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Abstract

Animals, particularly poikilotherms, exhibit distinct physiologies at different environmental temperatures. Here, we hypothesized that 
temperature-based differences in physiology could affect the amount of variation in complex quantitative traits. Specifically, we examined, 
in Caenorhabditis elegans, how different temperatures (15°C, 20°C, and 25°C) affected the amount of interindividual variation in life span 
and also expression of three reporter genes—transcriptional reporters for vit-2, gpd-2, and hsp-16.2 (a life-span biomarker). We found the 
expected inverse relationship between temperature and average life span. Surprisingly, we found that at the highest temperature, there were 
fewer differences between individuals in life span and less interindividual variation in expression of all three reporters. We suggest that growth 
at 25°C might canalize (reduce interindividual differences in) life span and expression of some genes by eliciting a small constitutive heat 
shock response. Growth at 25°C requires wild-type hsf-1, which encodes the main heat shock response transcriptional activator. We speculate 
that increased chaperone activity at 25°C may reduce interindividual variation in gene expression by increasing protein folding efficiency. We 
hypothesize that reduced variation in gene expression may ultimately cause reduced variation in life span.
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Genetically identical organisms of the same age grown in the same 
environment are physiologically distinct. One particularly strik-
ing illustration of this is that life span in isogenic populations of 
Caenorhabditis elegans in the same environment varies by an order 
of magnitude (1). Interindividual differences in gene expression can 
be even greater (2) and these differences in early adult life can predict 
differences in later life span (3–6). These differences in gene expres-
sion and attendant differences in life span operationally define per-
sistent physiological states. Here, we sought to understand how the 
environment, in this case environmental temperature, contributes to 
the manifestation of variation in complex quantitative traits.

For C elegans and other poikilotherms, temperature modulates 
physiology, and development and aging occur more rapidly at higher 
temperatures (7–10). These differences in rates of development and 
aging have sometimes been attributed to an increase in chemical 
reaction rates (8–10). However, molecular analysis reveals that the 

types and numbers of molecular species inside cells change with 
temperature. Such differences in molecular physiology at different 
temperatures have been observed in organisms ranging from bacte-
ria (different membrane lipid compositions) (11) to snakes (differ-
ent isoforms of enzymes) (12). Thus, while an increase in reaction 
rates might (via some series of steps) contribute to shortened life 
span at higher temperatures, it is also possible that differences in 
life span might be due to the existence of different compositions of 
molecular species at different temperatures. In any case, the molecu-
lar physiology of a cell, defined by the complement of biochemicals 
and enzymes present at a given temperature is not identical to the 
molecular physiology of that cell at a different temperature. This 
observation is reflected by the broad general observation that many 
organisms have temperature-specific genetic requirements.

In C elegans, life-span determinations are routinely conducted at 
temperatures between 15°C and 25°C, a fact which would seemingly 
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make consideration of temperature-induced differences in physiol-
ogy relevant to interpreting life-span results. In fact, distinct genes 
affect life span at different temperatures. For example, trpa-1, which 
encodes a TRP channel and sod-1, which encodes a superoxide dis-
mutase, are required for wild-type life span at 15°C (7) or 16°C 
(13), respectively, are not required at higher temperatures. Similarly, 
loss of function mutations in hif-1, encoding hypoxia-induced tran-
scription factor 1, extend life span but only at 25°C (14). Finally, 
animals bearing the hsf-1 (ok600) (a complete loss of function muta-
tion in the master transcription factor controlling the heat shock 
response) do not live past larval stages at any growth temperature 
(15), whereas animals bearing hsf-1(sy441) (a partial loss of function 
mutation) raised at lower temperatures (below 25°C) grow to adult-
hood, produce progeny and age (16).

In this work, to study how temperature dependent differences 
in physiology affect quantitative traits, we measured the amount of 
interindividual variation in life span and gene expression in geneti-
cally identical C elegans. We grew animals at different temperatures. 
We determined individual animals’ life spans and variation in life 
span. We determined levels of expression for reporter genes relevant 
to reproduction (Pvit-2::gfp; vit-2 encodes a yolk protein, vitello-
genin), metabolism (Pgpd-2::gfp; gpd-2 encodes a glycolytic enzyme, 
glyceraldehyde 3-phosphate dehydrogenase), and stress response/
life-span prediction (Phsp-16.2::gfp; hsp-16.2 encodes a chaperone, 
a small heatshock protein of 16.2 kDa), and interindividual varia-
tion in these quantities. We found that variation in life span and vari-
ation in expression of genes (including the life-span biomarker [A 
life-span biomarker is a trait one can measure in an individual that 
predicts subsequent life span better than chronological age (17). In 
C elegans, there are a number of reporter genes, including the stress 
response inducible reporter Phsp-16.2::gfp, whose expression defines 
such life-span biomarkers (3,4,5,6).]) was reduced (canalized) (18) 
at elevated temperature (25°C). This interindividual variation was 
associated with increased chaperone pathway activity, which we 
speculate may cause the reduction in variation.

Results

To determine how temperature affects the amount of physiological 
variation among genetically identical C elegans in homogeneous envi-
ronments, we measured expression of reporter genes and life spans 
in individual animals. We measured reporter gene expression in ani-
mals grown at 16°C, 20°C, and 25°C using methods we developed 
that allow high technical reproducibility (2). In these experiments, 
we measured more than 500 animals with each reporter at each tem-
perature in five separate trials, analyzing over 25,000 individuals 

(see Table 1). We measured life span for animals grown and aged at 
15°C, 20°C, and 25°C; to do so, we conducted 50 individual life-
span trials surveying more than 4,500 animals (see Table  2). We 
detail experimental methods in Supplementary Materials.

Table 1 and Figure 1A show mean gene expression at different 
temperatures. Expression of Green Fluorescent Protein (GFP) from 
the vit-2 and gpd-2 promoters increased with temperature (between 
16°C and 20°C), whereas the induced expression of GFP from the 
hsp-16.2 promoter was not (Figure 1A, Table 1; see Supplementary 
Materials section for induction conditions). Animals raised at 25°C 
that were not previously heat shocked showed basal, constitutive 
expression from the hsp-16.2 promoter but animals raised at 16°C 
and 20°C did not (Figure 1A, Table 1). Figure 1C and Table 2 show 
life-span data. As was expected from previous work (9,19), animals 
raised and aged at 15°C had the longest life spans followed by ani-
mals at 20°C and 25°C (Figure 1C, Table 1).

Interestingly, compared with animals grown at lower tempera-
tures, animals grown at 25°C also had lower interindividual vari-
ation in gene expression (Figure 1B, Table 1). Variation was lower 
for all three genes, including the life-span biomarker Phsp-16.2::gfp 
(Figure  1B). After correcting for bias in mean and coefficient of 
variation introduced by the discreet sampling of the continuous vari-
able of life span, we found that animals grown at 25°C also showed 
decreased interindividual variation in life span (for details about bin 
corrections, see Supplementary Material and Supplementary Figures 
S1–4). Thus, for C elegans, developing and aging at 25°C canalizes 
variation in gene expression and life span.

Discussion

Despite considerable study (2,20–26), the reasons that isogenic 
organisms in homogeneous environments manifest phenotypic vari-
ation and physiological differences are not well understood. Here, 
we studied how temperature affects the manifestation of the phe-
notypic variation in gene expression and life span. Differences in 
these traits can define distinct physiological states (3,6,25). To quan-
tify gene expression, we cultured animals at different temperatures. 
We then used methods that we developed (2) to precisely quantify 
average whole-animal gene expression level of a number of reporter 
genes, including a Phsp-16.2::gfp life-span biomarker and animal-to-
animal variation in these quantities.

We also correlated these measurements with parallel measure-
ments of life span and variation in life span at different temperatures. 
Performing such measurements required large numbers of trials. 
Here, due to the level of trial-to-trial variation in measured variation 
in life span at different temperatures, we needed to analyze more 
than 50 independent life-span experiments (involving 94 hermaph-
rodites per experiment on average) to resolve statistically significant 
differences. These experiments also required careful attention to 
experimental detail. Specifically, we had to correct for the bias in 
mean and coefficient of variation that is introduced by sampling life 
span at discreet points in time. Sampling life-span noncontinuously 
results in an intrinsic positive skewing of both mean and standard 
deviation. We discuss this in more detail and show mathemati-
cal simulations demonstrating these effects in the Supplementary 
Material and Supplementary Figures S1–4.

How might different environmental temperatures bring about 
these different effects? Unlike mammals (but like other poikilo-
therms), C elegans maintains a body temperature close to that of its 
environment and aspects of its physiology differ with temperature. 
For example, insulin signaling decreases with increasing temperature 

Table 1. Average Reporter Gene Expression Level and Average CV 
for Expression at Different Temperatures

Reportera 16°C 20°C 25°C

Constitutive Phsp-16.2::gfp 0 0 8.9 (0.218)
Induced Phsp-16.2::gfp 23.0 (0.210) 22.0 (0.205) 21.7 (0.185)
Constitutive Pvit-2::gfp 97 (0.268) 133 (0.199) 127 (0.179)
Constitutive Pgpd-2::gfp 309 (0.224) 513 (0.235) 530 (0.194)

Note: CV = coefficient of variation.
aAverage expression level (1 Average from approximately 500 animals per 

reporter per experiment; 5 total experiments) shown in Photomultiplier Tube 
(PMT) counts, with the average coefficient of variation (1 CV value per experi-
ment; 5 total experiments) shown in parenthesis.
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(27), whereas gene expression directed by a chaperone promoter 
is only induced at higher temperature (this report; Figure  1A).  
Our results here showed that growth at 25°C, near the top of C 
elegans fitness range (12°C–26°C) (28), shortened life span and low-
ered variation in life span and in gene expression.

In poikilotherms, physiological effects arising from differences in 
environmental temperature are well described (12). In animals rang-
ing from Daphnia (29) to flies (10) to alligators (30), increased envi-
ronmental temperatures increase the pace of development and aging. 
C elegans also develops (31) and ages (9,19) more rapidly at higher 
temperatures. The reason for the increased tempo is not clear but it 

Figure 1. Interindividual variation in gene expression and life span as a function of temperature. This figure shows that the amount of interindividual variation in 
three kinds of reporter gene expression, including a life-span biomarker, decreases at 25°C (B); interestingly, the amount of interindividual variation in life span 
also decreased at 25°C (D). Top graphs (A, B) depict mean ± SEM; bottom graphs (C, D) depict 95% confidence intervals (CI). To determine statistical significance, 
two-way analysis of variance (ANOVA) followed by the Holm–Sidak test for multiple comparisons was used for comparing the effects of temperature and strain 
on mean or CV, unless otherwise stated. CV is the coefficient of variation (SD/mean); CV is displayed as a whole-number percentage. Five independent trials 
consisting of approximately 500 individuals of each strain (one per reporter) at each temperature were used to generate the graphs of reporter gene expression. 
Fluorescence levels for animals expressing Pgpd-2::gfp are divided by 10 for plotting purposes; actual values are shown in Supplementary Table S1. (A) All 
reporters were significantly different in expression level from one another within each temperature. All p values from two-way ANOVA followed by Holm–Sidak 
testing for effects of strain and temperature on mean expression are shown in Supplementary File F1. Measured Pgpd-2::gfp expression was significantly 
different between 16°C and 20°C (p = .001) and 16°C and 25°C (p = .0003). Pvit-2::gfp was significantly different between 16°C and 20°C (p = .007). No significant 
differences were detected in induced Phsp-16.2::gfp expression between any temperatures; constitutive Phsp-16.2::gfp expression at 25°C was significantly 
different from all other gene expression levels at 25°C (p = .02, one-way repeated measures ANOVA, Student–Newman–Keuls test). Temperature had a significant 
effect on mean expression between 16°C and 20°C and between 16°C and 25°C, when the entire profile of reporters is considered (p = .00009 for 16°C vs 25°C 
and 16°C vs 20°C). Also, see Table 1. (B) Pvit-2::gfp CV was significantly greater than Phsp-16.2::gfp CV at 16°C (p = .011). Pgpd-2::gfp CV significantly changed 
between 20°C and 25°C (p = .0003). Pvit-2::gfp CV significantly changed between 16°C and 25°C (p = .008). CV measured for 25°C Phsp-16.2::gfp expression was 
significantly higher than for the 35°C -induced expression of Phsp-16.2::gfp (p = .02, paired t test). Temperature has a significant effect on CV of the analyzed 
reporters between 16°C and 25°C (p  =  .00028) and between 20°C and 25°C (p  =  .019); increasing temperature decreased worm-to-worm variation in gene 
expression. Explicit p values for every comparison from the two-way ANOVA followed by Holm–Sidak testing for effects of temperature and strain on CV are 
detailed in Supplementary File F2. Also, see Table 1. (C) Mean life span significantly decreased with increasing temperature; 95% CI shown. Fifty independent life-
span experiments at various temperatures comprised the Life span × Temperature data set. Also, see Table 2. (D) Interindividual variation in life span significantly 
decreased at 25°C; 95% CI shown. Also, see Table 2. Raw data for life spans and individual life-span trial CVs is available in Supplementary File F3.

Table  2. Average Life Span and Coefficient of Variation for Life 
Span at Different Temperatures

15°C (11, 1,278)a 20°C (26, 2,634)a 25°C (13, 779)a

Mean life  
span (days)

31.1 22.8 17.9

Coefficient of 
variation

.255 .235 .184

Note: aNumber of experiments and total number of animals in parentheses 
(experiments, animals).
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has often been explained with the idea that development and aging 
depend on chemical reactions and these work more quickly at higher 
temperatures (8,9). In fact, the picture is more complex: in poikilo-
therms, most metabolic reactions depend on enzymes with particular 
temperature optima and their expression is differently affected by 
temperature (12). In addition to changes in enzyme expression level 
to compensate for temperature-dependent differences in activity, 
many organisms express temperature specific enzyme isoforms (12). 
For these reasons, the complement of enzymes in a particular cell 
in a C elegans raised at 15°C is different than in the same cell in an 
otherwise-identical animal raised at 25°C. For example, in this work 
(Figure 1A), GAPDH promoter activity increases with temperature; 
thus, there is presumably a higher concentration of GAPDH in cells 
at higher temperatures then at lower.

Consistent with the previous findings, we note that at 25°C, the 
sy441 loss of function allele of hsf-1, which encodes the protein 
that activates expression of heat shock response genes, arrests dur-
ing larval development (16), suggesting that expression of heatshock 
response genes might be needed for adult survival at this temperature. 
In this work, we have shown that expression directed by one par-
ticular heat shock responsive promoter, hsp16.2, is induced at 25°C 
(Figure 1A). We therefore suggest that the diminution in phenotypic 
variation for both gene expression and life span at 25°C may be a 
consequence of low level hsf-1-dependent expression of HSP-16.2 
and other chaperones at the higher temperature. Restated, the protein 
folding aspect of proteostasis may be contributing to reduced cell-to-
cell and animal-to-animal variation in gene expression, which in turn 
may cause reduced animal-to-animal variation in life span.

Finally, we note that this work establishes an intriguing correla-
tion between variation in life-span biomarker expression and vari-
ation in life span itself. One simple explanation for this correlation 
between decreased variation in these traits is that heightened expres-
sion of chaperones at elevated temperatures might decrease pheno-
typic variation in both processes. Increased chaperone expression 
could reduce variation in gene expression and life span by increas-
ing both absolute number and proportion of functional molecules of 
particular protein species expressed in individual animals.

Supplementary Material

Supplementary data are available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.
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