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Abstract

Two years ago, we showed that positive correlations between optimal growth temperature (Topt) and genome GC are observed in 15
out of the 20 families of prokaryotes we analyzed, thus indicating that ‘‘Topt is one of the factors that influence genomic GC in prokary-
otes’’. Our results were disputed, but these criticisms were demonstrated to be mistaken and based on misconceptions. In a recent report,
Wang et al. [H.C. Wang, E. Susko, A.J. Roger, On the correlation between genomic G+C content and optimal growth temperature in
prokaryotes: data quality and confounding factors, Biochem. Biophys. Res. Commun. 342 (2006) 681–684] criticize our results by stating
that ‘‘all previous simple correlation analyses of GC versus temperature have ignored the fact that genomic GC content is influenced by
multiple factors including both intrinsic mutational bias and extrinsic environmental factors’’. This statement, besides being erroneous, is
surprising because it applies in fact not to ours but to the authors’ article. Here, we rebut the points raised by Wang et al. and review
some issues that have been a matter of debate, regarding the influence of environmental factors upon GC content in prokaryotes. Fur-
thermore, we demonstrate that the relationship that exists between genome size and GC level is valid for aerobic, facultative, and micro-
aerophilic species, but not for anaerobic prokaryotes.
� 2006 Elsevier Inc. All rights reserved.
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Fifty years ago, it was discovered that the genomes of
prokaryotes cover a broad compositional range, GC levels
being comprised between approximately 25% and 75% [1].
The first explanation for such a range was to attribute it to
a mutational bias [2,3], a neutralist explanation. Then, thir-
ty years ago, it was discovered that differences in GC levels
also existed between the genomes of cold- and warm-
blooded vertebrates [4]. The higher GC levels of the gen-
omes from warm-blooded vertebrates were explained as
being due to selection for higher thermodynamic stability
required by DNA, RNA, and proteins at their body tem-
peratures [5], a selectionist interpretation. As a conse-
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quence, it seemed reasonable to expand the latter
interpretation to prokaryotes which display a variation in
Topt from about �15 to 120 �C.

Along this line, later investigations [6] failed to find a
correlation between Topt and GC (or GC3 in protein-cod-
ing sequences of prokaryotes [7]), although positive corre-
lations were observed for ribosomal and tRNA genes.
These results were interpreted not only as strong evidence
against the thermodynamic hypothesis for prokaryotes,
but also as evidence against the corresponding hypothesis
for vertebrates. This interpretation was criticized, however,
because many factors have often contrasting inputs on gen-
ome composition of such a vast array of organisms as pro-
karyotes [8]. Indeed, it was pointed out [8] that ‘‘what
Galtier and Lobry (1997) did was to use a sample of pro-
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karyotes including Archaea and Bacteria, mesophiles, ther-
mophiles and hyperthermophiles, aerobes and anaerobes
(the latter two groups of prokaryotes being characterized
by different GC levels [Naya et al., 2002]), without taking
into consideration that many factors are collectively
responsible for the base composition of a genome, and dif-
ferent strategies were developed by different prokaryotes to
cope with high temperatures. This led to looking at very
different and often contrasting inputs as far as genome
composition is concerned. Under these circumstances, plots

of prokaryotic GC (or GC3) versus optimal growth tempera-

ture are meaningless, because they mix different effects on

genome composition’’ (emphasis in the original text).
It is obvious that taking into account all the environ-

mental factors that have a potential effect on genome com-
position is impossible, at least not for a sufficiently large
number of prokaryotic species. A way to largely circum-
vent this problem is to restrict the analysis to groups of
phylogenetically related prokaryotes and to assume that,
apart from the parameter under study (in our case Topt),
all other variables are comprised within quite small limits,
and hence variables that affect the GC level are likely to be
more similar.

These considerations led us [9] to restrict our study of
co-variation between Topt and genomic GC to the family
level, essentially because the phylogenetic relationships
among prokaryotic families are still uncertain in several
cases [10], whereas the phylogenetic relationships among
species within each family are expected to be more accurate
since the times of divergence are much smaller. In brief, we
reported that when families comprising at least 10 species
were studied, positive correlations were found in 15 out
of 20 families. We therefore concluded that ‘‘Topt is one

of the factors that influence genomic GC in prokaryotes’’.
These results were considered to be ‘‘not robust’’ by

Marashi and Ghalanbor [11], a claim echoed by Basak
et al. [12,13], because according to these authors the corre-
lations relied on few points that the authors called outliers.
This criticism was demonstrated to be mistaken [14] since
after eliminating from the samples real outliers, identified
using objective and well-established approaches, the results
remained basically unchanged. Indeed, the correlations
between Topt and genomic GC remained positive and sta-
tistically significant for the majority of these families.

In a recent report, Wang et al. [15] state that ‘‘all previ-
ous simple correlation analyses of GC versus temperature
have ignored the fact that genomic GC content is influ-
enced by multiple factors including both intrinsic muta-
tional bias and extrinsic environmental factors’’. This
statement is surprising for at least two reasons. In the first
place it is clear, even from the abstract of our paper that we
did not ignore that temperature is one of many factors that
affect GC level. Furthermore, the same consideration was
clearly made before (see [8] and references therein). In the
second place, this criticism applies not to ours, but to the
work of others [6] and, ironically, also to the study of
Wang et al. [15]. Indeed, these authors [15] analyzed two
sets of prokaryotes in their Figs. 1 and 2 and Table 3. A
set of 1065 species was analyzed in their GC and Topt dis-
regarding again the phylogenetic relationships, as had
already been done by Galtier and Lobry [6]. Expectedly,
no significant correlation was found in either study. Anoth-
er set of 130 species that contain information on genomic
GC, genome size, and oxygen requirement showed that
the correlation between GC and temperature on genome
size is different for the different oxygen requirement groups,
since the interaction terms of GC and oxygen on genome
size and oxygen are both significant.

The criticisms raised by Wang et al. [15] are in fact only
two. The first one is that, taking into account very recent
data [16], which comprises new estimates of Topt from some
species that belong to the Halobacteriaceae family used by
us [1], the Topt/GC-level correlation remains positive
(R = 0.33), yet is no longer significant for this family. Such
a result is not surprising if one considers the serious flaws
made in the analysis. Apart from the fact that the sample
size is very small (N = 14) and thus any manipulation of
the data may produce drastic changes in the correlation
values (due to the low number of degrees of freedom),
the situation is even more delicate because the new esti-
mates of Topt are systematically higher than the old ones
(for the same species), as stated in the paper where these
estimations are presented [16]. As a consequence, the sam-
ple of Halobacteriaceae species used by Wang et al. [15]
includes two subsets of data, one of which contains system-
atic biases in the estimation of Topt, since either the esti-
mates for the sub-group of species for which old Topt are
used are underestimations, or the values for the group with
the new Topt are overestimations. It should be evident that
for purposes of comparison, mixing data measured using
different criteria is not correct regardless of the ‘‘profundi-
ty’’ of the statistical method used. We doubt that any seri-
ous conclusion could be drawn from this kind of analysis.

The second criticism concerns the effect of genome size
which putatively prevails upon the effect of temperature.
Apart from the obvious prediction that if there is a strong
correlation between genome size and GC, this may prevail
over the correlation between temperature and GC, it is dif-
ficult to see why such prevalence in the correlation should
rule out the functional significance of other genuine corre-
lations such as that between Topt and genomic GC. Besides
it is not possible to establish a cause–effect relationship in
the correlation of genome size versus GC.

In this regard, we should mention that the correlation
between genome size and genomic GC holds only for aer-
obic, facultative, and microaerophilic prokaryotes, but
not for anaerobic species, as is shown in Fig. 1. This obser-
vation gives further support to our previous finding, in that
aerobiosis is among the most important factors shaping
GC content in prokaryotes [17].

Concerning the genome size/GC level analyses conduct-
ed by Wang et al. [15], they restricted their study to only 2
of the 20 prokaryotic families used by us [9]: Bacillaceae

and Enterobacteriaceae. Regrettably, only a fraction of
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Fig. 1. The data for constructing this plot were taken from http://
www.ncbi.nlm.nih.gov/genomes/lproks.cgi, which displays several physi-
ological and ecological features for all completed prokaryotic genomes.
When several species from the same genus were available, we included the
organism with the highest genome size. (a) All species; (b) aerobic,
facultative, and microaerophilic prokaryotes; (c) anaerobic prokaryotes.
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the species was analyzed: only 15 (out of 38) Enterobacteri-

aceae and only 12 (out of 18) Bacillaceae. They found that
in spite of the remarkably smaller sample sizes, the correla-
tion between Topt and GC content still holds and remains
statistically significant for these two subsets of species ana-
lyzed, but while in Enterobacteriaceae the correlation
between genome size and GC prevails over the correlation
between Topt and GC, in Bacillaceae the prevailing correla-
tion is that between Topt and GC. Therefore, such a criti-
cism cannot be taken as well founded, to say the least.
Disregarding the problem of the serious reduction in sam-
ple size, accepting this criticism would be equivalent to
denying the importance of the correlation between genome
size and GC content in Bacillaceae simply because the pre-
dominant correlation with GC is that displayed by Topt.

Finally, the statement that ‘‘genomic adaptation to ele-
vated environmental temperature in prokaryotes is not
generally achieved by increased overall genomic G+C,
but involves many molecular processes at the transcrip-
tome and proteome levels’’ [15] is a trivial consideration
if one considers the well-established compositional correla-
tions between the genome, the transcriptome, and the pro-
teome [5]. The real question is which one is the ‘‘primum
movens’’ among those factors, the relative weight among
them and their interplay [8].

In conclusion, we do not see how the analyses done by
Wang et al. [15], given their lack of consistency, weakness-
es, and poor data management, can disprove our conclu-
sion that ‘‘Topt is one of the factors that influence genomic
GC in prokaryotes’’.
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