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No information is available regarding the usefulness of calorimetry in assessing freeze tolerance, cold har-
diness and associated mechanisms in turfgrass. In this study, isothermal and scanning microcalorimetric
techniques were used to determine relative low-temperature tolerance and freezing points of leaf and
root segments of three, non-acclimatized buffalograss (Buchloe dactyloides (Nutt.) Engelm.) genotypes.
Based on isothermal microcalorimetric data, genotype NE91-118 (cultivar now known as ‘Prestige’) was
less affected by low temperatures than either genotype 609 or UCD 95 in the −5 to −15 ◦C range suggesting
alorimetry
reezing tolerance
ow-temperature tolerance
uchloe

greater cold hardiness for ‘Prestige’. Among the three genotypes tested, leaf and root segments of ‘Pres-
tige’ froze at the lowest temperature, 609 was intermediate, and UCD 95 froze at the highest temperature.
Scanning microcalorimetry showed that the freezing points of root segments were 7.5–8.8 ◦C higher than
leaf segments for all three genotypes. Our results suggested that the lower freezing temperatures and
the greater ability to maintain metabolic stability after exposure to low temperatures contributed to the
higher degree of freezing tolerance of ‘Prestige’. Results indicated that calorimetry was an effective tool
for determining low-temperature tolerance.
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. Introduction

Low-temperature tolerance of warm-season turfgrasses has
een the focus of intensive research for many years [6]. However,
ew studies have been published that determined the low-
emperature tolerance of warm-season turfgrasses [9,12,14,16,21].
hermal injury is a common problem in many areas of the world.
njury threshold temperatures depend on the species and can occur
t both high and low temperatures. A complex relationship exists
etween metabolic activity, temperature and time of exposure to
emperature extremes [2]. Research to explain low-temperature
olerance in relation to biochemical characteristics of warm-season
urfgrass tissues has been done [1,4]. This work has shown corre-
ations between low-temperature tolerance and the composition
f soluble carbohydrates in turfgrasses. Ball et al. [1] found that

oluble carbohydrates are important in freezing tolerance of buf-
alograss.

Calorimetry has proven its usefulness in biological applications
or many years. It is an effective tool for measuring metabolic heat

∗ Corresponding author. Tel.: +1 530 752 0398.
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t

l
t
[
b
i
f

040-6031/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2008.09.002
© 2008 Elsevier B.V. All rights reserved.

roduction rates of organisms, which can be used as an indicator
f growth rates, effects of environmental stresses, and of the bio-
hemical pathways used by the organism. Since the early 1990s,
alorimetry technologies and methodologies have rapidly made
aluable contributions in understanding basic plant physiology and
ave demonstrated many practical applications. One method to
xamine the ability of plants to recover from low and high tem-
erature stresses was developed by Rank et al. [19]. Cell and leaf
issues in the calorimeter were rapidly cycled between a reference
emperature in the mid-range of thermal stability, a selected low
r high stress temperature, and back to the reference tempera-
ure, to measure amounts of recovered metabolic activities. They
ycled between different temperatures and for different lengths
f time to develop a surface plot of recovered metabolic activity
ith varying temperatures and time of exposure at each tempera-

ure.
Freezing water releases heat and, at sub-zero temperatures, the

ow-temperature exotherm (LTE) can be detected using differen-

ial scanning calorimeter and differential thermal analysis (DTA)
15]. In some species an LTE is not observed until temperatures
elow the killing point are reached. This may be due to supercool-

ng (whereby the water is prevented from freezing at temperatures
ar below 0 ◦C) [8]. Supercooling is one avoidance mechanism

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:dwburger@ucdavis.edu
dx.doi.org/10.1016/j.tca.2008.09.002
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from genotypes ‘Prestige’, 609 and UCD 95, respectively. The heat
D.W. Burger, Y.L. Qian / Ther

on-acclimatized plants use to avoid freezing injury [20]. It
long with subsequent LTE has been associated with northern
istribution limits for the production of two fruit species in North
merica [17] and for evaluation of Pyrus cold hardiness [13,18].

f plants are exposed to low, non-freezing temperatures over a
eriod of days or weeks, they may increase their freezing toler-
nce. This process is known as cold acclimation or cold hardening
11].

There are two main methods of using calorimetry for answering
ifferent physiological questions. The first is scanning calorime-
ry, where tissues are scanned over varying temperatures. This
echnique is useful for discovering plant responses to different tem-
eratures, defining temperature sensitivities and for the detection
f LTE as water freezes [10]. This particular application of the dif-
erential scanning microcalorimeter is a recent improvement of
he DTA techniques used in the past to investigate what role(s)
upercooling and/or increased tolerance to freezing play in plants’
urvival of low temperatures [3,7].

The second method is isothermal calorimetry which can be used
o examine total metabolic heat production and growth rates of
lant samples and how these rates change with different artificial
r natural factors. This information can be useful in the selection
f plants with desirable metabolic and growth characteristics to
pecific environments [5].

Buffalograss is a warm-season turfgrass species native to the
reat Plains of North America distributed from Mexico to Canada
nd from the eastern slope of the Rocky Mountains to the Mis-
issippi River. An approach using isothermal and/or scanning
icrocalorimetric techniques could be a useful and rapid way

f determining low-temperature tolerance of breeding lines of
uffalograss and other warm-season turfgrasses. In the present
tudy isothermal and scanning microcalorimetric techniques were
mployed to determine relative thresholds of low-temperature tol-
rance to freezing of three buffalograss (Buchloe dactyloides (Nutt.)
ngelm.) genotypes.

. Materials and methods

Plugs (10.8 cm diameter and ∼5 cm deep) of ‘609’, ‘Prestige’
nd ‘UCD 95’ buffalograss were sampled from field plots in Fort
ollins, CO when buffalograss was still in winter dormancy. One
lug of each genotype was planted in a 9-l plastic container filled
ith UC mix (by volume, 42% composted fir bark, 33% peat moss

nd 25% sand) and kept in a greenhouse (28 ± 4 ◦C) under natural
aylength conditions for the duration of the experimentation (April
o July in 2002). The developing sod was watered daily and fertil-
zed with a 10-10-10 NPK fertilizer twice per month which provided
20 mg N/container/fertilization. When the sod was fully devel-
ped, stolons and leaf segments were sampled for calorimetric
easurements. In March, 2005, new plugs of the three genotypes
ere planted as above and the calorimetric measurements were

epeated from April to June, 2005. An analysis of variance was con-
ucted on the two sets of data using PROC GLM (SAS Institute,

nc., Cary, NC); there were no significant differences so the data
rom the two time periods were pooled. For both sets of exper-
ments, leaf and root samples were taken from actively growing
lants forming stolons that extended over the edges of their con-
ainers.

Calorimetric measurements were made with a CSC (Calorimetry

ciences Corporation, Provo, UT) Model 4100 differential scanning
alorimeter operated in either isothermal or scanning mode. The
alorimeter had four removable ampules, three of which were used
or simultaneous measurements of rates of metabolic heat pro-
uction (q, �J s−1) with the remaining empty ampule used as a
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eference. Ampules were thin–walled cylinders of 1-cm3 volume
onstructed of Hastelloy C with a screw cap sealed with a Viton
asket.

.1. Isothermal microcalorimetry

Stolon tips (approximately 1-cm long) from each buffalograss
enotype were placed, one per ampule, in each of the three
mpules. The ampules were closed, placed in the calorimeter that
ad been programmed to make readings of q at 20 ◦C following 1-h
xposures to the following temperatures: 0, −2.5, −5, −7.5, −10,
12.5 and −15 ◦C. The sequence was as follows: an initial measure-
ent at 20 ◦C was made immediately after the stolon tips were

laced in the calorimeter. The calorimeter scanned down (scan-
own rate = 120 ◦C h−1) to 0 ◦C for 1-h followed by a scan back up
scanup rate = 120 ◦C h−1) to 20 ◦C where a second measurement
as made. The calorimeter then scanned down to −2.5 ◦C for 1-h

ollowed by a second scan back up to 20 ◦C for a third measure-
ent. This process was followed five more times for exposures to
5, −7.5, −10, −12.5 and −15 ◦C all followed by measurements of q
t 20 ◦C. This sequence with the three stolon tips was repeated two
ore times for each of the three buffalograss ampules resulting in

ine replicates for each genotype at each temperature. The data
ere plotted using the initial q measurement at 20 ◦C as the basis

or comparing all other readings. The metabolic heat rates of those
easurements, serving as an indication of metabolic activity, were

xpressed as a percent of the initial q taken at 20 ◦C (control). The
enotypes’ responses to low-temperature were assessed by fitting
he data to quadratic equations (SAS Institute, Inc., Cary, NC). Those
quations were used to compare the three genotypes and to make
stimations of their relative loss of metabolic activity at varying low
emperatures.

.2. Scanning microcalorimetry

Ten, 1-cm-long leaf segments from each buffalograss geno-
ype were placed in one calorimeter ampule. Leaf segments were
btained by taking 10 leaves (5–10 cm long) of each genotype, col-
ating them and cutting them horizontally twice, 1 cm apart. The
esulting 1-cm-long leaf segment was taken from approximately
he middle of the leaf. The Model 4100 calorimeter could mea-
ure three ampules simultaneously so all three genotypes were
easured at the same time. The initial calorimeter temperature
as set to 2 ◦C. After 10 min the calorimeter was programmed to
egin a slow (1 ◦C h−1) scan downward from 2 ◦C to −25◦C. Heat
approximately 500–750 �J s−1) was given off when individual leaf
egments froze. This procedure was repeated resulting in freezing
ata from 20 leaf segments from each genotype. The temperature
t which each leaf segment froze was determined from the plot-
ed calorimeter data and means for each genotype were calculated.

similar procedure was followed with root segments from the
hree genotypes. Root segments were obtained from 1- to 3-cm-
ong stolon tips that had been placed on blotter paper saturated

ith deionized water in 112 mm × 112 mm × 40 mm square, plastic
nclosures. After 10–20 days roots that had emerged and elon-
ated from the stolons, 3–7 root segments (1-cm long) from each
enotype were taken and placed in the calorimeter ampules for
easurements. This procedure with root segments was repeated

ntil freezing data from 15, 24 and 24 root segments were obtained
enerated upon freezing of the each root segment was approxi-
ately 2000–3000 �J s−1. This was more heat than was generated

rom leaf segments because the root segments contained more
ater. Data from successive scans were pooled and statistically

nalyzed using the General Linear Model procedure in SAS.
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respectively (Fig. 2). The majority of UCD 95 leaf segments froze
around −14.5 ◦C; however, a few froze at lower temperatures with
two freezing at approximately −18 ◦C. Leaf segments from geno-
types 609 and ‘Prestige’ froze over a wider range of temperatures
ranging from about −14 ◦C down to approximately −22 ◦C.
D.W. Burger, Y.L. Qian / Ther

.3. Genotype freeze testing—determination of LT50

Stolons of buffalograss genotypes ‘Prestige’, 609 and UCD 95
ere sampled on 1–2 month intervals from October to May in Fort
ollins, CO. On each sampling date, stolons were collected from
ach of three replicated plots for each genotype. After washing,
tolons were divided into 9–10 fractions. Each fraction, which con-
ained at least 10 nodes, was individually wrapped in moist tissues
nd then placed in aluminum foil for a targeted freezing tem-
erature. Samples were subjected to low-temperature treatments
sing a thermo-controlled freezer (Tenny Jr. Programmable Freezer,
enny Inc., South Brunswick, NJ). The freezing chamber was pro-
rammed to cool linearly at 2 ◦C/h after an initial 16 h at −2 ◦C. One
raction of stolons was removed at each target temperature. Target
emperatures ranged from −4 to −26 ◦C at −2 ◦C intervals varied
ith sampling dates, air temperatures, and expected acclimation

o cover the range of expected 50% lethal temperatures.
Samples were thawed overnight at 2 ◦C as soon as they were

emoved from the freezing chamber. Non-frozen controls were
ept at 2 ◦C during the freezing treatment. Following thawing, indi-
idual nodes were planted in foam plug trays with each square
ole measuring 3 cm × 3 cm × 8 cm filled with a commercial pot-
ing soil medium. All plants were maintained in the greenhouse at
pproximately 25 ◦C. Irrigation was applied by a mist system to pro-
ide about 3–5 mm/day. Stolon survival was recorded by observing
egeneration of shoots 3–4 weeks after planting. LT50 values were
etermined for each replications of each cultivar. Means and stan-
ard deviations were calculated to compare the response of the
hree genotypes.

. Results

.1. Isothermal microcalorimetry

Exposure to temperatures between 0 and −5 ◦C had the same
ffect on all three buffalograss genotypes (Fig. 1).

However, after a 1-h exposure to −7.5 ◦C the activity (expresses
s % of control) of UCD 95 was significantly lower than that of ‘Pres-
ige’. After a 1-h exposure to −10 ◦C both UCD 95 and 609 had
ignificantly lower metabolic activities than ‘Prestige’. This differ-

nce increased with decreasing temperature exposures of −12.5
nd −15 ◦C. Another way of assessing the response of the three
enotypes to low-temperature exposure was to determine, using
he fitted quadratic equations, the percent loss of metabolic activ-

ig. 1. Relative metabolic heat production rates of stolon segments of ‘Prestige’, 609
nd UCD 95 buffalograss genotypes measured at 20 ◦C following low-temperature
reatments of 0, −2.5, −5, −7.5, −10, −12.5 and −15 for 1 h each.

F
s
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ty after exposure to low temperatures relative to the initial activity
t 20 ◦C for each of the genotypes. When this was done, it was deter-
ined that there was a 25% loss in metabolic activity at −4.6, −3.2

nd −2.1 ◦C for ‘Prestige’, 609 and UCD 95, respectively, a 50% loss
n metabolic activity at −10.4, −7.6 and −7.9 ◦C for ‘Prestige’, 609
nd UCD 95, respectively and a 75% loss in metabolic activity at
14.1, −11.0 and −11.5 ◦C for ‘Prestige’, 609 and UCD 95, respec-

ively. Therefore, the temperature necessary to cause activity loss
f 25, 50 or 75% was always lower for ‘Prestige’ than for 609 and
CD 95.

.2. Scanning microcalorimetry

The results from the scans from 2 to −25 ◦C using leaf segments
re shown in Fig. 2. Peaks indicate when leaf segments froze, giv-
ng off heat in the process. When more than one segment froze
t any given temperature, the number of segments freezing was
stimated by the height of the peak. By using this approach all 20
eaf segments for each genotype could be accounted for in Fig. 2.
he mean freezing temperatures of leaf segments from each of the
hree genotypes were calculated by summing the temperatures at
hich each leaf segment froze (indicated by its peak) and dividing

y the number of segments. By following this procedure we found
hat the mean freezing temperature for leaf segments from geno-
ypes ‘Prestige’, 609 and UCD 95 were −18.7, −16.3 and −15.0 ◦C,
ig. 2. Scanning microcalorimetry of leaf segments of ‘Prestige’, 609 and UCD 95
howing temperatures at which freezing occurred. N = 20 for each genotype.
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ig. 3. Scanning microcalorimetry of root segments of ‘Prestige’, 609 and UCD 95
howing temperatures at which freezing occurred. N = 15, 24 and 24 for genotypes
Prestige’, 609 and UCD 95, respectively.

The mean freezing temperatures for root segments of genotypes
Prestige’, 609 and UCD 95 were −11.2, −8.8 and −6.2 ◦C, respec-
ively (Fig. 3).

Almost all UCD 95 root segments froze before those of either 609
r ‘Prestige’ in temperatures between approximately −3 and −8 ◦C.
here was a little overlap in the freezing temperatures of 609 and
CD 95 at approximately −8 ◦C, but no overlap in freezing tempera-

ures between 609 and ‘Prestige’. The temperature ranges at which
09 and ‘Prestige’ root segments froze were very narrow with those
rom 609 freezing at −9 ◦C and those from ‘Prestige’ freezing at
pproximately −11◦C. In general, the mean freezing points for root
egments were 7.5–8.8 ◦C higher than those for leaf segments for
ach genotype.

.3. Genotype freeze testing—determination of LT50

A comparison of the calorimetric data with actual freezing
esponses showed similar results. Fig. 4 shows the LT50 for ‘Prestige’,
09 and UCD 95 genotypes. At every sampling date lower temper-
tures were required to reach the LT50 for ‘Prestige’ than for either
09 or UCD 95. These latter two genotypes differed in LT50 only
hen sampled in January.

. Discussion
With isothermal microcalorimetric measurements, we found
hat buffalograss genotype ‘Prestige’ was more tolerant of low-
emperature exposures and began to differ from genotypes 609 and
CD 95 at temperatures between −7.5 and −10 ◦C. This result coin-

r
t
t

ig. 4. Response of ‘Prestige’, 609 and UCD 95 buffalograss genotypes to freezing
emperatures between −5 and −25 ◦C. Temperature values for each sampling are
he temperatures at which 50% of the stolons were killed (LT50).

ided with actual measurements of LT50 (Fig. 4) that showed that
ower temperatures (approximately 5–7 ◦C lower) were required
o reach the LT50 for ‘Prestige’ than for 609 or UCD 95. Field
bservations (data not presented) showed that ‘Prestige’ suffered
ubstantially less winter injury in the field in Colorado than 609 and
CD 95. The results from this study suggest that the ability of ‘Pres-

ige’ to maintain a more stable metabolic activity in response to cold
emperature contributed to its greater low-temperature tolerance
han that of 609 and UCD 95.

Scanning microcalorimetry indicated that leaf and root seg-
ents of ‘Prestige’ froze at lower temperatures than 609 and
CD-95 although considerable variations in leaf freezing point
xisted. Previously, Ball et al. [1] found that genotype ‘Prestige’
ontained significantly higher levels of glucose, fructose, and raf-
nose than genotype 609. These soluble carbohydrates likely
ontributed to the reduced freezing points of roots and leaves.
reezing point depression provides an effective, low-temperature
rotective mechanism by avoiding many of the damaging effects of

ce formation.
Overall, UCD 95 was the least tolerant of low-temperature expo-

ures and its tissues froze at the highest temperature of the three
enotypes tested in this study. ‘Prestige’ was the most tolerant of
ow-temperature exposures and its tissues froze at the lowest tem-
erature; genotype 609 was intermediate. These results support
he findings of Wu and Harivandi [22] where they focused on two
Mexico” selections (one of which became UCD 95) and the recent
ork of Qian et al. [16] and Ball et al. [1] where they found that

Prestige’ survived 4–5 ◦C colder temperatures than 609. Therefore,
he results obtained in the present study were predictive of the
ctual low-temperature tolerance of these three genotypes.

In the present study actively growing stolons, leaves and roots
ere tested for their relative freezing responses to low tempera-

ures. Acclimatization techniques were not employed so as to not
onfuse the inherent response of the genotypes and tissues in ques-
ion to low temperatures. It is possible that the three genotypes
nd tissues used in this study would have responded differently
o sub-zero temperatures after having been acclimatized. Instead,
ur results show the relative inherent differences among the three
enotypes.

. Conclusion
This microcalorimetric approach provided an ability to rapidly
ank three buffalograss genotypes with regard to their low-
emperature tolerance. We based this ranking on: (1) their ability
o withstand low temperatures and (2) the temperatures at which
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heir leaf and root tissues froze. Our ability to associate microcalori-
etric results with actual low-temperature survivability parallels
ork with Pyrus [18] and Malus [17]. The calorimetric techniques
tilized here for estimating and predicting low-temperature effects
n plant metabolism and tissue freezing points hold great promise
or those interested in determining the relative tolerance of whole
lants and plant tissues to low temperatures.

eferences

[1] S. Ball, Y.L. Qian, C. Stushnoff, J. Am. Soc. Hortic. Sci. 127 (2002) 45–49.
[2] R.W. Breidenbach, D.R. Rank, A.J. Fontana, L.D. Hansen, R.S. Criddle, Ther-

mochim. Acta 172 (1990) 179–186.
[3] M.J. Burke, L.V. Gusta, H.A. Quamme, C.J. Weiser, P.H. Li, Ann. Rev. Plant Physiol.

27 (1976) 507–528.
[4] E.P. Bush, P. Wilson, D. Shepard, J. McCrimmon, HortScience 35 (2000) 187–189.

[5] R.S. Criddle, A.J. Fontana, D.R. Rank, D. Paige, L.D. Hansen, R.W. Breidenbach,

Anal. Biochem. 194 (1991) 413–417.
[6] J.M. Dipaola, J.B. Beard, in: D.V. Waddington, R.N. Carrow, R.C. Shearman (Eds.),

Turfgrass Agronomy Monographs, vol. 32, American. Society of Agronomy,
Madison, WI, 1992, pp. 231–267.

[7] M.F. George, M.J. Burke, Plant Physiol. 59 (1977) 319–325.

[

[
[

mica Acta 479 (2008) 7–11 11

[8] M.F. George, M.J. Burke, H.M. Pellett, A.G. Johnson, HortScience 9 (6) (1974)
519–522.

[9] W.J. Johnston, R. Dickens, Agron. J. 69 (1977) 100–103.
10] I. Lamprecht, E. Schmolz, in: D. Lörinczy (Ed.), The Nature of Biological Systems

as Revealed by Thermal Methods, Kluwer Academic Publishers, Dorcrecht, The
Netherlands, 2004, pp. 187–214 (Chapter 8).

11] W. Larcher, Physiological Plant Ecology Ecophysiology and Stress of Functional
Groups, 4th ed., Springer, Berlin, Heidelberg, 2003, pp. 345–450.

12] F.P. Maier, N.S. Lang, J.D. Fry, J. Am. Soc. Hortic. Sci. 119 (1994) 473–476.
13] J.M. Montano, M. Rebhuhn, K. Hummer, H.B. Lagerstedt, HortScience 22 (1987)

1335–1336.
14] H.D. Palmertree, C.Y. Ward, R.H. Pluenneke, in: E.D. Roberts (Ed.), Proceedings

of the Second International Turfgrass Research Conference, American Society
of Agronomy, Madison, WI, 1973.

15] P. Palonen, D. Buszard, Can. J. Plant Sci. 77 (1997) 399–420.
16] Y.L. Qian, S. Ball, Z. Tan, A.J. Koski, S.J. Wilhelm, Crop Sci. 41 (2001) 1174–1178.
17] H.A. Quamme, Can. J. Plant Sci. 56 (1976) 493–500.
18] C. Rajashekar, M.N. Westwood, M.J. Burke, Hortic. Sci. 107 (1982) 968–972.
19] D.R. Rank, R.W. Breidenbach, A.J. Fontana, L.D. Hansen, R.S. Criddle, Planta 185
(1991) 576–582.
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