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GC3 heterogeneity and body temperature in vertebrates
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Abstract
A recent paper by Belle et al. (J. Mol. Evol. 55 (2002) 356) reported an analysis of mean GC3 (the GC level of third codon positions) and
standard deviations of GC3 of vertebrate genomes as related to body temperature, and concluded that ‘‘the thermal stability hypothesis does not
appear to explain the general patterns of composition’’, apparently contradicting a previous working hypothesis from our laboratory. We have
analyzed the data of Belle et al. and find that their data not only do not contradict the thermal stability hypothesis, but if anything support it.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction
The gene-dense compartments (the ‘‘genome core’’) of
the ancestors of mammals and birds underwent two independent ‘‘major shifts’’. The first explanation (Bernardi and
Bernardi, 1986) proposed for these GC increases and for the
maintenance of the new patterns was that they were due to
natural selection acting on the ‘‘genome phenotype’’, namely on the compositional pattern of the genomes. As a
working hypothesis, we suggested that the selective advantages provided by the compositional genome transitions that
accompanied the emergence of warm- from cold-blooded
vertebrates were the higher thermodynamic stabilities of
DNA, of RNA, and of the proteins encoded by the newly
formed GC-rich coding sequences, all these advantages
being achieved simultaneously (Bernardi and Bernardi,
1986; see Bernardi, 2003, for a general review).
Three main reasons for this thermodynamic stability
hypothesis were that (i) vertebrates are a very small taxon
sharing most genetic and genomic properties, i.e. the vast
majority of inputs influencing genome composition are, in
all likelihood, very similar; (ii) a major difference between
Abbreviations: GC, molar fraction of guanine and cytosine; GC3, GC in
third codon positions of protein-coding genes; Tmax, Tmean, maximum,
mean body temperatures.
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cold- and warm-blooded vertebrates is body temperature;
(iii) the ‘‘major shifts’’ were never observed in fishes and
amphibians, involved both coding and non-coding sequences, and only concerned the gene-richest part of these
genomes (which represents 10 –15% of the human genome).
This last point has been recently clarified by Saccone et
al. (2002), who showed that the gene-richest and GC-richest
isochores of warm-blooded vertebrates (the ‘‘genome core’’)
consistently have an open chromatin structure in the interphase nucleus. Since there is every reason to believe that in
cold-blooded vertebrates the gene-dense regions of the
ancestral genome core are also characterized by an open
chromatin structure (see Bernardi, 2003), and are likewise
centrally located in the nucleus, whereas the gene-poor
regions of the empty quarter are also packed at the periphery, then a plausible explanation for the differential compositional transition of the ancestral genome core is that, as
body temperature increased with the appearance of
homeothermy, the DNA of the open chromatin of the
genome core needed to be stabilized by an increasing GC
level. In contrast, this was not needed by the gene-poor
regions because their stabilization was assured by its dense
chromatin structure. This stabilization also was not necessary in cold-blooded vertebrates, because of their lower
body temperature and higher DNA methylation (Jabbari et
al., 1997), a well known factor for stabilizing DNA.
Based on an analysis of mean and standard deviation of
GC3 values (GC level of third codon positions) of vertebrate
genes, and using the method of orthogonal contrasts (see
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Felsenstein, 1985), Belle et al. (2002) concluded that ‘‘the
thermal stability hypothesis does not appear to explain
general patterns of composition’’. Indeed, the absence of a
correlation was reported between either the mean GC3, or
the standard deviation in GC3 (two ways of evaluating the
spreading of the GC3 histogram towards higher values), and
body temperature of 18 cold-blooded and 3 warm-blooded
vertebrates. Another recent paper, which again appears to
contradict a relation between temperature and GC, is discussed elsewhere (Clay et al., 2003).

2. Results and discussion
The assertion of Belle et al. hinges on p values that
would not be significant, especially if warm-blooded vertebrates are excluded. In the opinion of the authors, such p
values permit them to reject the temperature hypothesis. We
offer here three comments on this reasoning.
The first is that the method of independent contrasts,
which the authors used to calculate the p value, emphasizes
(i.e., rewards) changes, but neglects constraints or selection
pressures maintaining a status quo, which it mistakenly
interprets as phylogenetic inertia (for critiques of the method’s general applicability, see Westoby et al., 1995, and
Martins, 2000). In other words, no points are given for
maintaining similar GC3 distributions at similar temperatures, e.g., by combatting tendencies that might homogenize GC3 (e.g., a genome-wide mutational bias) or cause
GC-rich DNA to drift. Points are given only for changing
the GC3 distributions when temperature changes. Furthermore, when one calculates R and p values via the independent contrast method, one implicitly assumes a Brownian
motion model, i.e., a molecular clock for GC (or for its
frequency distribution in third codon positions). GC does

not satisfy this condition, since its changes do not correlate
well with time, even among fish taxa (Bernardi and Bernardi, 1990a,b). In other words, GC evolution in vertebrates
is apparently not characterized by gradual diffusion, but
rather by rare, relatively rapid shifts. The hypothesis tested
and rejected by the method used by Belle et al. (if the
temperature and standard deviation estimates are precise;
see, however, below) is that essentially any temperature
change, either upward or downward, either large or small,
should be expected to yield a linearly corresponding change
in the GC3 distribution’s standard deviation (regardless of
other environmental or physiological conditions). This very
special hypothesis does not seem close to any temperature
hypothesis that we proposed in the past.
The second comment is that the error or variability of the
temperature estimates was not quantified by the authors, and
is likely to be large. Various Internet sources are given as the
sources of the temperatures. It is well known (Precht et al.,
1955; Elliott, 1994) that ‘‘body temperature’’ of a vertebrate
species differs widely according to the method, conditions
or criteria (optimal, mean, maximum, minimum, growth or
lethal temperature) used to measure it. Neglecting the large
shifts between mammals or birds and cold-blooded vertebrates, some of the temperature contrasts among species are
likely to be well within the measurement or error range for a
single species. Experimental noise of this kind will obviously increase scatter and lead to underestimates of correlation coefficients. Inaccurate estimates of GC3 distribution,
e.g., where few genes were available, will contribute further
scatter.
The third comment is that one would not expect a larger,
indiscriminate sampling of species to increase the statistical
significance of contrast correlations. Indeed, only few large
compositional shifts are known to have occurred during
vertebrate evolution. Instead, one can invoke the functional

Fig. 1. The maximal and mean body temperatures of the species studied by Belle et al. (2002) are plotted against the standard deviations of GC3 of genes from
cold- (blue points) and warm-blooded vertebrates (human and chicken; red points).Data are from Belle et al. (2002). The standard deviations of GC3 for human,
chicken and Xenopus coincide with our previous data (see Bernardi, 2003). Correlation coefficients and p values (in red figures for all points, in blue figures for
cold-blooded vertebrate points only) are shown neglecting the two outliers (Alligator mississipiens, A.m., and Trachemys scripta, T.s.).
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or structural properties, correlated with rising body temperature, rising GC and rising GC3, that accompanied the
evolution of two well-studied, independent lineages, those
leading to eutherian mammals and to birds (see Section 1,
and Bernardi, 2003). The concordance among these different properties in the two lineages gives strong support to an
explanation based on temperature.
Surprisingly, in view of the author’s conclusion, the
maximal (and mean) body temperatures of the vertebrates
investigated by Belle et al. suggest a general correlation
with the standard deviation if data from Alligator and
Trachemys (a turtle), two outliers, are neglected (Fig. 1).
This elimination is justified by the fact that these species had
not only a very low number of genes (17 and 16, respectively), but also extreme (highest and lowest, respectively)
standard deviations, inspite of no striking difference in the
distribution of DNA molecules (Hughes et al., 2002). The
only plausible explanation for the anomalous standard
deviations must, therefore, be associated with the particular
gene samples used.
If only the data of Belle et al. for cold-blooded vertebrates are considered (still neglecting the two outliers), the
standard (not contrast) correlation coefficients are r = 0.45,
p = 0.08 for Tmax and r = 0.49, p = 0.05 for Tmin (Fig. 1).
Obviously, these values greatly improve if warm-blooded
vertebrates are included in the analysis.
We conclude, therefore, that the formation of GC-rich
isochores in cold-blooded vertebrates be correlated with
body temperature. While not being the final proof for the
thermodynamic stability hypothesis, the results of Fig. 1
certainly are in favour of it. Other arguments (Bernardi,
2003) also point in the same direction.
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