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Fluctuations in fatty acid composition were examined in cotton 
(Cossypium hirsutum 1. cv Deltapine 50) leaves during light-dark 
cycles of 1212  h and under continuous light and were correlated 
to the rhythmic changes in chilling (5°C) resistance (CR) and heat 
(53°C) resistance (HR). l he  chilling-resistant and chilling-sensitive 
phases developed in the dark or the light period, respectively, and 
this rhythm persisted under continuous light for three cycles. The 
heat-resistant phase developed in the light period and an additional 
peak of HR occurred in the middle of the dark period. Under 
continuous light, only one peak of HR developed, lasting from the 
middle of the subjective night to the middle of the subjective day. 
The amounts of palmitic and oleic acids were constant during the 
light-dark cycle and under continuous light, but those of linoleic 
and linolenic acids fluctuated, attaining a high level in the middle 
of the dark period or the subjective night, and a low level in the 
middle of the light period or the subjective day. A low temperature 
of 2O'C induced CR and affected changes in fatty acid composition 
similar to those that occurred during the daily CR phase. A high 
temperature of 40°C induced HR but did not affect changes in fatty 
acid composition. The results in their entirety show that the CR 
that develops rhythmically as well as the low-temperature-induced 
CR coincide with increased levels of polyunsaturated fatty acids. 
No correlation i s  found between changes in fatty acid composition 
and the HR that develops rhythmically or the high-temperature- 
induced HR. 

The development of CR and HR in plants is regulated by 
environmental stimuli (Levitt, 1980) and endogenously by a 
circadian rhythm (Schwemmle and Lange, 1959; Couderchet 
and Koukkari, 1987; McMillan and Rikin, 1990; Rikin, 1991, 
1992a, 1992b). In many plants a gradual decrease or increase 
in temperature induces CR and HR, respectively (Levitt, 
1980). Circadian rhythms of CR and HR have been described 
in several plants. The circadian rhythm of CR regulates the 
development of a chilling-resistant phase starting at the end 
of the day and lasting most of the night (McMillan and Rikin, 
1990; Rikin, 1991, 1992a), and the circadian rhythm of HR 
regulates the development of a heat-resistant phase usually 
in the middle of the day (Schwemmle and Lange, 1959; 
Rikin, 199213). These circadian rhythms are not affected by a 
wide range of environmental conditions, thus ensuring the 
development of the chilling- and heat-resistant phases when 
chilling and heat are expected to start or to reach their 
maximal levels. 
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Temperature-induced changes in membrane lipids are a 
key factor in the regulation of CR and HR. In many chilling- 
sensitive plants, the thermal-phase transition of the mem- 
brane lipids correlates with the lower limit for survival (Rai- 
son, 1986). This transition depends on the level of fatty acid 
unsaturation, especially of the molecular species of phospha- 
tidylglycerol at both the sn-1 and sn-2 position (Murata and 
Yamaya, 1984; Tasaka et al., 1990). Induction of CR by low 
temperatures in many cases coincides with an increase in 
unsaturation (Somerville and Browse, 1991) and a decrease 
in the transition temperature (Raison, 1986; Orr and Raison, 
1990). A cause-and-effect relationship between CR and mem- 
brane composition has been demonstrated by genetic manip- 
ulation of fatty acid unsaturation in prokaryotes (Wada et al., 
1990) and higher plants (Murata et al., 1992). Introduction 
of the fatty acid w6 desaturase gene from Synechocystis 
PCC6803 into the chilling-sensitive species Anacystis nidu- 
lans, which does not contain polyunsaturated fatty acids, 
results in accumulation of 18:2 in membrane lipids and in 
CR (Wada et al., 1990). In Nicotiana tabacum, the level of 
fatty acid unsaturation of phosphatidylglycerol and the de- 
gree of CR can be changed by transformation with cDNA for 
glycerol-3-phosphate acyltransferases from squash and Ara- 
bidopsis. In the transgenic tobacco plants, higher levels of 
fatty acid unsaturation in phosphatidylglycerol resulted in a 
higher degree of CR (Murata et al., 1992). 

The acquisition of HR in several plants is accompanied by 
a decrease in fatty acid unsaturation (Kee and Nobel, 1985), 
resulting in a decrease in lipid fluidity and an increase in the 
transition temperature (Raison, 1986). Further support that 
lipid unsaturation is a component of HR is derived from work 
with Arabidopsis mutants (Somerville and Browse, 1991). A 
mutant deficient in the activity of the chloroplast fatty acid 
09 desaturase accumulates high amounts of 16:O and shows 
an overall reduction in the level of unsaturation of chloroplast 
lipids. This decrease in unsaturation shifts the plant growth 
temperature range upward (Kunst et al., 1989). 

In the present study, we examined the correlation between 
the endogenous rhythmic changes in CR and HR and changes 
in lipid unsaturation. Also, we compared changes in lipid 
unsaturation between the endogenously developed and the 
temperature-induced CR and HR. 

Abbreviations: CR, chilling resistance; HR, heat resistance; LDC, 
light-dark cycle of 24 h; 16:0, palmitic acid; 18:1, oleic acid; 18:2, 
linoleic acid; 18:3, linolenic acid. 
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MATERIALS AND METHODS 

Plant Material and Growth Conditions 

Cotton seeds (Gossypium hirsutum L. cv Deltapine 50, 
obtained from Delta and Pine Land Co., Scott, MS; harvested 
in 1988) were sown in plastic pots (10 cm diameter, 8.5 cm 
high) filled with a mixture of peat and vermiculite (Terra-lite, 
Redi-Earth; W.R. Grace & Co., Cambridge, MA). Four days 
after sowing, seedlings were thinned to three per pot. They 
were grown in growth chambers at 33OC, 85% RH under 
LDCs of 1212 h. The light (250 pmol m-2 s-') source was a 
combination of fluorescent (F48T18-CW-VHO; Sylvania, 
Danvers, MA) and incandescent lamps. The seedlings were 
fertilized 4 d after sowing with 60 mL of 3 g/L 20N-20P-20K 
soluble fertilizer (Peters; W.R. Grace & Co.) and irrigated as 
needed with water. A11 experiments were started with 14-d- 
old seedlings. 

Exposure to Extreme Temperatures, Evaluation of 
Injury, and Acclimation Treatments 

Chilling treatment was given by exposing seedlings to low 
temperatures as specified in each experiment for 1.5 d under 
85% RH. Heat treatment was given by exposing seedlings to 
high temperatures as specified in each experiment for 40 min 
at 40% RH. After the chilling or heat exposure, the seedlings 
were returned to 33OC for 3 or 4 LDCs of 12:12 h. At the 
end of this period, CR or HR was evaluated by measuring 
the fresh weight of the shoot above the cotyledons. 

Acclimation to chilling was induced by transfer of seedlings 
to 2OoC, 85% RH for 6 h. Acclimation to heat was induced 
by transfer of seedlings to 4OoC, 85% RH for 6 h. Each 
treatment was conducted with at least nine seedlings in three 
pots. Each experiment was repeated at least three times. 

Fatty Acids Analysis 

Fatty acid amounts and compositions were determined in 
lipid extracts from the first true leaf. Four leaf discs (1.2 cm 
diameter) were cut from each leaf and were immediately 
weighed. Lipids were extracted according to the method of 
Bligh and Dyer (1959). The lipid extracts were separated into 
neutra1 lipid, glycolipid, and phospholipid fractions using a 
column containing 2 g of Bio-Si1 A (Bio-Rad Laboratories, 
Richmond, CA) according to the method of Lynch and 
Thompson (1986). Neutra1 lipids were eluted with 30 mL of 
chloroform, glycolipids with 30 mL of acetone, and phospho- 
lipids with 30 mL of ch1oroform:methanol (l:l,  v/v). Meth- 
ylheptadecanoate was added to each isolated lipid fraction 
as an internal standard. Lipids were saponified with 5% KOH 
in methanol (w/v) for 1 h at 6OoC and fatty acid methyl 
esters were formed by adding 14% BF3 in methanol followed 
by heating at 6OoC for 1 h in a closed via1 (Ryan et al., 1982). 
The methyl esters were purified using a small column (0.5 X 

6 cm) of Bio-Si1 A washed first with 3 mL of hexane and 
were eluted with 3 mL of 5% diethyl ether in hexane (v/v). 
The methyl esters were analyzed by GC using a DB-225 
column (30 m X 0.25 mm, 0.15-pm film thickness, J & W 
Scientific, Folsom, CA) temperature programmed as follows: 
120OC for 2 min, 10°C/min to 200°C, 5OC/min to 225OC, 

hold for 4 min. Fatty acids in plant extracts were identified 
by comparison of chromatographic behavior to that of au- 
thentic standards. Fatty acid methyl esters were quantified 
by comparison of peak areas to the internal standard. 

Plant material for each treatment was collected from four 
seedlings in four pots. Each experiment was repeated three 
times. The results shown are the mean f SE. 

RESULTS 

Rhythmic Changes in CR and HR 

Cotton seedlings grown under LDCs of 12:12 h showed 
circadian changes in both CR and HR (Fig. 1). The seedlings 
were most sensitive to chilling during the light period, then 
developed CR toward the end of the light period and re- 
mained resistant until the end of the dark period, when they 
again became sensitive. HR reached its maximal level at the 
middle of the light period, then declined to its minimal level 
at the end of the light period. In the middle of the dark 
period, HR reached another peak. Under continuous light for 
three cycles, the rhythm of CR persisted similarly to the 
rhythm under the regular LDC. The rhythm of HR also 
persisted under continuous light for three cycles, but unlike 
under LDC, only one peak of HR was observed. This resistant 
phase developed in the middle of the subjective night, then 
began to decline in the middle of the light period and reached 
its minimal level at the end of the light period (Fig. 1). 

The rhythmic changes in CR and HR described in Figure 1 
were determined in relation to one low (5OC) or one high 
(53OC) temperature. To find whether these rhythmic changes 
occurred because of rhythmic changes in the critica1 temper- 
ature that inflicted damage, seedlings grown under normal 
temperature (33OC) were exposed to a wide range of low 
temperatures from O°C to high temperatures of up to 61OC 
(Fig. 2). Seedlings were exposed to decreasing temperatures 
starting in the middle of the light period and starting in the 
middle of the dark period, i.e. the times of minimal and 
maximal CR, respectively. Other seedlings were exposed to 
increasing temperatures starting in the middle of the light 

O 12 24 36 48 60 72 84 96 
Tlme (h) 

Figure 1. Rhythmic changes in the  resistance of cotton seedlings 
to chilling and heat. Seedlings were grown at 33°C for 14 LDCs of 
12:12 h after sowing. Then, during the 15th LDC and additional 
three cycles of continuous light, at 6-h intervals seedlings were 
exposed to chilling (5"C, 1.5 d) or heat (53"C, 40 min). After the 
chilling or heat exposure, the  seedlings were returned to 33°C for 
4 LDCs and at the  end of this period shoot fresh weight was 
determined. O, Light period; m, dark period; EH, subjective 
night; A, chilled; W, heated. 
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Figure 2. Rhythmic changes in the critical temperature of chilling 
or heat injury in cotton seedlings. Seedlings were grown at 33°C 
for 14 LDCs of 12:12 h after sowing. In the 15th LDC (A), seedlings 
were exposed to O, 5, 10, 15, 20, and 25°C for 1.5 d in the middle 
of the light period (O), or the middle of t h e  dark period (W); or to 
40, 45, 49, 53,  57, and 61 "C  for 40 min in the middle of the light 
period (O) or 2 h after the beginning of t h e  dark period (W). After 
the 15th LDC, another set of seedlings was kept under continuous 
light for two cycles. In the second cycle (B), in t h e  subjective day 
(O) and the subjective night (@), seedlings were exposed to the 
same temperature treatments and at the same times as in the  15th 
LDC. After all the temperature treatments, the seedlings were 
returned to 33°C for three LDCs and at the end of this period shoot 
fresh weight was determined. 

period and 2 h after the beginning of the dark period, i.e. the 
times of high and low HR, respectively. Seedlings exposed to 
decreasing temperatures starting at the chilling-sensitive 
phase began to be damaged by a temperature of 10°C, 
whereas an exposure started at the chilling-resistant phase 
inflicted damage only at a temperature as low as OOC. Seed- 
lings exposed to increasing temperatures during the heat- 
sensitive phase began to be damaged by a temperature of 
53OC. An exposure during the heat-resistant phase started to 
cause damage at a temperature as high as 57OC. However, at 
57OC the damage inflicted was less for seedlings at the heat- 
resistant phase than that inflicted to seedlings during the 
heat-sensitive phase (Fig. 2A). Seedlings kept under contin- 
u o u ~  light for two cycles showed the same pattern of 
rhythmic changes in the critical temperatures of chilling or 
heat injury as seedlings maintained under the regular LDC 
(Fig. 2B). 

Fluctuations in Fatty Acid Composition under 
LDCs and under Continuous Light 

Fatty acid composition in leaves was analyzed in the middle 
of the light period and the middle of the dark period (Fig. 3, 
A-C). The major fatty acids in cotton leaves from greater to 
lesser abundance were 18:3, 16:0, 18:2, and 18:l. The 
amounts of 16:O and 18:l were unchanged, whereas the 
amounts of 18:2 and 18:3 fluctuated throughout the LDC. 
The amounts of 18:2 and 18:3 were higher in the middle of 
the dark period than in the middle of the light period (Fig. 

3A). Lipids in which the 18:2 content fluctuated were exclu- 
sively phospholipids (Fig. 3B), and lipids in which the 18:3 
content fluctuated were exclusively glycolipids (Fig. 3C). In 
seedlings kept under continuous light for two cycles, a sig- 
nificant increase occurred in total lipid content, but the 
rhythmic changes in 18:2 and 18:3 content persisted similarly 
to the changes in seedlings under the regular LDC (Fig. 3, 
D-F). 

Acclimation to Chilling and Heat 

The seedlings were acclimated to chilling or heat by treat- 
ment with an intermediary temperature before the exposure 
to the damaging extreme temperature (Fig. 4). Thus, a tem- 
perature of 20°C induced CR and the seedlings became 
resistant to chilling throughout the LDC. A temperature of 
4OoC induced HR and the seedlings became heat resistant 
throughout the LDC. The degree of CR induced by low 
temperature was approximately the same as the CR devel- 
oped in the daily chilling-resistant phase. The degree of HR 
induced by high temperature was higher than the HR devel- 
oped in the daily heat-resistant phase (Fig. 4). A possible 
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Figure 3. Rhythmic changes in fatty acid composition in leaves of 
cotton seedlings. Seedlings were grown at 33°C for 14 LDCs of 
12:12 h after sowing. Fatty acid composition of total lipids (A), 
phospholipids (B), and glycolipids (C) was determined in the 15th 
LDC in the  middle of the light period (O) or in the middle of the 
dark period (W). After the  15th LDC, the  seedlings were kept under  
continuous light for two cycles. In the second cycle, fatty acid 
composition of total lipids (D), phospholipids (E), and glycolipids 
(F) was determined in the middle of the  subjective day (O) and in 
the  middle of t h e  subjective night (H). 
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Figure 4. Acclimation of cotton seedlings to chilling and heat. 
Seedlings were grown at 33°C for 14 LDCs of 12:12 h after sowing. 
Then, in the 15th LDC in the middle of the light period, acclimation 
to heat was started by transfer of seedlings to 40°C; in the middle 
of the dark period acclimation to chilling was started by transfer of 
another group of seedlings to 20°C. Throughout the experiment, 
at 6-h intervals seedlings were exposed to heat of 53°C for 40 min, 
or to chilling of 5°C for 1.5 d. After the heat or chilling exposure, 
the seedlings were returned to 33°C for 4 LDCs, and at the end of 
this period shoot fresh weight was determined. O, Light period; 
m, dark period; B, heated, nonacclimated; O, heated, acclimated; 
A, chilled, nonacclimated; A, chilled, acclimated. 

effect of acclimation on the critica1 temperature of injury was 
examined by exposing nonacclimated and acclimated seed- 
lings to a series of potentially damaging low and high tem- 
peratures (Fig. 5). Seedlings acclimated to chilling by a low 
temperature (2OOC) withstood low temperatures down to 
5OC, similar to nonacclimated seedlings during the chilling- 
resistant phase. At OOC, both nonacclimated and acclimated 
seedlings were severely damaged (Fig. 5A). Seedlings accli- 

Fatty acid 

Figure 6. Effect of acclimation to chilling on fatty acid composition 
in leaves of cotton seedlings. Seedlings were grown at 33°C for 14 
LDCs of 12:12 h after sowing. Fatty acid composition of total lipids 
(A), phospholipids (B), and glycolipids (C) was determined in the  
15th LDC in the middle of the light period, in nonacclimated (O) 

) seedlings. Acclimation to chilling was induced 
by treating the seedlings for 6 h with 20°C. 

O 5 10 53 57 6 1  
Temperature ("c) 

Figure 5. Changes in the critical temperature of chilling or heat 
injury by acclimation. Seedlings were grown at 33°C for 14 LDCs 
of 12:12 h after sowing. During the 15th LDC, in the middle of the 
dark period (A) nonacclimated seedlings (B) and seedlings accli- 

) were exposed to O, 5, and 10°C for 1.5 d. In 
the middle of the light period (B) nonacclimated seedlings (O) and 
seedlings acclimated to heat ( were exposed to 53,57, and 61 "C 
for 40 min. Acclimation was induced by treating the seedlings for 6 
h prior to chilling or heat exposure with 20 or 40°C, respectively. 
After the exposure to the extreme temperatures, the seedlings were 
returned to 33°C for 4 LDCs, and at t h e  end of this period shoot 
fresh weight was determined. 

mated to heat by high temperature (4OOC) withstood high 
temperature up to 53OC and became slightly damaged at 
57OC. Nonacclimated seedlings during their heat-resistant 
phase were less resistant to 53 and 57OC than those accli- 
mated to heat. At 6loC, both nonacclimated and acclimated 
seedlings were severely damaged (Fig. 5B). 

Changes of Fatty Acid Composition by Acclimation to 
Chilling and Heat 

Induction of CR by a low temperature for 6 h was associ- 
ated with changes in fatty acid composition. The content of 
1 8 2  and 18:3 was higher in acclimated seedlings when 
compared with nonacclimated seedlings in their chilling- 
sensitive phase. The content of 16:O and 18:l was not 
changed in seedlings acclimated to chilling (Fig. 6A). Lipids 
in which 18:2 changed were exclusively phospholipids (Fig. 
6B), and lipids in which 18:3 changed were exclusively gly- 
colipids (Fig. 6C). Induction of HR by high temperature for 
6 h was not associated with any pronounced changes in fatty 
acid composition when acclimated seedlings were compared 
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with nonacclimated seedlings during their heat-sensitive 
phase (Fig. 7). 

DISCUSSION 

Changes in membrane lipids play a major role in the 
adaptive response of plants to extreme temperatures (Murata 
and Yamaya, 1984; Raison, 1986). In the present study, we 
show that certain changes in fatty acid composition correlate 
with the sensitive and resistant phases of the CR rhythm. 
These changes in fatty acid composition and their correlation 
to CR persist under continuous light, indicating their circa- 
dian characteristics, i.e. they are regulated endogenously, 
irrespective of the immediate environmental conditions. Dur- 
ing both the LDC and continuous light, an increase in 18:2 
in phospholipids and 18:3 in glycolipids corresponds to a 
higher degree of CR. This increase in polyunsaturated fatty 
acids during the acquisition of CR increases the overall un- 
saturation of the membrane lipids and probably decreases 
the temperature of phase transition as found in many plant 
systems (Raison, 1986; Somerville and Browse, 1991). This 
possibility is supported by the finding that the development 

Fatty acid 

Figure 7. Effect of acclimation to heat o n  fatty acid composition in 
leaves of cotton seedlings. Seedlings were grown at 33°C for 14 
LDCs of 12:12 h after sowing. Fatty acid composition of total lipids 
(A), phospholipids (B), and glycolipids (C) was determined in the 
15th LDC, 2 h after t h e  beginning of the  dark period, in nonaccli- 
mated (W) and acclimated ( ) seedlings. Acclimation to heat was 
induced by treating the seedlings for 6 h with 40°C. 

of the daily chilling-resistant phase is accompanied by a 
decrease in the critica1 temperature of chilling injury. Al- 
though changes in polyunsaturated fatty acids are an impor- 
tant factor in CR and probably also in rhythmic changes in 
CR, other factors may be involved in these processes (King 
et al., 1988). 

Severa1 lines of circumstantial evidence from a previous 
work (McMillan and Rikin, 1990) indicate that a similar 
mechanism is involved in the induction of CR by low tem- 
peratures and the development of the daily resistant phase 
that is regulated by a circadian rhythm. First, the magnitude 
of CR induced by low temperature at the daily sensitive 
phase and that of the maximal daily CR are approximately 
the same. Second, CR induced by low temperature and the 
daily CR are nonadditive. Third, the time required to induce 
CR by low temperature is similar to the time of transition 
from the daily sensitive to the daily resistant phase (McMillan 
and Rikin, 1990). The present study shows that similar 
changes in fatty acid composition, i.e. an increase in the levels 
of 18:2 and 18:3, occurs during the induction of CR by low 
temperatures and during the development of the daily resist- 
ant phase. The increase in fatty acid unsaturation resulting 
from the daily sensitive to the daily resistant phase (McMillan 
and Rikin, 1990). The present study shows that similar 
changes in fatty acid composition, i.e. an increase in the levels 
of 18:2 and 18:3, occur during the induction of CR by low 
temperatures and during the development of the daily resist- 
phase and in the low-temperature-induced CR is approxi- 
mately 18% of the total lipids. This change is probably 
sufficient for the observed decrease in the critica1 temperature 
of chilling injury. Small changes in lipid unsaturation that 
are associated with low-temperature-induced CR have been 
documented in many chilling-sensitive plants. In oleander, 
the thermal phase transition at low temperature involves 
only about 5% of the lipids and is initiated by the solidifica- 
tion of dipalmitoylphosphatidylglycerol (Raison, 1986). 

The changes in lipid membrane composition that are as- 
sociated with increased HR are expected to be the opposite 
of those for CR, i.e. a decrease in fatty acid unsaturation 
(Somerville and Browse, 199 1). Thus, acclimation of oleander 
to growth at high temperature (45OC) decreases lipid fluidity, 
resulting in higher transition temperature and lower CR. 
When these plants are acclimated to low temperature, the 
opposite trends are detected (Raison, 1986). However, in 
cotton seedlings the rhythmic development of HR as well as 
the high-temperature-induced HR do not correlate with de- 
creased lipid unsaturation. Similar instances of acquisition of 
HR without marked changes in fatty acid unsaturation or 
composition have been reported for severa1 other plants (Kee 
and Nobel, 1985). The lack of correlation between the 
changes in HR and fatty acid composition indicate a HR 
mechanism without a major involvement of membrane lipids. 
Alternatively, although there are no detectable gross changes 
in fatty acid composition, it is possible that very small changes 
do occur in the degree of unsaturation of a specific lipid or a 
particular membrane that is crucial for HR. The HR induced 
by high temperature and the HR developed in the daily 
rhythm are additive. Thus, the HR induced by high temper- 
ature during the daily resistant phase is higher than the HR 
in the daily resistant phase alone. Therefore, it is possible 
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that more than one mechanism is involved in the regulation 
and  development of HR in cotton seedlings. 

Severa1 models suggest that a t  least some components of 
the circadian clock are located in membranes (Njus et al., 
1974). Therefore, the rhythmic lipid changes in  cotton leaves 
may be related to the basic mechanism of the circadian clock 
or may represent the "hands" of the clock. In Chenopodium 
rubrum plants, 18:l in  phosphatidylcholine and phosphati- 
dylethanolamine fluctuates rhythmically in  synchrony with 
the circadian rhythm of stem elongation. The rhythmic 
changes in  18:l stop when growth is completed (Lechamy et 
al., 1990). These rhythmic fluctuations in 18:l are probably 
linked to the process of elongation and thus represent the 
hands of the clock. A circadian rhythm of fatty acid compo- 
sition of phospholipids operates in Neurospora crassa (Roeder 
e t  al., 1982). Circumstantial evidence indicates that this 
rhythm is associated with the circadian clock. The cel (chain 
elongation) mutant, which is partially blocked in  the synthe- 
sis of fatty acids, has lost the temperature compensation of 
its conidiation rhythm (Mattern et  al., 1982) and  has a period 
sensitive to supplemental fatty acids (Mattem, 1985). Also, 
severa1 mutants with abnormal phospholipid fatty acid com- 
position show altered properties of their rhythms (Coté and  
Brody, 1987a, 1987b). In cotton seedlings, the higher degree 
of CR achieved during the daily resistant phase or induced 
by low temperature correlates with prevention or shortening 
of phase delay by low temperatures (Rikin, 1991). This pre- 
vention or decrease of phase shifting may be regarded as  
acclimation of the circadian clock to withstand damaging low 
temperatures, thus ensuring that rhythms with adaptive val- 
ues will occur on time when needed. The mechanism that 
induces CR also confers greater ability for prevention of phase 
shifting by low temperatures in  circadian rhythms (Rikin, 
1991). This mechanism involves a n  increase in the leve1 of 
the polyunsaturated fatty acids 18:2 and 18:3. These changes 
affect the operation of the circadian clock under low temper- 
atures and, therefore, may be a component of, or a factor 
closely related to, the circadian clock. 
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