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AssTrAcT. Understanding physiological factors that may confer heat tolerance would facilitate breeding forimprovement
of summer turf quality. The objective of this study was to investigate whether carbohydrate availability contributes to
changes in turf quality and root mortality during heat stress in two creeping bentgrassAgrostis stoloniferal. var.
palustris(Huds.) Farw. (syn.A. palustrisHuds.)] cultivars, ‘L-93’ and ‘Penncross’, that contrast in heat tolerance. Grasses
were grown at 14-hour days and 11-hour nights of 22/1%C (control) and 35/25°C (heat stress) for 56 days in growth
chambers. Turf quality decreased while root mortality increased under heat-stress conditions for both cultivars, but to
a greater extent for ‘Penncross’ than ‘L-93'. The concentrations of total nonstructural carbohydrate (TNC), fructans,
starch, glucose, and sucrose in shoots (leaves and stems) and roots decreased at’85/ZBe reduction in carbohydrate
concentrations of shoots was more pronounced than that of roots. Shoot glucose and sucrose concentrations were more
sensitive to heat stress than other carbohydrates. ‘L-93’ maintained significantly higher carbohydrate concentrations,
especially glucose and sucrose, than ‘Penncross’ at 35/Z5 Results suggest that high carbohydrate availability,
particularly glucose and sucrose, during heat stress was an important physiological trait associated with heat-stress
tolerance in creeping bentgrass.
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Indirect high temperature stress limits use of cool-seagd®68, 1976) reported a negative relationship between tempera-3
grasses in transitional and warm climatic regions (Beard, 19891e and total nonstructural carbohydrates (TNC) in shoots of @
Beard and Daniel, 1965; Carrow, 1996). The optimum tempesaveral turfgrass species. Watschke et at. (1970) also reported that
tures for cool-season turfgrasses range from 156 2dr shoot high temperature injury was related to reduction in sugar concen- =
growth, and 10 to 18C for root growth (Beard, 1973). However{ration in shoots of Kentucky bluegrass. In contrast, Duff and =,
summer ambient temperatures often approach or excé&iB0 Beard (1974) reported that in creeping bentgrass, carbohydrates
transitional and warm climatic regions. Supraoptimal tempe@ntent increased with increasing temperatures. The effects ofg
tures cause root dieback and inhibit leaf growth, tiller productidmeat stress on carbohydrate status in cool-season grasses remaiigs
and shoot density in creeping bentgraggpstis stoloniferaar. unclear. Furthermore, extremely limited information is available &
palustris(syn.A. palustrig] (Carrow, 1996; DiPaola and Beardon the status of different fractions of carbohydrates in shoots andﬁ
1992; Huang et al., 1998a, 1998b; Krans and Johnson, 197djts associated with heattolerance of creeping bentgrass. Unders
Shoots of Kentucky bluegrasPda pratensisL.) grow most standing the influence of heat stress on carbohydrate metabolism;
actively at 22C, and growth decreases to less than half of threcool-season grasses and the differences among cultivars Wi||§
maximum at 35C; root growth declines as temperature increaspovide better insight into mechanisms affecting plant tolerance
to 25°C (Baker and Jung, 1968). Wehner and Watschke (198d)heat. Therefore, the following research was conducted to g
reported that high temperature caused direct heat injury in Kenvestigate the status of different carbohydrate fractions in shoots ¢
tucky bluegrass, perennial ryegra&sl{um perennel.), and and roots in relation to heat tolerance in two creeping bentgrass<.

annual bluegras$pa annud..), with initial injury observed at cultivars, ‘L-93’ and ‘Penncross’, that contrast in heat tolerance =
41°C and complete kill occurred at 47 to°4Q (Huang et al., 1998a, 1998b). &

Maintenance of turf quality during heat stress may be related §
largely to levels of carbohydrate accumulation because carbohy- Materials and Methods 2

drates serve as energy reserves and provide carbon skeletons for

both catabolic and anabolic reactions. High temperature reduceBPLanT MATERIALS . Two-Yyear-old sod of ‘'L-93’ and ‘Penncross’

photosynthesis but increases respiration, leading to an imbalasreeping bentgrass was removed in May 1999 from field plots at

between the two processes in creeping bentgrass (Carrow, 18865Rocky Ford Turfgrass Research Center, Kansas State Univ.,

Huang and Gao, 1999; Huang etal., 1998a). Youngner and Nubligmhattan. The sod of each cultivar was planted in polyvinyl
chloride tubes (20 cm in diameter and 60 cm in length), which

[— . - . 07 fri .
Received for publication 9 Sept. 1999. Accepted for publication 11 Mar. 20%?“3 filled with @ medium of 10% fritted Clay (PrOfIIe' AIMCOR,

Kansas Agricultural Experiment Station contribution 99-456-J. Research gerfield, .III.) and 90% coarse sand (by \_/0|Ume)- TU'_'f was
supported by the Golf Course Superintendent Association of America, Kanga@wed daily to a 4 mm height with an electric clipper, irrigated
Turfgrass Foundation, and Alfred Sloan Foundation. The cost of publishing tbisce daily with tap water until there was free drainage from the
paper was defrayed in part by the payment of page charges. Under pgsigtom of tubes, and fertilized weekly with 40 mL full-strength
{ﬁ(?i‘éﬁ?tﬁ;}r;';?aper therefore must be hereby m tisemensolely to Hoagland’s (Hoagland and Arnon, 1950) nutrient solution (Ho-
iGraduate research assistant. agland and Arnon, 1950).

2Assistant professor, corresponding author. TrReEATMENTS . Grasses of the same age transplanted from field
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Table 1. Analysis of variance (ANOVA) for various leaf parameters as affected by high temperature in two creeping betitgrass cul

Source of

variation df Quality TNC Fructans Starch Sucrose Glucose
Cultivar (C) 1 b ik *kk ok R p—
Temperature (T) 1 Hok ko ko ook ok Hokkk

Tlme 3 *kkk *kkk *kkk *kkk *kkk *kkk
Replication 3 NS NS NS NS NS NS

C X T 1 *kkk *kk%k *kkk *kkk *kkk *kkk

C xtime 3 NS * xx Hhxx NS NS

T x time 3 Khkk Fkkk Hkkk dekokok Fkkk Fekokk
CxTxtime 3 NS * Fokkk Kok * Kok

ZTNS = total nonstructural carbohydrates.
NS%™™* Nonsignificant or significant & < 0.05, 0.001, or 0.0001, respectively.

Table 2. Analysis of variance (ANOVA) for various root parameters as affected by high temperature in two creeping betitgirass cul g

S
Source of Qg_)
variation df Mortality TNC Fructans Starch Sucrose Glucose 2
CU|tlvar (C) 1 *kk%k *kkk *kkk *kk%k *kkk *%k% Q
TemperatUre (T) 1 *kkk *kkk *kkk *kkk *kkk *kkk g
Tlme 3 *kkk *kkk *kkk *kkk *kkk *kkk z
Rep. 3 NS NS ** NS NS NS 2
C X T 1 *kkk * *kk%k *kkk *kkk *kk%k %
Cxtime 3 Fkk ** NS NS NS NS 3
T X tlme 3 *kkk *kkk *kkk *kk%k *kkk *kkk _g
C X T X tlme 3 *kkk NS *kkk * NS *kkk %

s
“TNC = total nonstructural carbohydrates. &
NS%™=™* Nonsignificant or significant & < 0.05, 0.01, 0.001, or 0.0001, respectively. g

;

plots were maintained in growth chambers at 14-h days and tekad at 490 nm with a spectrophotometer (U-1100; Hitachi Ltd.,
h nights of 22/18C for=2 months. Thereafter, half of the plant3okyo, Japan). A standard curve was developed using different 3
were left at 22/16°C (control), and half of the plants wereproportions of living roots and roots killed in an autoclave to ©
transferred to another set of growth chambers also maintainaftulate root mortality. Root mortality was expressed as percent- &
initially at days/nights of 22/18C. However, over a 3-d periodage dead root dry weight (DW) of the total root DW.
day/night temperatures were increased daily by 4°t 8ntil Concentration of TNC, fructans, and starch were determined
reaching 35/25C (heat stress). Grasses were irrigated daily ansing the method of Chatterton et al. (1987) with modification.
fertilized weekly with Hoagland’s solution while being exposeldor TNC, 50-mg samples were hydrolyzed with 10 mL 0.1%
to heat stress for 56 d. Growth chambers were set at a laldnase for 24 h at 37C. Then, 5 mL of enzyme hydrolysis
photoperiod provided by fluorescent and incandescent lamgalution was hydrolyzed further with 0.6 mof-HCI for 18 h at
which provided a photosyntheticphoton flux of §0@ol-nt2s  22°C. The HCI hydrolysis solution was adjusted to pH 5 to 7 with
L at the canopy level, as measured with a quantum/radiome®ebii NaOH and diluted with distilled water to a final volume of
photometer (LI-6400; LI-COR Inc., Lincoln, Neb.). RelativdlO mL. The concentration of reducing sugar was measured and
humidity was maintained at 65%. was considered as TNC content. Measurement of fructans fol-
GROWTH MEASUREMENTS. Measurements were made at 0, 14, 2Rywed the same procedure used for TNC, except without HCI =
42, and 56 d of temperature treatment. Turf visual quality wagdrolysis. The difference in reducing sugar concentrations be-
evaluated as a combination of grass density, uniformity, and ca¥eeen clarase extractions with and without HCI hydrolysis was
using a scale of O (all plants dead) to 9 (all plants green and healttglculated as fructan concentration. For starch extraction, 50-mg
Thereafter, shoots were removed with an electric clipper, and razmples were incubated in 10 mL distilled water &tG5or 24
were separated from the aboveground portion and were washedfrdéhen 5 mL of solution was hydrolyzed with 0.6 mdiHCI
of sand. About one-thirds of roots were used to determine mortdidjowing the same procedure used for TNC. The reducing sugar
immediately after cleaning. The remaining roots and shoots weoscentration was determined. Starch concentration was calcu-
dried at 70C for 72 h and ground with a cyclone sample mill (UDYated as the TNC concentration minus the reducing sugar concen-
Corp., Fort Collins, Colo.). The samples were stored in 20-mL glasgion in the starch extraction.
vials for carbohydrate analysis. Concentrations of glucose and sucrose were determined using
Root mortality was measured using the method of Kniewbke method of Westhafer et al. (1982). Either shoots or roots (50
(1973) with modification. Samples of 1.5 to 3.0 g fresh roots wargy) were incubated in 10 mL Qulphosphate buffer (pH 5.4) for
incubated with 20 mL 0.6% 2,3,5-triphenyltetrazolium chlorid24 h at 22C. The supernatant was used to measure sugars. For
in 0.05m phosphate buffer (pH 7.4) for 24 h in the dark 81(G0 glucose determination, a 0.2-mL sample was mixed with 1.0 mL
Roots were then rinsed twice with deionized water. Formazglucose oxidase (10 units) or distilled water and incubated in a
was extracted from the roots twice with 95% ethanol &CAdr water bath for 1 h at 50C. The difference in reducing sugar
4 h. Combined extractant from the two extractions was adjustacentrations between the incubation solutions with and with-
to a final volume of 50 mL with 95% ethonol. Absorbance wasit glucose oxidase was calculated as glucose concentration. The
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9 variance procedures according to the general linear model proce-
| dures of SAS (SAS Institute, Inc., Cary, N.C.). Variation was
partitioned into cultivar, temperature, and time as main effects
8 and their corresponding interactions. Differences between treat-
ment means were separated iy atP < 0.05.
£ ! Results
g
e 6| All main effects and most interactions were significam at
e X 0.05 for all the parameters examined. However, interactions were
T nonsignificant atP < 0.05 between cultivar and time for turf
5 : quality, shoot sucrose and glucose, root fructans, starch, and
L-9¥ Penncross' glucose, and between cultivar temperature time for turf quality,
22116C 3525C  22116C  3825C root TNC, and sucrose (Tables 1 and 2). To define how each
4r - e T ’ cultivar responded to heat stress over time, temperature effects,
: L were discussed separately within each cultivar because of the2
0 14 28 42 56 significant interaction of temperature and cultivar. 2
Time of treatment (d) Turr QuaLiTy . Turf quality of heat-stressed plants (35725 §
of both cultivars decreased significantly below the level of 2
Fig. 1. Turfvisual quality of ‘L-93’ and ‘Penncross’ creeping bentgrass as aﬁecfé‘antrOI p!ants (22/18C), beginning at 14 d of heat stress (Fig. 1). %
by temperature. Vertical bars indicate values P = 0.05) for treatment and The decline was more severe for ‘Penncross’ than for ‘L-93". By =
cultivar comparisons at a given day. Turf quality was rated with a 0 to 9 sc&6, d, turf quality had decreased to 75% of the controls for ‘L-93’ §
where 0 = dead turf and 9 = best quality with green and turgid leaves. and 68% for ‘Penncross’. At 28, 42, and 56 d of treatment, ‘L-93’ %
had significantly greater turf quality than ‘Penncross’. 5
100 |- g o ‘ RooT MORTALITY . Root mortality increa:;ed when comparedto 2
- €nncross controls at 14 d of treatment for both cultivars (Fig. 2). At 14, 28, %
221n6C  3825C 2218 C $25C | 42,and 56 d, root mortality of heat-stressed plants was 40%, 67%,5
- - —e- ISR 78%, and 100% higher than that of the control plants, res:pec-%D
S 50 300 : ;‘%’
2 250 ' ' ' ' ' ?
5 =
E 8
3 200 |- g
g0 |- g\
150 o}
<
< 8
E 100 | QB\)
40 L ‘ ‘ ‘ 't;) L-93 Penncross 3
0 14 o8 42 56 > 50 |- 22_/1.6_ c 35:;5_ c 22/1. 6C 35/35 o §
Time of treatment (d) z S
g 0 @
Fig. 2. Root mortality of ‘L-93' and ‘Penncross’ creeping bentgrass as affected@y B <
temperature. Ve_zrtical bars indica&m values P = 0.05) for both treatment and ¢4 250 || &
cultivar comparisons at a given day. E ! ! §
procedure for sucrose analysis was similar, except that 10 units/ 200 §
mL invertase was used to replace glucose oxidase. The difference 2
in reducing sugar concentration between the solutions with and 15q |-
without invertase was calculated as sucrose concentration.
EXPERIMENTAL DESIGN AND STATISTICAL ANALYSIS. The experi- 100
ment involved two factors (temperature and cultivar) arranged in
a completely randomized design with repeated measurements 50
(Kempthorne, 1952). Each temperature regime was replicated
with four growth chambers. Temperature treatments were once 0 J ‘ ‘

reassigned to different growth chambers during the experiment
(High temperature chambers were used for low temperature and
vice versus). Cultivars were arranged randomly in each growth
chamber. At each sampling time, four replicate plants (cont
ers) were selected randomly from each growth chamber.

14 28 42 56
Time of treatment (d)

algﬂg;' 3. Total nonstructural carbohydrate (TNC) concentrations in shopasn(l
roots ) of ‘'L-93’ and ‘Penncross’ creeping bentgrass as affected by temperature.

Data regarding effects of temperature, cultivar, days of sanvertical bars indicatesovaluesP = 0.05) for treatment and cultivar comparisons

pling (time), and their interactions were subjected to analysis @t a given day.
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Fig. 4. Fructan concentrations in shodtsgnd rootsB) of ‘L-93’and ‘Penncross’ Fig. 6. Glucose concentrations in shoofg @nd roots B) of ‘L-93' and
creeping bentgrass as affected by temperature. Vertical bars indicesdues ‘Penncross’ creeping bentgrass as affected by temperature. Vertical bars indicat:

(P =0.05) for treatment and cultivar comparisons at a given day. Lsp values P = 0.05) for treatment and cultivar comparisons at a given day.
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Fig. 5. Starch concentrations in shodtsgnd rootsB) of ‘L- 93’ and ‘Penncross’ Fig. 7. Sucrose concentrations in shoajsgnd rootsB) of ‘L- 93’ and Penncross
creeping bentgrass as affected by temperature. Vertical bars indicesdues creeping bentgrass as affected by temperature. Vertical bars indicesdues
(P =0.05) for treatment and cultivar comparisons at a given day. (P =0.05) for treatment and cultivar comparisons at a given day.
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tively, for ‘L-93’, and 56%, 80%, 85%, and 100%, respectivelyhose in roots. Among all carbohydrate components, glucose and
for ‘Penncross’. Under heat-stress conditions, root mortality wascrose levels in shoots were related more closely to heat toler-
significantly higher for ‘Penncross’ than for ‘L-93'. ance. However, fructans were the dominant carbohydrates in
ToTAL NONSTRUCTURAL CARBOHYDRATES. TNC in shoots and terms of quantity in both cultivars.
roots were significantly lower for both cultivars than their respec- Reduction in levels of TNC at high temperatures has been
tive controls at 14 d of treatment (Fig. 3). Heat stress, howeweported in other plant species. Sucrose accumulation decreased
caused a greater reduction of TNC concentration in roots (Bgynificantly during heat stress in winter whéatt{cum aevistum
3B) than in shoots (Fig. 3A) for both cultivars. TNC concentrd:) (Zemanek and Frecer, 1990). Starch concentration was re-
tion in shoots and roots was significantly lower in ‘Penncrossuced significantly in heat-stressed leaves of Indian mustard
than in ‘L-93’ at 28, 42, and 56 d of treatment. (Brassica junced..) (Subrahmanyam and Rathore, 1995) and
FrRucTANs AND sTARCH. Fructans and starch concentrationgotato Solanum tuberosurh.) (Lafta and Lorenzen, 1995).
decreased significantly in both shoots and roots for heat-stresShdtterton et al. (1987) reported that concentrations of starch,
‘L-93" and ‘Penncross’, when compared to their respective cdndctans, and sucrose decreased while glucose concentration
trols (Figs. 4 and 5). The extent of reduction for fructan conceemained constant with increasing temperatures in crested wheat-
tration was greater in roots (Figs. 4B and 5B) whereas thatgadiss Agropyron cristatum(L.) Gaertn.] and redtopAgrostis
starch concentration was greater in shoots (Figs. 4A and 5&ha L.). Howard and Watschke (1991) reported that fructan
Comparedto ‘Penncross’, ‘L-93" had significantly higher fructaczbncentrations were 2-fold lower at 3than at 10C although
and starch concentrations in shoots and roots at 14, 28, 42, antié6sum of glucose, fructose, and sucrose did not change ing
d of treatment. Fructan concentrations were 2 to 3 times thakehtucky bluegrass during high temperature stress. However, &
starch in shoots or roots of both cultivars under control or hiBluff and Beard (1974) reported increased photosynthetic rate andg
temperature conditions (Figs. 4 and 5). increased level of ethanol and water-soluble sugars in creeping=
GLucosE AND sUCROSE Heat stress reduced the concentratidmentgrass with increasing temperatures. 2
of glucose (Fig. 6) and sucrose (Fig. 7) in shoots and roots of botiReduction in carbohydrate accumulation under high tempera-
cultivars. The magnitude in the reduction of both simple sugause conditions may result from the imbalance between photosyn-
was more dramatic in shoots (Figs. 6A and 7A) thanin roots (Fitiesis and respiration (Huang et al., 1998a; Prange et al., 1990;°
6B and 7B) for ‘Penncross’. ‘L-93’ had significantly higher shodolf et al., 1991). Photosynthetic rate declines and respiration <
glucose concentration than ‘Penncross’ at 14, 28, 42, and 56 thtd increases in many flants with higher temperatures (Huang 5
treatment. Sucrose concentration was significantly higher for ‘et al., 1998a; Kobza and Edwards, 1987; Paulsen, 1994). Huan
93’ than ‘Penncross’ at 14, 42, and 56 d in shoots and at 14,&&] Gao (2000) and Huang et al., (1998a) reported that canopy2
42, and 56 d in roots. Averaged over the entire heat-treatmespiration rate exceeded photosynthetic rate in creeping bentgrass,
period, glucose and sucrose concentrations in shoots of ‘L-88>30°C. Daily carbon consumption to production ratio was =
were 50% and 29% higher than those of ‘Penncross’; glucose sederal times higher in heat-stressed plants than control plants;,
sucrose concentrations in roots were 22% and 28% higher for(Huang and Gao, 2000). The reduced carbohydrate levels in bothg
93’ than for ‘Penncross’. shoots and roots may also be caused by increases in photorespiz
ration under heat stress, which reduces photosynthetic efficiency 5
Discussion in cool-season species (Nilsen and Orcutt, 1996). Heat-tolerant &
cultivars appear to minimize the detrimental effects of high ﬁ
Turf quality decreased and root mortality increased duritgmperature by maintenance of a lower respiration rate than thatg
heat stress in both cultivars. However, the decline in turf qualif/sensitive cultivars (Deal et al., 1990). o
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and increase in root mortality were more severe for ‘Penncross’ g
than ‘L-93'. These results are consistent with those of previous Literature Cited »
studies (Huang et al., 1998a, 199§b; Ll,u and‘Huang, 20,00) tBater, B.S. and G.A. Jung. 1968. Effect of environmental conditions on 8
reported greater heat tolerance for ‘L-93’ than ‘Penncross’, bas &

. A growth of four perennial grasses. I. Response to controlled tempera-—
on responses of photosynthesis, respiration, electrolyte leakagg.e Agron. J. 60:155-158. <

membrane lipid peroxidation, and root growth to heat stress. feard, J.B. 1973. Temperature, p. 209-260. In: J.B. Beard (ed.). Turf-

93’ also had more tillers per plant than ‘Penncross’, which mayrass: Science and culture. Prentice-Hall, Englewood Cliffs, N.J.

have contributed to higher carbohydrate accumulation and Beard, J.B. 1997. Dealing with heat stress on golf course turf. Golf

creased heat tolerance in L-93 (Xu and Huang, unpublishegburse Manager 65:54-59.

results). Beard, J.B. and W.H. Daniel. 1965. Effect of temperature and cutting on
The decline in turf quality and accelerated root dieback durinf)e growth of creeping bentgrassgfostis palustrisHuds.) roots.

heat stress and variations in heat tolerance between the §E gron. J. 57:249-250.

cultivars could be related to changes in carbohydrate statu rﬁgég'g4%%%%68“mmer decline of bentgrass greens. Golf Course

shoots and roots. Levels of TNC and components decrease&'ﬂﬁterten, N.J., P.A Harrison, J.H. Bennett, and W.R. Thornley. 1987.

shoots and roots in both cultivars under heat stress. Heat str@s§ciosan, starch and sucrose concentrations in crested wheatgrass and
caused more dramatic reductions of glucose and sucrose level$d@top as affected by temperature. Plant Physiol. Biochem. 25:617—

shoots than in roots for heat sensitive ‘Penncross’. Furthermorgzs.

heat-tolerant ‘L-93’ maintained much higher concentrations Déal, D.L., J.C. Raulston, and L.E. Hinesley. 1990. High temperature
fructans, starch, glucose, and sucrose in shoots and roots thediects on apical bud morphology, dark respiration, and fixed growth

‘Penncross’ during heat stress. Differences in levels of glucos# blue spruce. Can. J. For. Res. 20:1871-1877.

and sucrose between the two cultivars at high temperature wif@ola, .M. and J.B. Beard. 1992. Physiological effects of temperature
more pronounced in shoots than in roots. These results suggg&gss: P- 231-262. In: D.V. Waddington, R.N. Carrow, and R.C.

that sugar levels in shoots were more sensitive to heat stress thlyaman (eds.). Amer. Soc. Agron. Turfgrass Monogr. 32.
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