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Abstract-The annual course of frost hardiness and soluble carbohydrate content in leaves of woody Nothofagus 
species, located at different altitudes in Southern Chile, were studied. Frost resistance reached a maximum in the 
coldest period and a minimum in spring or summer. Leaves from individuals subjected to lower temperatures (higher 
altitudes) were more frost-resistant than those from warmer conditions (lower altitudes). Frost resistance was 
positively correlated with total sugar accumulation. In N. dombeyi sucrose was the only sugar whose content 
correlated with frost resistance. At higher altitudes a slight increase of fructose with respect to sucrose was found. 
However, the accumulation of the individual sugars measured accounted for only a small fraction of the increase in 
soluble total carbohydrates. Therefore the observed resistance is associated most likely with other factors. Artificial 
hardening at 0” for dilTerent periods of time caused changes in the carbohydrate levels of leaves. A rapid but small 
increase in the sugar concentration and frost hardiness after two hr of hardening were found. The nature of cold- 
induced metabolic adjustments and their ecophysiological significance are discussed. 

INTRODUCIION 

Frost hardiness of plants is an adaptative response to low 
temperatures [l-3]. Consequently plants subjected to 
climates with seasonal changes are more resistant to frost 
in winter than in spring or summer [49]. In mountain 
areas the temperature drop associated with rising altitude 
increases cold hardiness [lO-121. This pattern, however, 
was not found in the subalpine species investigated by 
Sakai et al. [13]. 

In some plants frost hardiness is associated with in- 
creased synthesis of low M, metabolites, such as carbo- 
hydrates, amino acids and other related substances [4,5, 
14-171. It is likely that these substances protect the 
protoplasm and membranes during cold stress [ 18-203. 

The present work was undertaken to study concentra- 

tion changes in soluble carbohydrates associated with 
seasonal and altitudinal fluctuations of frost resistance of 
leaves of woody evergreen Nothofagus species in south- 
central Chile. The effect of artificial hardening on frost 
resistance and on carbohydrates levels was also studied. 

RESULTS AND DISCUSSION 

A wide variation in temperature between winter and 
summer was found in the areas studied (Table 1). Frost 
resistance of leaves reached a maximum in the winter 
period (Figs l-3). In this season, leaves of the Nothofagws 
species located at higher altitudes were more frost resi- 
stant than those located at a lower altitudes. Nothofugus 
betuloides and N. dombeyii were hardier (LT,, = 10.5 and 
- 10” respectively) than N. nitida (LT,, = 8.5”). At the 

Table 1. Temperature data of the investigated areas during the period April 1986 to April 1987 

Locality 
and altitude 
(m) (a.s.1.) 

Mean air temperature 
Mean annual In the warmest In the coldest Mean annual* Absolute 

air temp. month (January) month (July) temp. range minimum 

Valdivia 9t 
A. Calientes 1OOt 
Mallines 700 
Antillanca l.OOO$ 

14.2” 22.2 8.0 14.2 -1.2 
9.1” 12.7” 1.9” 7.8” -6.5” 
- - - 

4.4” 12.2” - 2.0” 14.0” -7.5” 

*Temperature difference between the warmest and the coldest month. 
tData provided by the Climatological Station of Universidad Austral de Chile. 
$ Based on personal climatological records. 

*Author to whom correspondence should be addressed. 
IPresent address: Facultad de Agronomia, Universidad de la 

Frontera, Temuco, Chile. 
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Fig. 1. Seasonal fluctuations of carbohydrate content and frost resistance of N. dombeyi leaves from different 

altitudes. (0) total soluble carbohydrate, (0) starch, (El) frost hardiness. Sugars and starch values are the average 

of 4 replicate assays, and frost hardiness of 10 replicate assays, of leaves collected at the same date each month. For 

LT5~ the maximum standard deviation was& 1.2”. Altitudes were 9 (A), 400 (B). 700 (C) and 1000 m a.s.1. (D). 

Ot-----+ 

-10-1 
APT JUI Nov Jan Apr Jul NW Jon 

Fig. 2. Seasonal course of carbohydrate contents and frost resistance of N. nitida leaves from different altitudes. 
Symbols, sample collection conditions, and the value representations are the same as in Fig. 1. For frost resistance 

the maximum standard deviation was k 1.0”. Altitudes were 9 (A) and 700 m as.]. (B). 
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Fig. 3. Seasonal changes in sugars contents and frost hardiness 
of N. betuioides leaves. The altitude was 1000 m a.s.1. Symbols, 

sample collection conditions, and the value representations are 

the same as in Fig. 1. For frost resistance the maximum standard 

deviation was + 1.0”. 

lowest altitude N. nitida was more frost resistant (LTsO 

=6”) than N. dombeyi (LT5,=4.50). A greater frost 
hardiness was consistently correlated with an increase of 
total soluble carbohydrate (r= -0.89, PcO.01) and a 
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decrease of starch (r = 0.75, P < 0.01) in all species investi- 
gated (Figs l-3). This carbohydrate increment could be 
explained by starch hydrolysis caused by the temperature 
drop Cl, 2, 21,221. Likewise, it has been demonstrated in 
potato tuber that the differential sensitivity of phospho- 
fructokinase to low temperature could lead to an accu- 
mulation of sucrose [23]. During the winter period, how- 
ever, in broad-leaved evergreens, carbohydrate accumu- 
lation may occur when photosynthesis exceeds respir- 
ation Cl]. Nevertheless, this correlation between frost 
hardiness and sugar accumulation was not found in other 
plants [24-261. 

Seasonal changes in contents of glucose, sucrose, fruc- 
tose and raffinose at various altitudes were determined in 
leaves of N. dombeyii (Fig. 4). The levels of these sugars 
showed the same annual course as the total sugars. They 
were generally higher in winter than in autumn and 
summer.The amount of individual sugars increased at 
higher altitudes. Fructose content was higher than the 
content of other sugars at 1OOOm a.s.1. This suggests a 
more efficient breakdown of sucrose by the reverse su- 
crose synthase reaction [27] at colder temperatures [28]. 
On the other hand, fructose could be accumulated by the 
sucrose invertase reaction. It has been reported that the 
activity of this enzyme increases in plants subjected to low 
temperature [29]. There was a correlation (r = -0.73, 
P < 0.01) between sucrose content and frost resistance. 
Significant correlations were not found for other sugars. 
Pomeroy et al. [22] found a correlation between seasonal 
frost resistance and sucrose levels. In other species differ- 
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Fig. 4. Annual course of content of individual carbohydrates in leaves of N. dombeyi at different altitudes. (0) 

sucrose; (Cl) raffinose; (a) fructose; (x) glucose. Values are averages of 4 repetitions per trial. Altitudes were 9 (A), 

400 (B), 700 (C) and 1000 m a.s.1. (D). 



162 M. ALBERDI et al 

ent soluble sugars (raffinose and glucose) have been found 
to predominate 2, 4, 5, 6, 301. This suggests that no 
specific sugar is consistently related with frost hardiness, 
and that the kind of carbohydrate accumulated in winter 
is dependent on the particular metabolism of the plant. 
Moreover, in N. dombeyi the changes observed in 
invidual sugars can account for only a small fraction of 
the increase in total soluble carbohydrates. Therefore, 
their contribution to frost hardiness is most likely small. 
It would be interesting to analyse which other sugars are 
involved in the increase of total soluble carbohydrates of 
this species. On the other hand, sucrose was a more 
efficient cryoprotective agent of thylakoid membranes of 
leaves of N. dombeyi than any other sugar tested [16]. 

Changes in the level of total soluble carbohydrate can 
be also experimentally induced (Fig. 5). Leaves of N. 
dombeyi from different altitude were subjected to artifi- 
cial hardening at 0” for various periods of time. After 
fourhr of treatment the carbohydrate content of leaves 
for both altitudes reached a steady state level, that was ca 
20% higher than controls kept at room temperatures. 
Subsequently a consistent decrease of these substances 
was observed. The rapid increase in carbohydrates coinci- 
des with the maximum changes in frost resistance. 

The increase of frost hardiness of N. dombeyi leaves is 
not associated only with an increase of sugars, but also 
with the levels of free proline [15]. In some herbaceous 
plants sugars are required for proline accumulation, 
because they inhibit its oxidation [31]. An increase of 
these substances appears to be related to effects of stress 
on tissue water balance in plants [l, 21. The winter 
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Fig. 5. Time course of frost hardiness and total soluble carbo- 

hydrate contents of N. dombeyi leaves from different altitude. 
Leaves were exposed to 0” for various periods of time. Un- 

hardened plants kept at room temperature served as control. 

Determinations were made in autumn 1986. Altitudes were 9 (A) 

and IOOOm a.s.1. (B). Symbols are: frost hardiness (m). total 

soluble carbohydrate (0) and control (C). 

desiccation capacity (drought tolerance) and heat resi- 
stance of N. dombeyi leaves is very high [32, Alberdi, M., 
unpublished results]. Also, a cryoprotective polypeptide 
was isolated in seedlings of N. dombeyi exposed to frost 
[16]. These results could explain the pioneer capacity of 
N. dombeyi in the ‘Lahares’ (areas without vegetation 
formed by volcanic scoria exposed to strong insolation 
and frost even in the warmer season) [33]. In response to 
abrupt temperature changes. plants could quickly ac- 
cumulate cryoprotective substances which increase the 
thermal and drought tolerance. The simultaneous winter 
maximum of resistance to frost. heat and drought were 
also found in woody Proteaceae in Chile [34]. These 
findings support Levitt’s hypothesis [35] of a general 
physiological resistance to climatic stresses. 

EXPERIMENTAL 

Materials. The evergreen species of Noth@gus (N. domheyi 
(Mirb.) Oerst., N. nitida (Phil.) Krasser and N. bet&ides (Mirb.) 

Oerst. from an altitudinal and thermal gradient in the Andes of 

South Central Chile (X Region) (Table 1) were studied. Twigs of 
adult trees with current year leaves were harvested 3-4 hr after 

sunrise, from autumn 1986 through to summer 1987, and taken 

to the laboratory in insulated containers. Soluble carbohydrate 

levels of leaves were determined and compared with its frost 

hardiness. 

Carbohydrate analysis. Leaves were frozen in liquid N, and 

then crushed and homogenized in water using a Sorvall Omni- 

Mixer at full speed for 30 sec. The homogenate was extracted 

twice with H,O at 80” for 30 min. The combined extracts were 

passed through a cation exchanger (Dowex W-X4) as described 

by Purvis er al. [36]. The immediate eluate was used for sugar 

determinations. Total soluble carbohydrates were determined by 

the phenol-H,SO, method as described in ref. 1371. Sucrose, 

raffinose, glucose and fructose were determined by TLC using 

cellulose plates (water-ethylacetate-pyridine, 5: 20: 7 1381. The 
retained fraction was dried at 80 and extracted twice into 

boiling water followed by hydrolysis in 4.6 N HCIO,. The 

combined supernatants were analysed subsequently for starch. 

using glucose as standard 1391. 

Determinations of ,fiost hardiness. The plant material (10 

repetitions per trial) was placed in polythylene bags and kept in 

controlled low temperature regimes for 190 min as previously 

described 1121. After treatment, the samples were thawed in the 
air at I”. The lower parts of the shoots were kept in water for 7 

days and then freezing injury (browning) was measured [40]. The 

temperature that damaged 50% of the leaf (LT,,,) was used as a 

measure of frost hardiness [I]. 

Cold hardening treatment. Unhardened twigs of N. domhe,vi 

were kept at 0” for various periods of time. After hardening. frost 

resistance and carbohydrate levels of the leaves were measured. 
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