
o
1
E bc hc = G
= 10 - 4 ab
- a a a
=
5 5 Fig. 6. Malondialdehyde (MDA) content in
o leaves of Festuca rubra L. ‘Areta’ and Lo-
< 0 lium perenne L. ‘Tivoli’ in response to drou-
5 13 18 5 13 18 ght. Different letters indicate significant dif-
ferences between means of five replicates
days of stress (p<0.05).
DISCUSSION mannitol, sorbitol as well water-soluble carbohydrates (Ka-

The maintenance of stable water content in perennial
herbaceous swards is a trait well correlates with drought
survival (Volaire 2008). In our study, the limitation of wa-
ter supply had a different effect on WC in leaves of the in-
vestigated grass species. In drought sensitive perennial rye-
grass a significant decrease in leaf WC was shown at the
5th day of stress and at the end of stress duration decreased
more than in drought resistant red fescue. The ability of
Festuca species to thrive with limited soil moisture and de-
layed appearance of stress symptoms have been reported
earlier (Aronson et al. 1987). Studies of White et al. (1992)
revealed that fescue survival during drought was associated
with osmotic adjustment and turgor maintenance. This pro-
cess involves the accumulation of compounds, which de-
crease cellular osmotic potential, thus helping the move-
ment of water into the cell resulting in increase of leaf tur-
gor. These compounds include proline, glycine-betaine,

vi Kishor et al. 2005; Mahajan and Tuteja 2005; Trovato et
al. 2008). The increase in the concentration of osmotic acti-
ve carbohydrates in response to drought was observed in
tall fescue and perennial ryegrass (Karsten and MacAdam
2001). Our objective was to test the effect of water deficit
on proline content. The presented results revealed negative
and statistically significant correlation between PC and
WC in leaves of both grasses. However, the pattern of
stress induced proline accumulation was different in the
examined grasses. At the 13th day of stress, different PC
(higher in red fescue) in leaves of both grasses was accom-
panied by similar WC. Lower WC at day 18 of stress and
lower PC were shown in leaves of perennial ryegrass than
red fescue. Thus, it may be assumed that threshold level of
WC decisive for proline accumulation is different in exa-
mined grass species. Our results indicate that red fescue
has better ability to maintain turgor under drought condi-
tions than perennial ryegrass. Bringing in mind higher pro-
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line accumulation in leaves of red fescue is possible to sup-
pose that this amino acid could be responsible for mainte-
nance of water status. Likewise, higher PC and higher wa-
ter retaining capacity was shown in drought-tolerant Pha-
seolus acutifolius than drought-sensitive Phaseolus vulga-
ris (Tiurkan et al. 2005).

The high activity of antioxidant enzymes under water de-
ficit conditions is an important factor in dehydration tole-
rance, since it prevents the accumulation of active oxygen
species and oxidative damage (Mittler 2002; Farooq et al.
2009; Sairam et al. 1997; Gupta et al. 2005; Terzi and Ka-
diolglu 2006). A study by Fu and Huang (2001) showed
that red fescue cv. ‘Falcon II” was characterized by high re-
sistance to moderate drought due to maintenance of a sta-
ble or enhanced activity of antioxidant enzymes, including
APX. In this study the activity of APX and GuPX increa-
sed under stress conditions in red fescue, whereas it did not
change in perennial ryegrass. We suppose that these diffe-
rences in response could be one of the causes responsible
for higher drought resistance of red fescue in comparison
to perennial ryegrass.

Increasing evidence show on possible role of proline in
effective protection of antioxidant enzymes from detrimen-
tal effect of different stresses in vivo and in vitro (Jain et al.
2001; Oztiirk and Demir 2002). Sharma and Dubey (2004)
revealed that proline alleviated APX inactivation under
PEG induced water deficit in rice and assumed that this
amino acid might be involved in conferring a direct protec-
tion of APX under osmotic stress. More efficient activity
of APX and other peroxidases in drought-tolerant Phaseo-
lus acutifolius was related to higher PC than in drought-
sensitive Phaseolus vulgaris (Turkan et al. 2005). Recent
report revealed that drought tolerant maize genotype exhi-
bited a higher proline accumulation, higher peroxidase ac-
tivity and lower accumulation of malondialdehyde (Mous-
sa and Abdel-Azis 2008). In view of the cited data it may
be supposed that the maintenance of a high level of APX
and GuPX activity in leaves of examined grasses under
drought conditions may be associated with the accumula-
tion of proline.

Our results indicate that both red fescue and perennial
ryegrass were capable of surviving the applied drought be-
cause of a lack of stress-induced lipid peroxidation and
hence no evidence of occurrence of oxidative damage. The
level of lipid peroxidation measured as MDA content in le-
aves is used as an indicator of oxidative damage, which ta-
kes place under various stress conditions (Smirnoff 1993).
Drought stress results in an increase in membrane lipid pe-
roxidation due to a decrease of antioxidant enzyme activi-
ties was shown under the conditions of severe and prolon-
ged drought in red fescue and other grass species (Fu and
Huang 2001; Jiang and Huang 2001). Drought stressed
dwarf mutant lines of bermudagrass, which maintained hi-
gher levels of antioxidant enzymes, were characterized by
lower malondialdehyde content, and improved stress resi-
stance than the wild type (Lu et al. 2008). However, in
a drought-tolerant Coffea canephora clone the level of lipid
peroxidation increased under drought conditions, but the
increase was lower in a drought-sensitive one, due to the
greater activation of the antioxidant system (Lima et al.
2002). The lower MDA increase in drought-tolerant Phase-
olus acutifolius was related to higher activity of APX and
other peroxidases, while a significant MDA increase in
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drought-sensitive Phaseolus vulgaris was derived from the
decreased activities of these enzymes (Tiirkan et al. 2005).

In conclusion, based on the data obtained it seems that
the examined grass species differ in the reaction to applied
soil drought. Red fescue had better ability to control water
loss from leaves and was characterized by higher proline
accumulation. In spite of leaf dehydration the applied
stress did not cause cell membrane damages. It was proba-
bly due to maintain high activity of APX and GuPX, pro-
tecting against oxidative damage and lipid peroxidation.
We suppose that this mechanism of stress tolerance works
better in drought resistant red fescue than drought sensitive
perennial ryegrass.

LITERATURE CITED

AMAKO K., CHEN G-X., ASADA K. 1994. Separate assays
specific for ascorbate peroxidase and guaiacol peroxidase and
for the chloroplastic and cytosolic isozymes of asciorbate pe-
roxidase in plants. Plat Cell Physiology 35: 497-504.

APEL K., HIRT H. 2004. Reactive oxygen species: Metabolism,
oxidative stress, and signal transduction. Ann. Rev. Plant Biol.
55:373-399.

ARONSON L.J., GOLD A.J., HULL R.J. 1987. Cool-season tur-
fgrass responses to drought stress. Crop Sci. 27: 1261-1266.
ASADA K. 1992. Ascorbate peroxidase — a hydrogen peroxide-
scavenging enzyme in plants. Physiologia Plantarum 85: 235-

-241.

ASHRAF M., FOOLAD M.R. 2007. Roles of glycine betaine and
proline in improving plant biotic stress resistance. Environ.
Exp. Bot. 59: 206-216.

BANDURSKA H. 2000. Does proline accumulated in leaves of
water deficit stressed barley plants confine cell membrane in-
jury? L. Free proline accumulation and membrane injury index
in drought and osmotically stressed plants. Acta Physiol.
Plant. 22: 409-415.

BATES L.S., Waldren R.P., Teare J.D. 1973. Rapid determina-
tion of proline for water stress studies. Plant and Soil 39: 205-
-207.

BLUM A. 2005. Drought resistance, water-use efficiency, and
yield potential — are they compatible, dissonant, or mutually
exclusive. Aust. J. Agr. Res. 56: 1159-1168.

BRADFORD M. 1976. A rapid and sensitive method for the qu-
antification of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72: 248-254.

BRAY E. 1997. Plant responses to water deficit. Trends Plant Sci.
2: 48-54.

CHAVES M.M., MAROCO J.P., PEREIRA J. 2003. Understan-
ding plant responses to drought — from genes to the whole
plant. Functional Plant Biol. 30: 239-264.

DHINDSA R., MATOWE W. 1981. Drought tolerance in two
mosses: correlated with enzymatic defense against lipid pero-
xidation. J. Exp. Bot. 32: 79-91.

FAROOQ M., WAHID A., KOBAYASHI N., BASRA S.M.A.
2009. Plant drought stress: effects, mechanisms and manage-
ment. Agron. Sustain. Dev. 29: 185-212.

FU J., HUANG B. 2001. Involvement of antioxidants and lipid
peroxidation in the adaptation of two cool-season grasses to
localizes drought stress. Environ. Exp. Bot. 45:105-114.

GOLINSKA B., GOLINSKI P. 2005. Sodding potentials of diffe-
rent taxonomical forms of Festuca rubra. In: Frey L. (ed.):
Biology of grasses. Pp. 379-384. W. Szafer Institute of Bota-
ny, Polish Academy of Science, Krakow.

GOLINSKI P., DOMANSKI W. 2005. Variability of selected
biological features and seed potentials of Festuca rubra. In:
Frey L. (ed.): Biology of grasses. Pp. 385-391. W. Szafer In-
stitute of Botany, Polish Academy of Science, Krakow.



116 DROUGHT, PROLINE AND PEROXIDASES ACTIVITY IN GRASSES

GUPTA S., GUPTA N.K., SHARMA M.I., PUROHIT A K.
2005. Water stress induced antioxidant defense mechanism in
seedlings of contrasting genotypes. J. Plant Biol. 32: 143-146.

HAMMERSCHMIDT R., NUCLES E.M., KUC J. 1982. Asso-
ciation of enhanced peroxidase activity with induced systemic
resistance of cucumber to Colletotrichum lagenarium. Physiol.
Plant Pathol. 20: 73-82.

HEATH R.L., PACKER L. 1968. Effect of light on lipid peroxi-
dation in chloroplasts. Biochem. Biophys. Res. Commun. 19:
716-720.

HIRAGA S., SASAKI K., ITO H., OHASHI Y., MATUSI H.
2001. A large family of class II plant peroxidases. Plat Cell
Physiology 42: 462-468.

HUANG B. GAO H. 1999. Physiological responses of diverse tall
fescue cultivars to drought stress. HortSci. 34: 897-901.

HUANG B., FRY J.D., WANG B. 1998. Water relations and ca-
nopy characteristics of tall fescue cultivars during and after
drought stress. HortSci. 33: 837-840.

JAIN M., MATHUR G., KOUL S., SARIN N.B. 2001. Ameliora-
tive effects of proline on salt stress induced lipid peroxidation
in cell lines of groundnut (Arachis hypoea L.). Plant Cell Rep.
20: 463-468.

JIANG Y., HUANG B. 2000. Effects of drought or heat stress
alone and in combination on Kentucky bluegrass. Crop Sci.
40: 1358-1362.

JIANG Y., HUANG B. 2001. Drought and heat stress injury to
two cool-season turfgrasses in relation to antioxidant metabo-
lism and lipid peroxidation. Crop Sci. 41: 436-442.

KARSTEN H.D., MacADAM J.W. 2001. Effect of drought on
growth, carbohydrates, and soil water use by perennial rye-
grass, tall fescue, and white clover. Crop Sci. 41: 156-166.

KAVI KISHOR P.B., SANGAM S., AMRUTHA R.N., SRI LA-
XMI P., NAIDU K.R., RAO K.R.S.S., RAO S., REDDY K.J,,
THERIAPPAN P., SREENIVASULU N. 2005. Regulation of
proline biosynthesis, degradation, uptake and transport in hi-
gher plants: Its implications in plants growth and abiotic stress
tolerance. Current Sci. 88: 424-438.

KOSCY G., LAURIE R., SZALAI G., SZILGYI V., SIMON-
SARKADI L., GALIBA G., RONDE J.A. 2005. Genetic ma-
nipulation of proline levels affects antioxidants in soybean
subjected to simultaneous drought and heat stresses. Physiol.
Plant. 124: 227-235.

LIMA L.A.S., DAMATTA F.M., PINHERIO H.A., TOTOLA
M.R., LOURERIO M.E. 2002. Photochemical responses and
oxidative stress in two clones of Coffea canephora under water
deficit conditions. Environ. Exp. Bot. 47: 239-247.

LU S., WANG Z., NIU Y., GUO Z. 2008. Antioxidant responses
of radiation-induced dwarf mutants of bermudagrass to drou-
ght stress. J. Amer. Soc. Hort. Sci. 133: 360-366.

LUCERO D.W., GRIEU P., GUCKERT A. 1999. Effects of water
deficit and plant interaction on morphological growth parame-
ters and yield of white clover (Trifolium repens L.) and ryegrass
(Lolium perenne L.) mixtures. Eur. J. Agron. 11: 167-177.

MAHAIJAN S., TUTEJA N. 2005. Cold, salinity and drought
stresses: An overview. Archives of Biochemistry and Biophy-
sics 444: 139-158.

MARTINELLO P., D’ANDREA E. 2006. Cool-season turf grass
species adaptability in Mediterranean environments and quali-
ty traits of varieties. Eur. J. Agron. 25: 234-242.

MIKA A., LUTHIJE S. 2003. Properties of guaiacol peroxidase
activities isolated from corn root plasma membranes. Plant
Physiology 132: 1489-1498.

MITTLER R. 2002. Oxidative stress, antioxidants and stress tole-
rance. Trends Plant Sci. 7: 405-410.

MOUSSA H.R., ABDEL-AZIS S.M. 2008. Comparative respon-
se of drought sensitive maize genotypes to water stress. Aust.
J. Crop Sci. 1: 31-36.

Bandurska H. et al.

NAKANO Y., ASADA K. 1987. Purification of ascorbate peroxi-
dase, its inactivation in ascorbate — depleted medium and reac-
tivation by monodehydroascorbate radical. Plant Cell Physiol.
28: 131-14.

NAYYAR H. 2004. Variation in osmoregulation in differently
drought-sensitive wheat genotypes involves calcium. Biol.
Plant. 47: 541-547.

OZTURK L., DEMIR Y. 2002. In vivo and in vitro protective role
of proline. Plant Growth Regul. 38: 259-264.

SAIRAM R.K., SHUKLA D.S., SAXENA D.C. 1997. Stress in-
duced injury and antioxidant enzymes in relation to drought
tolerance in wheat genotypes. Biol. Plant. 40: 357-364.

SAIRM R.K., SRIVASTAVA G.C. 1997. Stress induced injury
and antioxidant enzymes in relation to drought tolerance in
wheat genotypes. Biologia Plantarum 40: 357-364

SERRAIJ R., SINCLAIR T.R. 2002. Osmolyte accumulation: can
it really help increase crop yield under drought conditions?
Plant, Cell Environ. 25: 333-341.

SHARMA P., DUBEY R.S. 2004. Ascorbate peroxidase from ri-
ce seedlings: properties of enzyme isoforms, effects of stresses
and protective roles of osmolytes. Plant Sci. 167: 541-550.

SHEFFER K.M., DUNN J.H., MINNER D.D. 1987. Summer
drought response and rooting depth of tree cool-season tur-
fgrasses. HortSci 22: 296-297.

SMIRNOFF N. 1993. The role of active oxygen in the response of
plants to water deficit and desiccation. New Phytol. 125: 27-58.

SMIRNOFF N., CUMBES Q.J. 1989. Hydroxyl radical scaven-
ging activity of compatible solutes. Phytochem. 28: 1057-
1060, 1989.

STADELMANN F.J., BOLLER B., SPANGENBERG G., KOL-
LIKER R., MESSERLIT M., WANG Z.Y., NOSBERGER J.
1998. Fertility and growth in the field of Lolium perenne and
Festuca rubra plants regenerated from suspension cultured
cells and protoplasts. Plant Breed. 117: 37-43.

TERZI R., KADIOLGLU A. 2006. Drought stress tolerance and
the antioxidant enzyme system in Ctenanthe setosa. Acta Biol.
Cracovensia, Series Bot. 48: 89-96.

TROVATO M., MATIOLI R., COSTANTINO P. 2008. Multiple
roles of proline in plant stress tolerance and development.
Rendiconti Lincei 19: 325-346.

TUBIELLO N., SOUSANA J.E., HOWDEN S.M. 2007. Crop
and pasture response to climatic change. Proc. Nat. Acad. Sci.
104: 19686-19690.

TURKAN I, BOR M., OZDEMIR F., KOCA H. 2005. Differen-
tial responses of lipid peroxidation and antioxidants in the lea-
ves of drought-tolerant P. acutifolius Gray and drought-sensi-
tive P. vulgaris L. subjected to polyethylene glycol mediated
water stress. Plant Sci. 168: 223-231.

VAN BREUSEGEM F., VRANOVA E., DAT J.F., INZE D.
2001.The role of active oxygen species in plant signal trans-
duction. Plant Sci. 161: 405-414.

VOLAIRE F. 2008. Plant traits and functional types to characteri-
ze drought survival of pluri-specific perennial herbaceous
swards in Mediterranean areas. Eur. J. Agron. 29: 116-124.

VOLAIRE F., THOMAS H., LELIEVRE F. 1998. Survival and
recovery of perennial forage grasses under prolonged Medite-
ranean drought. I. Growth, death, water relations and solutes
content in herbage and stubble. New Phytol. 140: 439-449.

WANG Z-YL., GE Y. 2005. Recent advances in genetic transfor-
mation of forage and turf grasses. In Vitro Cellular and Deve-
lopmental Biology — Plant 42: 1-18.

WHITE R.H., ENGELKE M.C., MORTON S.J., RUEMMELE
B.A. 1992. Competitive turgor maintenance in tall fescue.
Crop Sci. 32: 251-256.

YOSHIMURA K., YABUTA Y., ISHIKAWA T., SHIGROKA
S. 2000. Expression of spinach ascorbate peroxidase isoenzy-
mes in response to oxidative stresses. Plant Physiology 123:
223-233.



		2012-02-22T10:28:16+0100
	Polish Botanical Society




