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I. INTRODUCTION

Zoysiagrasses (Zoysia japonica, Zoysia matrella
and Zoysia tenuifolia) are widely used for tee
and fairway in golf course and for home lawn in
Korea. Although the grass is very cold hardy, it
turns to straw-colored turf in the first frost and
does not green up until April in early spring.

Some cool-season turfgrasses including creeping

bentgrass (Agrostis palustris) for golf course green,
kentucky bluegrass (Poa pratensis) and turf-type
perennial ryegrass (Lolium perenne) for polystand
on fairways provide successfully a playing sur-
face during winter period in Korea.

In exposure to cold stress, plant cells properly
undergo dramatic morphological changes such as
fragmentation of vacuoles, formation of small

vesicles of endoplasmic reticulum and thickening
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of cell walls (Griffith et al., 1985; Fujikawa and
Takebe,

freezing tolerance. These morphological changes

1996) along with the enhancement of

in plant cells in concert with the actions of accu-
mulated compatible solutes such as solubie sugars
and amino acids (Wanner and Junttila, 1999) are
thought to contribute to the development of max-
imum freezing tolerance of plant cells.

Levitt (1980) reported that carbohydrate levels
and composition influenced the sensitivity of
plant tissues to low temperature. The importance
of soluble carbohydrates, especially sucrose, in
freezing tolerance induced by cold acclimation in
grass species has been shown (Dionne et al.,
2001). Sugars are also involved in the acclima-
tion response to subfreezing temperatures in
plants through their interactions with membrane
phospholipids (Anchordoguy et al., 1987). Dionne
et al. (2001) reported that the higher starch con-
tent is a prerequisite for freezing tolerance in
green-type annual bluegrass. Fructan is the major
nonstructural carbohydrate in many plant species
and has an important function in the temporary
storage of assimilates (Pollock and Cairns, 1991).
Fructan content and its metabolism have been
shown to be closely related to freezing tolerance
in cereals (Tognetti et al., 1990).

Although susceptibility to freezing temperatures
has been pointed out as a major factor for winter
damage of turfgrasses in golf course, little in-
formation exists on physiological response to cold
temperature with regard to freezing tolerance and
winter adaptation. Eventually, when no green
lamina remains during overwintering as like zoy-
siagrass, carbon assimilation in leaves ceases and
the reserves in surviving rhizomes and roots be-
come the main source of energy. The experiment
was designed to investigate the difference of car-

bohydrate metabolism in response to naturally oc-

curring winter freezing stress between zoysiagrass
and creeping bentgrass used often for golf course
in Korea.

[I. MATERIALS AND METHODS

1. Sampling and collecting site

Sampling was made from green and fairway
established in 1998 at Muan Country Club (35°05'
32" N, 126°17' 12" E) in Korea. The turfgrasses
were maintained by general winter management.
Minimum daily temperature in green field ranged
from -2.8 to 11.0 T during the experimental
period. It reached to 0 C at mid-December re-
mained below freezing temperature until the end
of February. Maximum daily temperature ranged
from 5.1 to 20.6 C (Fig. 1).
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Fig. 1. Daily maximum temperature (---) and
minimum temperature (—) during the
winter of 2000 ~2001 at Muan city,
Korea.

Creeping bentgrass and zoysiagrass were sam-
pled using a hole cutter (108 mm) at five ran-
domly selected sites from November 20 in 2000
to April 23 in 2001 with about one month
interval. Root samples were obtained to a depth
of approximately 20 cm. Roots were severed from

crown, packed with ice andtransported to the
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laboratory. Roots were free from soil by washing
with cold running water, immediately frozen in
liquid nitrogen and lyophilized. Freeze-dried sam-
ples were finely ground and stored under vacuum
for further analysis.

2. Turf quality and root growth

Turf quality was visually rated as described by
Xu and Huang (2001). It was estimated on the
basis of color, density and uniformity on a scale
of 0 (the worst: plants turned brown and dead)
to 9 (the best: plants turned healthy and green).
Dry weight
weighed to estimate root growth.

of lyophilized root sample was

3. Carbohydrate analysis

About 30 mg of finely ground sample was ex-
tracted with 1 mL of 92 % (v/v) ethanol. Tubes
were shakenfor 10min at room temperature and
centrifuged at 14,000 rpm for 10 min at 4 C. The
ethanol extraction was repeated three times, and
the combined supernatant was diluted to a final
volume of 10 mL with 92 % (v/v) ethanol.

The glucose concentration in the ethanol ex-
tracts was determined with anthrone reagent (Van
Handel, 1968) using glucose as a standard. Fructose
concentration in ethanol extracts was determined
using fructose asstandard (Davis and Gander,
1967). Sucrose concentration in the ethanol ex-
tracts was determined with anthrone reagent (Van
Handel, 1968) using sucrose as a standard.

The residue was dried at 80 C to remove
ethanol. Deionized water was added and heated
to gelatinize the starch. The pH of the solution
was adjusted to 5.1 by adding 0.2 N Na-acetate
buffer. Starch was digested by adding amyloglu-
cosidase (Sigma product A3514) and -amylase
(Sigma product A0273) in the acetate buffer to

each sample. Tubes were incubated at 50 C for
24h with occasional shaking and centrifuged.
Glucose in the supernatant was determined using
glucose oxidase (Glucose Trinder, Sigma product
315 - 100). Starch concentrations were calculated
multiplysing a factor of 0.9 to glucose concentration.
Fructan present in the starch extracts was hydro-
lyzed with 0.1N H,SO, and fructose released
quantified using resorcinol (Davis and Gander,
1967). Glucose liberated from the fructan was de-
termined as described above. Fructan concentration
was calculated by multiplying a factor of 0.9 to

glucose and fructose concentrations.
. RESULTS

1. Turf quality and root growth

Creeping bentgrass maintained much better turf
quality than zoysiagrass did during experimental
period (Fig. 2A). Turf quality of creeping bent-
grass decreased gradually by January when tem-
perature was the lowest and then recovered with
increasing temperature. Discoloration of zoysia-
grass began with the advent of 10 to 13 C in
the minimum temperature (at the end of October
in the this experimental site). This resulted in a
straw-colored turf during most of the winter
season. It was started to green up from the end
of March.

In November, root dry weight of creeping
bentgrass and zoysia grass were 9.7g and 3.7g
DW per hold cutter, respectively (Fig. 2B). Root
dry weight of creeping bentgrass slowly de-
creased to the lowest level until January and then
increased with a higher rate by the end of April
in parallel with air temperature. However, root
dry weight of zoysiagrass was less changed within
Sg per hold cutter. These results indicated that
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Fig. 2. Turf quality (A) and root dry weight
(B) of overwintering creeping bent-
grass and zoysiagrass. Each value is

the mean ts.e. for n=5.

root growth of creeping bentgrass responded
much sensitively to low temperature during win-

ter compared to that of zoysiagrass.

2. Carbohydrates concentration

Changes in soluble carbohydrates in roots of
creeping bentgrass and zoysiagrass are shown in
Fig. 3. In both species, mono- and disaccharides
started to accumulate from November, when the
minimum temperature was about 5 C. The high-
est concentrations of these compounds were de-
tected in January when both species were ex-
posed to their maximum cold stress. Glucose ac-
cumulation from November to January was much
higher in zoysiagrass than that of creeping bent-
grass and glucose concentration of creeping bent-

grass and zoysiagrass in January was 56.4 and
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Fig. 3. Changes in glucose (A), fructose (B)
and sucrose {(C) in roots of over-
wintering creeping bentgrass and
zoysiagrass. Each value is the mean
ts.e for n=5

75.0 mg g' DW, respectively (Fig. 3A). From
January to April, a remarkable decline in glucose
concentration (about 79 % decline) occurred in
creeping bentgrass, but a small declinedid (only
28 %) in zoysiagrass. Fructose concentration was
not significantly different between creeping bent-
grass and zoysiagrass from November to January
(Fig. 3B). From February to March, fructose in
creeping bentgrass decreased rapidly whereas that

of zoysiagrass was less varied in the same period.
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Sucrose concentration increased with a similar
rate for both species until January showing the
highest concentration in January (70.4 and 90.6
mg g' DW for creeping bentgrass and zoysia-
grass, respectively) (Fig. 3C). From January to
April, sucrose largely decreased in both species.
The decline concentration for this period was
about 3 times higher in creeping bentgrass.

Starch concentration of zoysiagrass in November
was about 4 times higher than that of creeping
bentgrass (Fig. 4A). Starch concentration in zoy-
siagrass continuously decreased from November
(173.2mg g' DW) to April (67.1mg g' DW),
whereas that in creeping bentgrass tended to in-
crease until January and then decreased slowly.
Fructan concentration in creeping bentgrass slight-
ly increased from November to February repre-
senting at least 2 times higher concentration com-
pared to zoysiagrass (Fig. 4B). About 65 % of
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Fig. 4. Changes in starch (A) and fructose
(B) in roots of overwintering creeping
bentgrass and zoysiagrass. Each val-
ue is the meants.e. for n=5.

the accumulated fructan in creeping bentgrass was
depolymerized from February, when turf quality
and root growth began to recover. Considering
the pool size at the end of autumn and the ex-
tent of degradation during winter, it has been
shown that starch for zoysiagrass and fructan for
creeping bentgrass were the main storage forms
found in cold-hardened roots.

The changes in total non-structural carbohydrate
through experimental period indicated that creep-
ing bentgrass much responded to the temperature
fluctuation showing higher accumulation until
January and greater degradation afterwards when
compared to that of zoysiagrass (Fig. 5).
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Fig. 5. Changes in total non-structure carbohy-
drate (TNC) in roots of overwintering
creeping bentgrass and zoysiagrass.

Each value is the meants.e. for n=5.
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IV. DISCUSSION

The concentrations of mono- and disaccharide
in both species during winter showed two distinct
periods; the first accumulation phase from
November to January and the second was that of
active reduction after January (Fig. 3). The high-
er concentrations of glucose and sucrose in zoy-
siagrass during the first phase (Fig. 3A and 3 C)
appeared to be associated with the higher decline
in starch at the same period (Fig. 4A). This in-

dicates, in zoysiagrass which is being dormant
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and dose not have active photosynthetic leav-
esduring this period, that starch reserves have at
least two functions. Firstly, they constitute carbo-
hydrate reserves as a main storage form to sup-
ply the energy for basal metabolism ifthe rate of
photosynthesis is low (Sagiska, 1995). Secondly,
their breakdown can provide sucrose and other
sugars to increase osmotic potential and lower
the freezingpoint of cells (Turner and Pollock,
1998). Such a decline has also been described
for perennating organs of otherplants (Li et al.,
1996; Cunningham et al., 1998; Dionne et al.,
2001). However, fructan in creeping bentgrass
continued to accumulate until February (Fig. 4B)
with accompanyingthe increases in simple sugars
and sucrose. Fructan accumulation in creeping
bentgrass is considered to be a sink for carbon
from current photosynthesis which is in excess of
growth requirement. Indeed, the stubble of creep-
ing bentgrass contained simple sugars and sucrose
concentration of at least the same level as the
roots at any given sampling date (data not shown).

The data obtained have shown that fructan for
creeping bentgrass and starch for zoysiagrass
mainly constitute carbohydrate reserves (Fig. 4A
and 4B). Depolymerization of reserves at sub-
freezing temperature is thought to be an essential
source of cryoprotective sugars in grasses (Olien
and Clark, 1993; Dionne et al,, 2001) and forage
legumes (Turner and Pollock, 1998; Cunningham
et al, 1998). In the current study, the depolyme-
rization of fructan in creeping bentgrass coincided
with the decline in mono and disaccharide after
February whereas the starch hydrolysis in zoysia-
grass started much earlier from November (Fig.
4). These indicate that the accumulation of sim-
ple sugars and sucrose by mid-winter in creeping
bentgrass results from mainly current photosyn-
thesis and in part from fructan hydrolysis, but

nearly all of them does from starch hydrolysis in
zoysiagrass. [t is probable that the differences in
the extent of accumulation and hydrolysis of
non-structural between

bentgrass and zoysiagrass are associated with the

carbohydrates creeping
different responses to temperature, irradiance and
photoperiod during winter.

One possible explanation for this is species-re-
lated difference in carbohydrate accumulation as-
sociated with fall dormancy. It is generally be-
lieved that the continued shoot growth of non-
dormant species or cultivars may prevent accumu-
lation of high levels of root total non-structural
carbohydrates (TNC) necessary for adequate win-
ter survival. Altematively, the premature resumption
of shoot growth during mild winter weather may
consume TNC reserves necessary for plants to
survive the remainder of winter (Cunningham et
al., 1998). Root TNC levels of zoysiagrass, dor-
mant and a warm-season grass exceeded those of
creeping bentgrass, non-dormant and cool-season
grass, throughout experimental periods (Fig. 5)
indicating that root TNC reserve level is neg-
atively associated with fall dormancy related dif-
ference in cold tolerance. Castonguay et al. (1995)
reported that crowns of fall-dormant alfalfa culti-
vars accumulated higher concentrations of sucrose,
raffinose and stachyose than non-dormant alfalfa
cultivars. Other studies with alfalfa (Sheaffer et
al., 1992; Cunningham et al., 1998) have shown
that cultivars differences in fall dormancy and
winter survival were associated with carbohydrate
concentrations in roots.

Sucrose started to accumulate in both species
from November when the mean temperature was
between 5 and 10 C (Fig. 3C). Thesetemperatures
are unlikely to have caused hardening (Dionne et
al,, 2001), and hardening test was not included

in this test. For both species, peak sucrose con-
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centration was shown in January, the coldest period.
This result agrees with previous observations in
grass species (Tronsmo et al, 1993; Dionne et
al.,, 2001) and winter cereals (Olien and Clark,
1993; Livingston, 1996). It has been suggested
that sucrose plays an important cryoprotective
role by stabilizing cell membranes and proteins
(Hoekstra et al., 1989), preventing adhesion of
ice to critical cellular tissue during freezing
(Olien, 1984).

In conclusion, the availability of cryoprotective
sugars in the roots of overwintering zoysiagrass
is largely enough in conferring winter hardiness
as a consequence of sufficient synthesis of starch
reserves by late autumn and their active hydrol-
ysis of starch reserves. There are some evidences
that cold tolerance mechanism is very active in
roots of zoysiagrass during winter in comparison
to those of creeping bentgrassas manifested by

higher concentration of sugars.

V. ABSTRACT

To compare the carbon metabolic response to
low temperature stress in zoysiagrass {Zoysia ma-
trella (L.) Merr] and creeping bentgrass (Agrostis
palustris Huds) with respect to cold tolerance,
carbon metaolites were determined from November
20 in 2000 to April 23 in 2001. Turf quality
and root growth of creeping bentgrass were near-
ly parallel with temperature fluctuation, while
zoysiagrass showed a straw-colored turf until the
end of March with little change in root growth.
Glucose and sucrose accumulation from November
to January was much higher in zoysiagrass, while
the reduction from January to April in all carbo-
hydrate compounds except starch was remarkably
less for this species. The depolymerization of
fructan in creeping bentgrass coincided with the

decline in mono and disaccharide after February,
whereas starch hydrolysis in zoysiagrass started
much earlier from November. These results sug-
gest that the higher amount of carbohydrate re-
serves (e. g. total non-structural carbohydrate) ir
zoysiagrassroots could be associated with higher
cold tolerance when compared with that of creep-

ing bentgrass.
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