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ABSTRACT. Various physiological processes may deteriorate in response to increasing temperatures, contributing to the 
decline in turf quality for cool-season turfgrasses during heat stress. This study was performed to investigate metabolic 
changes (membrane lipid peroxidation, total protein content, amino acid content, and protease activity) associated 
with turf quality decline for creeping bentgrass (Agrostis stolonifera Huds.) in response to gradually increasing tem-
peratures for a short duration and prolonged exposure to lethally high temperature. Plants were subjected to increas-
ing temperatures of 20, 25, 30, 35, and 40 °C for 7 days at each level of temperature [gradual heat stress (GHS)] or 
exposed to high temperature of 40 °C for 28 days [prolonged heat stress (PHS)] in growth chambers. During the GHS 
treatment, signifi cant decline in turf quality occurred when plants were exposed to 30 °C for 7 days; simultaneously, 
malondialdehyde (MDA) content increased and total protein content in shoots decreased signifi cantly compared to 
those at 20 °C. Protease activity increased at 25 °C and then decreased as temperature was elevated from 30 to 40 °C 
during the GHS treatment. Amino acid content decreased under GHS, beginning at 25 °C. Under the PHS treatment, 
turf quality declined and MDA content increased signifi cantly, beginning at 14 days of PHS, while total protein content 
decreased at 7 days of PHS. Protease activity and amino acid content increased at 7 days of PHS, and then declined 
with longer stress duration. Our results indicated that protease activity, and amino acid and total protein content were 
more responsive to GHS or PHS than that of lipid peroxidation and turf quality. Changes in metabolic parameters of 
protease activity, amino acid and total protein content, and lipid peroxidation may contribute to leaf senescence and 
poor turf performance under severe or prolonged heat stress conditions for creeping bentgrass.
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Cool-season turfgrasses grown in temperate regions often suffer 
from heat stress when temperature exceeds 24 °C (DiPaola and 
Beard, 1992). Loss in green color or leaf senescence is a typical 
symptom of heat injury in turfgrasses. Therefore, the maintenance 
of a green turf canopy of cool-season turfgrasses during sum-
mer months is among major concerns in turfgrass management. 
Understanding the underlying basis of leaf senescence induced 
by heat stress is essential for maintaining high quality turf of 
cool-season turfgrasses in warm climatic areas. 

Oxidation of lipids (lipid peroxidation) of cell membranes is 
a ubiquitous feature of leaf senescence, which may occur during 
natural senescence and can be induced by environmental stresses 
(Thompson et al., 1987). The level of lipid peroxidation is posi-
tively correlated with membrane damage and leaf senescence, 
and, therefore, is used widely as a senescence indicator (Dhindsa 
et al., 1981). Previous studies reported that heat-induced leaf 
senescence and turf quality decline was associated with increased 
level of lipid peroxidation in creeping bentgrass (Huang et al., 
2001; Larkindale and Huang, 2004; Liu and Huang, 2000) and 
other cool-season turfgrass species (Jiang and Huang, 2001). 

In addition to lipid peroxidation, loss of proteins is often as-
sociated with heat stress injury and leaf senescence (Anderson 

and Padhye, 2004; Callis, 1995; Hensel et al., 1993; Smart, 1994). 
Many studies reported that protein degradation was accelerated 
during heat stress in various plant species (Hensel et al., 1993; 
Smart, 1994; Callis, 1995) including cool-season turfgrass spe-
cies (He et al., 2005; Jiang and Huang, 2002). Proteins in plant 
cells are classifi ed into different groups based on their solubility 
properties and localization in cells (Loponen et al., 2004). Salt- and 
water-soluble proteins (salt-soluble protein) are usually localized 
in cytoplasm and called cystoplasmic protein. As SDS gives a good 
solubilization of membrane proteins (Ames and Nikaido, 1976; 
Hurkman and Tanaka, 1986), SDS-soluble proteins are mainly cell 
membrane proteins. In this study, we examined protein content 
of both groups in creeping bentgrass under heat stress. 

Proteins are catabolized by proteases into amino acids, and 
derived amino acids may be transported to growth or storage 
organs during leaf senescence (Feller and Fischer, 1994; Peoples 
and Dalling, 1988). Protein loss and increased protease activity 
could be markedly accentuated by high temperature stress, which 
may accelerate leaf senescence (Al-Khatib and Paulsen, 1984). 

Despite the importance of heat-induced leaf senescence for 
cultivation of cool-season turfgrasses, the underlying mechanisms 
are not well understood. How changes in amino acid accumula-
tion, protease activity, and protein degradation are associated 
with heat injury in cool-season turfgrasses, and the level of high 
temperatures or duration of heat stress causing changes in these 
metabolic factors are not clear. Therefore, the objectives of this 
study were to  1) examine protein and amino acid content, protease 
activity, and lipid peroxidation of creeping bentgrass in response 
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to GHS and PHS; and 2) determine level of temperature and dura-
tion of heat stress critical for metabolic changes associated with 
leaf senescence and turf quality decline. The temperature levels 
that affect each metabolic parameter were evaluated by exposing 
plants to GHS (from 20 to 40 °C at 5 °C intervals). Heat stress 
duration that causes changes in each parameter was determined 
by exposing plants to heat stress (40 °C) for a prolonged period 
of time (28 d) and monitoring metabolic changes over time. 

Materials and Methods

PLANT MATERIALS AND GROWTH CONDITIONS. Sod plugs of 
ʻPenncross  ̓creeping bentgrass were collected from 3-year-old 
fi eld plots at the Rutgers Univ. Horticulture Farm II, North 
Brunswick, N.J., in May 2002. Sods were transferred into 
polyvinyl chloride (PVC) tubes (10-cm diameter and 60 cm long) 
fi lled with washed sand. Plants were maintained in a greenhouse 
for 1 month and then moved into four growth chambers set at 
20/16 °C (day/night temperature), 75% relative humidity, 14-h 
photoperiod, and 400 μmol photons m–2·s–1 of photosynthetically 
active radiation. Plants were maintained in growth chambers 
for 40 d prior to imposing temperature treatments. Plants were 
fertilized once per week with 40 mL of full-strength Hoaglandʼs 
solution (Hoagland and Arnon, 1950) and cut twice per week to 
keep the height at about 5 cm. 

TEMPERATURE TREATMENTS. To examine turf quality and meta-
bolic changes with increasing temperatures, four pots of plants 
(four replicates) were exposed sequentially for 7 d to each of 
the following temperatures: 20, 25, 30, 35, and 40 °C (day/night 
temperature) (GHS). Leaves were sampled randomly from each 
pot for analysis at the end of each 5 °C temperature increment 
(at 7 d of 20 °C, 20 to 25 °C, 20 to 25 to 35 °C, 20 to 25 to 30 to 
35 °C, and 20 to 25 to 30 to 35 to 40 °C. Therefore, treatments 
of GHS were expressed as 20 °C, 20 to 25 °C, 20 to 25 to 30 
°C; 20 to 25 to 30 to 35 °C, and 20 to 25 to 30 to 35 to 40 °C in 
Figs. 1A–5A. To determine turf quality and metabolic changes 
with heat stress duration, four pots of plants were moved directly 
from a growth chamber at 20 °C to four chambers set at 40 °C 
(day/night temperature), and maintained at 40 °C for 28 d (PHS). 
During both temperature treatments, the growth chambers were 
set at the environmental conditions described above. Plants were 
watered twice per day, fertilized once per week with 40 mL of 
full-strength Hoaglandʼs solution (Hoagland and Arnon, 1950) 
and cut twice per week to keep the height at ≈5 cm. 

EVALUATION OF TURF QUALITY AND LEAF LIPID PEROXIDATION. 
Turf quality was visually rated for four pots of plants exposed to 
either GHS or PHS treatment. Turf quality was evaluated based 
on turf color and shoot density on a scale of 0 (worst, plants were 
brown and dead) to 9 (best, plants were green and healthy). 

The level of lipid peroxidation in shoots was evaluated in 
terms of MDA content as a measure of the severity of leaf 
senescence (Dhindsa et al., 1981). Malondialdehyde is a fi nal 
product of peroxidation of unsaturated fatty acids in phospholipids 
of cellular membranes (Smirnoff, 1995). MDA content was 
measured using a modifi ed method of Dhindsa et al. (1981) 
and Zhang and Kirkham (1994). From each of four pots at each 
temperature or stress duration treatment, 0.5 g of fresh shoots 
was collected and frozen in liquid N2. Frozen tissues were 
ground in 4 mL solution containing 50 mM phosphate buffer (pH 
7.0), and 1% (w/v) polyvinylpolypyrrolidone. The homogenate 
was centrifuged at 15000 gn for 20 min, and supernatant (leaf 
extraction) was collected and used for MDA content measurement. 

A 2-mL aliquot of leaf extraction solution was added to a tube 
containing 1 mL 20% (v/v) trichloroacetic acid and 0.5% (v/v) 
thiobarbituric acid. The mixture was heated in a water bath at 95 

°C for 30 min, cooled to room temperature, and then centrifuged 
at 10,000 gn for 10 min. The absorbance of the supernatant at 532 
nm was determined and the nonspecifi c absorbance at 600 nm 
was subtracted using a spectrophotometer (Spectronic Genesys 
2; Spectronic Instruments, Rochester, N.Y.). The MDA content 
was calculated using the extinction coeffi cient of 155 mM–1·cm–1 
(Heath and Packer, 1968).

PROTEIN EXTRACTION AND QUANTIFICATION. Protein content was 
measured using the method of Bradford (1976). A 0.5-g sample 
of fresh leaves was collected from each of four pots in each treat-
ment. Frozen shoots were ground in liquid N2 to fi ne powder. 
Protein was extracted in 3 mL of Tris-HCl buffer (0.10 mM This-
HCl, and 0.15 M NaCl) (pH 7.6). Samples were then centrifuged 
twice at 16,000 gn at 4 °C for 0.5 h to get a clear supernatant for 
hydrophilic protein content measurement. The pellet was subse-
quently re-suspended with 3 mL SDS-Tris-HCl buffer [0.10 mM 
Tris-HCl, 0.15 M NaCl, and 2% (w/v) SDS] (pH 7.6) and spun 
and mixed for 1 h. Extracted suspensions were then centrifuged 
at 16,000 gn at 4 °C for 0.5 h and supernatant was collected for 
hydrophobic protein content measurement. Protein content was 
determined by the method of Bradford (1976). Briefl y, 100 μL 
of protein extraction (diluted fi ve times) was mixed with 3 mL 
of Coomassie G-250 reagent (0.01% Coomassie brilliant blue 
G, 4.7% ethanol, and 8.5% phosphoric acid), and the absorbance 
was measured at 595 nm after 5 and 30 min of reaction using a 
spectrophotometer (Spectronic Genesys 2). Bovine serum albumin 
was used as a standard. Total protein content was the sum of salt-
soluble protein content and SDS-soluble protein content.

AMINO ACID ANALYSIS. Amino acid content was determined in 
shoots collected from each of four pots at each temperature treat-
ment using the method of Rosen (1957) with some modifi cations. 
Briefl y, fresh shoots (1.0 g) were frozen in liquid N2 and ground to 
fi ne powder. Amino acid was extracted in 6 mL of 80% ethanol. 
Samples were then centrifuged at 16,000 gn at 4 °C for 30 min, 
and supernatant was collected for amino acid measurement. One-
half milliliter of cyanide-acetate buffer (0. 2 mM NaCN in 2.65 M 
acetate buffer) (pH 5.4) and 0.5 mL 3% (w/v) ninhydrin solution 
in methyl cellosolve (ethylene glycol monomethyl ether) were 
added in 1 mL of a 20-times-diluted amino acid extraction. The 
mixed solution was heated for 15 min in a 100 °C water bath. 
Three milliliters of 50% (v/v) isopropyl alcohol–water diluents 
was then added in the solution and shaken vigorously. The re-
action solution was allowed to cool to room temperature. The 
absorbance of the reaction solution was read at 570 nm using a 
spectrophotometer (Spectronic Genesys 2). Glycine was used as 
a standard to calculate amino acid content.

PROTEASE ACTIVITY MEASUREMENT. Protease assays were per-
formed using a modifi ed method of Benbella and Paulsen (1998). 
Fresh shoots (1.0 g) were collected from each of four pots in each 
temperature treatment and were homogenized in 4 mL of cold 
medium containing 25 mM N-2 hydroxyethylpiperazine-N´-2-
ethanesulfonic acid (Hepes) buffer (pH 7.5), 1 mM ethylenedi-
aminetetra acetic acid (EDTA), and 4 mM dithiothreitol (DTT). 
The homogenized samples were centrifuged twice at 16000 gn at 
4 °C for 30 min. Crude protease activity was assayed by adding 
0.1-mL aliquots of enzyme extract to 1.5-mL 200 mM sodium ci-
trate-citric acid buffer (pH 5.2) and 0.4 mL of 1% (w/v) azocasein 
in test tubes. The reference tube was prepared with 0.1 mL of 
medium for protease extraction to substitute the enzyme extract. 
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The tubes were incubated for 2 h at 37 °C. A 1-mL sample of 
15% (w/v) trichloroacetic acid (TCA) was added to sample and 
reference tubes to stop the reactions. Sample and reference tubes 
were then incubated at 4 °C for 30 min. The resulting precipitate 
was removed by centrifugation at 4000 gn for 5 min twice and 
supernatant was fi ltered by six layers of cheesecloth in a syringe. 
The absorbance of the clear supernatant was read at 340 nm in a 
spectrophotometer (Spectronic Genesys 2). The absorbance of the 
reference was subtracted from the sample. One unit of enzyme 
activity was defi ned as the changes of the absorbance by 0.1. 

STATISTICAL ANALYSIS. Treatments were arranged in a random-
ized complete-block design with four replicates. All measurements 
were made in four replicates (pots), and three sub-samples from 
each extraction of samples in each replicate were used for the 
analysis of protease activity, protein content, and amino acid 
content. Means of the three sub-samples were used to present a 
single replication in analysis of variance (ANOVA). Mean separa-
tions were performed with the Fisherʼs protected least signifi cance 
difference test at P = 0.05 (Steel and Torrie, 1980).

Results 

CHANGES IN TURF QUALITY AND LIPID PEROXIDATION WITH 
INCREASING TEMPERATURES AND STRESS DURATION. Turf quality 

decreased from 8.0 to 7.5 as temperature was elevated from 25 
to 30 °C during the GHS treatment, and further declined to 7.0 
or lower when plants were exposed to higher temperatures from 
35 to 40 °C (Fig. 1A). Turf quality also declined with increasing 
duration of PHS, beginning at 14 d of treatment (40 °C) (Fig. 1B). 
Turf quality dropped to below 6.0 by 28 d of PHS (Fig. 1B). 

In contrast to turf quality change, leaf MDA content increased 
signifi cantly under GHS (Fig. 2A). A signifi cant increase in MDA 
content was fi rst detected at 30 °C and the increase continued at 
higher temperatures (35 and 40 °C). MDA content also increased 
signifi cantly with the duration of PHS, beginning at 14 d of treat-
ment (Fig. 2B). MDA content by 28 d of PHS was almost two 
times as high as the pre-stress level (0 d). The increase in MDA 
content was concomitant with turf quality decline initiated at 30 
°C during GHS and at 14 d during PHS treatment. 

CHANGES IN PROTEIN CONTENT WITH INCREASING TEMPERA-
TURES AND STRESS DURATION. Changes in protein content under 
GHS and PHS followed the same pattern as that for turf quality. 
Total protein content decreased during GHS from 20 to 40 °C 
(Fig. 3A) and as heat stress (40 °C) duration was prolonged to 
28 d (Fig. 3B). The initial decline in total protein content was 
observed at 30 °C during GHS (Fig. 3A) and at 7 d during PHS 
(Fig. 3B). Total protein content decreased by ≈75% at the end 
of GHS and PHS. 
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Fig. 1. Changes in turf quality of creeping bentgrass during gradual heat stress 
(GHS) (A), and prolonged heat stress (PHS) (B). Turf quality was evaluated 
based on turf color and shoot density on a scale of 0 (worst, plants were brown 
and dead) to 9 (best, plants were green and healthy). Different letters indicate 
a signifi cant difference at P = 0.05 among temperature treatments for GHS or 
different treatment durations for PHS. Bars represent SE (n = 4) and different 
letters indicate a signifi cant difference at P = 0.05.
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Fig. 2. Changes in malondialdehyde (MDA) content in shoots of creeping bentgrass 
during gradual heat stress (GHS) (A), and prolonged heat stress (PHS) (B). 
Different letters indicate a signifi cant difference at P = 0.05 among temperature 
treatments for GHS or different treatment durations for PHS. Bars represent SE 
(n = 4) and different letters indicate a signifi cant difference at P = 0.05.
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CHANGES IN PROTEASE ACTIVITY WITH INCREASING TEMPERATURES 
AND STRESS DURATION. Protease activity increased to the highest 
level as temperature was elevated to 25 °C (1.4 times that at 20 
°C) (Fig. 4A). It then decreased when temperature was further 
increased to 30, 35, and 40 °C. In response to PHS at 40 °C, 
protease activity increased to above the pre-stress level at 7 d of 
treatment, and then decreased with longer heat stress duration 
(Fig. 4B). 

CHANGES IN AMINO ACID CONTENT WITH INCREASING TEMPERA-
TURES AND STRESS DURATION. Amino acid content decreased steadily 
as temperature was increased from 20 to 35 °C during the GHS (Fig. 
5A). The initial decline was observed at 25 °C and a signifi cant 
increase when the temperature was increased from 35 to 40 °C 
during GHS. When plants were exposed to 40 °C for prolonged 
duration, amino acid content increased at 7 d of treatment, but 
then decreased gradually from 7 to 28 d (Fig. 5B). 

Discussion

The results in this study suggested that GHS to 30 °C and 
PHS at 40 °C for 14 d was detrimental for creeping bentgrass, 
as manifested by the accelerated leaf senescence (measured as 
increased lipid peroxidation) and turf quality decline. Huang and 
Gao (2000) also reported that 30 °C was the threshold for turf 

quality decline in creeping bentgrass in a separate study. They 
attributed turf quality decline above 30 °C to the imbalance be-
tween photosynthesis and respiration and limited carbohydrate 
availability. The present study demonstrated that heat-induced 
leaf senescence and turf quality decline could also be related 
to changes in protein content, protease activity, and amino acid 
content, as discussed below. 

Maintenance of stable proteins in a highly organized state is 
important for proper functions of cells during high temperature 
stress due to their involvement in metabolic processes and mem-
brane function (Levitt, 1980). Turf quality decline and increases in 
MDA content were accompanied by decreases in protein content 
as temperature was elevated or heat stress duration was prolonged. 
The loss of protein occurred earlier than turf quality decline and 
lipid peroxidation increase during PHS, suggesting that it could 
contribute to long-term heat stress injury in shoots for creeping 
bentgrass. The reduction in total protein content under heat stress 
has been previously reported in other species (Chaitanya et al., 
2001; Mayer et al., 1990). The progressive decrease in total protein 
content in shoots of creeping bentgrass under heat stress could be 
due to the impairment of protein synthesis and/or increased deg-
radation. He et al. (2005) reported that synthesis of new proteins 
was observed in creeping bentgrass under either gradual or sudden 
heat stress, along with a decline in protein content. Collectively, 
these results suggested protein degradation could play a larger 
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Fig. 3. Changes in total protein content in shoots of creeping bentgrass during 
gradual heat stress (GHS) (A), and prolonged heat stress (PHS) (B). Different 
letters indicate a signifi cant difference at P = 0.05 among temperature treatments 
for GHS or different treatment durations for PHS. Bars represent SE (n = 4) and 
different letters indicate a signifi cant difference at P = 0.05.
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Fig. 4. Changes in protease activities in shoots of creeping bentgrass during gradual 
heat stress (GHS) (A), and prolonged heat stress (PHS) (B). Different letters 
indicate a signifi cant difference at P = 0.05 among temperature treatments for 
GHS or different treatment durations for PHS. Bars represent SE (n = 4) and 
different letters indicate a signifi cant difference at P = 0.05.
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role in loss of net protein than the inhibition of protein synthesis 
in creeping bentgrass exposed to GHS or PHS. 

It has been reported previously that increased proteolytic 
activity is correlated with the loss of total soluble protein in fo-
liar senescence (Feller et al., 1977; Martin and Thimann, 1972; 
Peterson and Huffaker, 1975). Nonspecifi c protease activity has 
been reported to increase by 4-fold at 25 °C and by 28-fold at 35 
°C from 0 to 21 d after the initiation of temperature treatments 
in winter wheat (Triticum aestivum) during grain development 
stage (Al-Khatib and Paulsen, 1984). Our results indicated that 
enhanced proteolytic activity might account for protein loss 
in leaves of creeping bentgrass exposed to moderately high 
temperature (25 and 30 °C) or short-term severe heat stress (40 
°C for 7 d). 

The decline in protein with increasing temperatures to higher 
levels (35 and 40 °C) or heat stress for a longer duration (for 14 
to 28 d at 40 °C), however, was not related to change in protease 
activities. The protease activities decreased as the temperature 
increased further to 35 and 40 °C and the heat stress prolonged 
longer than 7 d. Therefore, the reduction in protease activity under 
higher temperatures or long-term stress may refl ect heat injury in 
protein stability and thus enzyme functions (Levitt, 1980). Protein 
aggregation occurred in sweet pea (Lathyrus odoratus L.) and 
vinca (Catharanthus roseus L.) leaves at temperatures greater 

than 40 °C (Anderson and Padhye, 2004). As the loss of protein 
is a dominant feature of leaf senescence during heat stress and 
much of the protein is probably catabolized by specifi c proteases 
(Martin and Thimann, 1972), further studies are required to identify 
and characterize specifi c senescence-related proteases in order to 
understand proteolytic mechanisms responsible for heat-induced 
protein degradation and leaf senescence.

The decline in protein content during heat stress has been 
found to be associated with an increase in free amino acid ac-
cumulation in some plant species, such as wheat (Al-Khatib and 
Paulsen, 1984) and mulberry (Morus alba L.) (Chaitanya et al., 
2001). In our study, within 7 d of heat stress at 40 °C, increased 
total amino acid content paralleled the decrease in protein content 
and the increase in protease activity. During the initial stage of 
leaf senescence, proteins must be degraded by peptide hydrolases 
to amino acids prior to the export of the protein nitrogen (Feller, 
1990; Peoples and Dalling, 1988). However, the decrease of 
protein content was not always paralleled by the accumulation of 
amino acid. As heat stress prolonged to 14, 21, and 28 d, amino 
acid content also decreased. Our results suggest that the changes 
of protein content, protease activity, and amino acid levels and 
their relationship under stress were dependent on the temperature 
level and the duration of heat stress. 

Amino acid content is not only affected by proteolysis, but also 
is determined by other processes, including amino acid synthesis, 
compartmentalization, transport of amino acids, and metabolism 
to other end-products (Noctor et al., 2002). The decline in amino 
acid content in leaves may refl ect remobilization of amino acids 
from senescent leaves into other tissues to cope with the high-
energy demands augmented during high temperature stress. Levitt 
(1980) suggested that evolution of heat adaptation could involve 
conformational fl exibility, perhaps partly through reallocation 
of certain amino acids. The decline in amino acid content under 
severe heat stress could also be related to the leakage from cells 
through damaged membranes. Increased amino acid leakage has 
also been detected in creeping bentgrass exposed to heat stress (35 
°C), which has been associated with lipid peroxidation (Larkindale 
and Huang, 2004). In fact, lipid peroxidation was enhanced in 
response to GHS or PHS in this study, although direct leakage 
of amino acid was not examined. 

Comparing temperature- and time-responses of different pa-
rameters revealed that protease activity and amino acid content 
were more sensitive indictors of heat injury than other parameters 
examined. The changes in protease and amino acid occurred at 
5 °C lower or 7 d earlier than the changes in protein content (at 
30 °C GHS) and membrane lipid peroxidation and turf quality 
decline (at 30 °C of GHS and 14 d of PHS). These results also 
suggested that heat injury in creeping bentgrass, as manifested 
by turf quality decline, under GHS or PHS, was associated with 
decreases in protease activity, amino acid content, protein content, 
and increases in lipid peroxidation.
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