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Abstract

The correlation between genomic G+C content and optimal growth temperature in prokaryotes has gained renewed interest after
Musto et al. [H. Musto, H. Naya, A. Zavala, H. Romero, F. Alvarex-Valin, G. Bernardi, Correlations between genomic GC levels
and optimal growth temperatures in prokaryotes, FEBS Lett. 573 (2004) 73–77], reported that positive correlations exist in 15 families
studied. We have reanalyzed their data and found that when genome size and data quality were adjusted for, there was no significant
evidence of relationship between optimal temperature and GC content for two of the families that had previously shown strongly sig-
nificant correlations. Using updated temperature optima for Halobacteriaceae species we found the correlation is insignificant in this
family. For the family Enterobacteriaceae when genome size and optimal temperature are included in a multiple linear regression, only
genome size is significant as a predictor of GC content. We showed that more profound statistical methods than simple two factor cor-
relation analysis should be used for analyzing complex intrinsic and extrinsic factors that affect genomic GC content. We further found
that a positive correlation between temperature and genomic GC is only evident in free-living species of low optimal growth
temperatures.
� 2006 Elsevier Inc. All rights reserved.
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The relationship between genomic G+C content and
optimal growth temperature in prokaryotes has been
important in understanding whether nucleotide composi-
tion is under environmental temperature-based selection.
Cross-species and phylogeny-based comparisons of geno-
mic GC content and temperature from various sets of
microbial species have established that there is no correla-
tion between the two traits among the species [1–3]. How-
ever, a recent study by Musto et al. [4,5] shows that a
positive correlation between growth temperature and GC
content appears among species within 15 out of 20 families
of prokaryotes. This novel finding was promptly chal-
lenged by several reports [6–9]. The central arguments are
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that the correlations observed within the families are gener-
ally not very strong, in some cases they are negative rather
than positive, and are not robust because of small data sets
that are subject to the influence of the outliers [6].

We have reanalyzed the data set of Musto et al. [4]. First,
we examined the quality of the original data. The tempera-
ture data were largely (416 of 656 species) taken from Galtier
and Lobry’s collection [1], which was, in turn, collected from
Bergey’s Manual [10]. Although the latter is the commonly
accepted resource for bacterial physiology data including
optimal growth temperature and genomic GC content, the
optimal temperatures are often given in a range, rather than
unique values for different species. The optimal temperatures
were calculated by averaging the lower bound and upper
bound of the optimal temperature range and the average
accuracy is within ±2.5 �C [1]. Although this approach
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may be reasonable for a correlation analysis of temperature
and GC content for a large data set [1–3], the data accuracy
becomes accurate for a small data set with few data points. In
Musto et al.’s data, several (archae)bacterial families contain
only 11–15 data points [4].

For instance, an extremely halophilic archaeaon family
Halobacteriaceae has 14 species in [4]. The Pearson correla-
tion coefficient (R = 0.67, p < 0.01) for the optimal tempera-
ture and GC content of the family is amongst the highest in
the 15 families with positive correlations, using both the
cross-species comparison and the comparison based on phy-
logenetic contrasts [4]. However, the optimal temperature
values listed in the original data set may not be up to date.
A recent study [11] explicitly examined the temperature opti-
mum in Halobacteriaceae; of which eight species are on
Musto et al.’s species list. A comparison between optimal
temperatures for the eight species from the two sources indi-
cates five of which are very different (Table 1). Using the five
updated temperature optima together with temperature data
for the other nine species from the original data set, we re-cal-
culated the Pearson coefficient for the correlation between
temperature and GC content, resulting in an insignificant
correlation (n = 14, R = 0.33, p = 0.25).

Our second concern is that all previous simple correla-
tion analyses of GC versus temperature have ignored the
fact that genomic GC content is influenced by multiple fac-
tors including both intrinsic mutational bias [12] and
extrinsic environmental factors. One of the intrinsic quan-
Table 1
Optimal growth temperature (OPT) of eight Halobacteriaceae species from
two resources [5,11]

Genus Species OPT (�C)
in Ref. [4]

OPT (�C)
in Ref. [11]

Natronomonas pharaonis 45 43–45
Haloferax volcanii 45 45
Halorubrum saccharovorum 50 45
Natronococcus occultus 37.5 45
Haloarcula vallismortis 40 43–49
Natronobacterium gregoryi 38.5 47
Halobacterium salinarum 50 49–50
Halococcus morrhuae 33.5 51

Table 2
Regression of genomic G+C on optimal growth temperature (�C) and genom

Family Factors

Bacillaceae

(12 species)
Temperature
Genome size
Temperature + Genome sizec

Enterobacteriaceae

(15 species)
Temperature
Genome size
Temperature + Genome sizec

a Adjusted R2 for the regression.
b Regression coefficient ± standard errors.
c For multiple regression of G+C content on the combined factors (temperatu

evaluated separately for the two factors.
* P-value associated with the null hypothesis that regression coefficient = 0.
titative factors is the genome size. Large genomes tend to
be GC-rich and small genomes tend to be AT-rich [13–
15]. Therefore, the confounding factor of genome size
should be taken into account when analyzing GC and tem-
perature relationship. Based on Musto et al.’s data, we
added genome size data from several sources, including
NCBI Genome Projects database (http://www.ncbi.nlm.
nih.gov/genomes/lproks.cgi), TIGR Genome Properties
database [16] and a Prokaryote Genome Size Database
provided by T. Ryan Gregory. Of the 20 bacterial families
in Ref. [4], only Bacillaceae (containing 12 species) and
Enterobacteriaceae (15 species) have information for all
three metrics (temperature optimum, GC content, and gen-
ome size) for more than 10 species. For the two families, we
made regression analyses of GC content with temperature
and genome size, individually and combined (see Table 2).

The results demonstrate that, holding genome size fixed,
there is still significant evidence that GC content tends to
increase with increasing temperature in Bacillaceae,
although the strength of the relationship becomes weaker.
For Enterobacteriaceae, however, given genome size, tem-
perature is no longer a significant predictor of GC content.

Furthermore, a recent metagenomics study has shown
that GC content of complex microbial communities seems
to be globally and actively influenced by the environment
[17]. It is known that oxygen requirements [18,19], nitrogen
utilization [20], and habitats [14,21] affect GC content.
Salinity and alkalinity may also have effects. As these ecol-
ogy data have been accumulating in the databases, e.g.,
[16,22], a generalized linear or nonlinear model involving
several interacting factors (numerical or categorical) would
be more appropriate than simple two factor correlation
(e.g., GC versus temperature) in delineating the role of
environmental factors (including temperature) and geno-
mic G+C content. For instance, we generated a data set
of 130 microbial species that contain information on geno-
mic GC content, genome size (in mega base pairs), and
oxygen requirements (aerobic, anaerobic, microaerophilic,
and facultative). Using analysis of covariance (ANCOVA)
model we found that the slopes of regression of GC content
e size (mega base pairs)

R2a Coeff.b P-value*

0.77 0.39 ± 0.1 0.0035
0.70 �5.75 ± 1.86 0.0115
0.85 0.28 ± 0.1 0.02 (Temperature)

�3.47 ± 1.66 0.07 (Genome size)

0.67 1.22 ± 0.37 0.006
0.86 5.30 ± 0.88 <0.0001
0.89 0.49 ± 0.30 0.13 (Temperature)

4.35 ± 1.01 <0.001 (Genome size)

re and genome size), partial regression coefficient and their significance are
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Fig. 2. The regression of genomic G+C on optimal growth temperature
using three smoothing methods: Lowess, polynomial to the power of four,
and cubic spline.

Table 3
Correlation of genomic GC and optimal growth temperature in five
temperature groups

Temperature group (�) Species number R Significance

<30 296 0.29 <10�6

30–40 653 �0.38 <10�6

40–50 35 0.14 0.41
50–80 54 �0.21 0.12
P80 27 0.23 0.25

R, Pearson’s correlation coefficient.
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on temperature or on genome size are different for the dif-
ferent oxygen requirement groups, since the interaction
terms of GC and oxygen or genome size and oxygen are
both significant (p < 0.0001) in the ANCOVA. This indi-
cates that individual regressions should be fit for the differ-
ent oxygen requirement groups of microbes.

In a third analysis, we assembled a data set of genomic
GC content and optimal temperature of 1065 species, 772
of which were from Ref. [1], and the rest 293 species were
from Ref. [4], NCBI Genome Projects database, TIGR
Genome Properties database, and German Collection of
Microorganisms and Cell Cultures (http://www.dsmz.de).
This data set and the other data we used in this study are
available at http://www.mathstat.dal.ca/~hcwang/
Research/Manuscript/genoGC. We separated the data into
five temperature groups (less than 30 �C, 30–40 �C, 40–
50 �C, 50–80 �C, and greater than 80 �C), corresponding
to mesophiles of low temperature, mesophiles, moderate
thermophiles, thermophiles, and hyperthermophiles. Sur-
prisingly average genomic GC is highest in the temperature
group of less than 30 �C (G30�) but lowest in the group
of hyperthermophiles (greater than 80 �C, G80+). The
three middle temperature groups have similar average
GC (Fig. 1). Kruskal–Wallis rank sum tests show that
the difference in average GC content between the G30
group and the other four higher temperature groups is sig-
nificant (p < 0.00001) while there is no significant difference
among the latter four groups (p = 0.54).

Moreover, we used Lowess, polynomial and cubic spline
smoothing methods to plot the nonlinear relationship
between genomic GC and temperature (Fig. 2). Although
there are fewer organisms in the G30� group and a large
amount of variation, all three methods suggest a positive
correlation. For the G30_40 group the methods indicate
a negative correlation. There is essentially no correlation
in the moderately thermophilic, thermophilic, and hyper-
thermophilic groups. This is also shown in the correlation
analyses for the five temperature groups (Table 3). The
G30- G30_40 G40_50 G50_80 G80+
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Fig. 1. The box-and-whisker plot of genomic G+C content in five
temperature groups. The box represents the first quartile, the median, and
the last quartile; the whiskers extend to the most extreme data points.
G30_40 group contains many human pathogenic species
and endosymbiotic bacteria which are known to be GC-
poor [14,21]. Thermophilic species also tend to be GC-poor
because of selection to avoid spontaneous cytosine deami-
nation at high temperatures [23]. These results suggest GC
content is strongly affected by the life style of the
organisms.

The above analyses have shown that a positive correla-
tion between growth temperature and genomic GC content
appears in certain phylogenetic groups (e.g., Bacillaceae)
and at low temperature range (i.e., temperature less than
30 �C). This correlation is not present in the Enterobacteri-

aceae and Halobacteriaceae, contrary to the claim by
Musto et al. [4,5]. However, the accuracy of the current
and previous analyses was compromised by the quality of
the available temperature data, as the real temperature
optimum is usually hard to determine and therefore can
be different among various sources. The fact that a bacte-
rial species can sustain a wide range of temperatures sug-
gests that environmental temperature is not a primary
factor affecting genomic DNA stability. Indeed, for most
bacteria, the range from minimum to maximum growth
temperature is 30 �C [24]. On the other hand, for the same
temperature optimum (e.g., 37 �C), genomic GC content
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can be from 23.7% in Mycoplasma bovoculi to 69.5% in
Pseudomonas pseudomallei. In light of this, it would likely
be better to use maximum growth temperature instead of
optimal temperature in the correlation analyses, as the
maximum temperature of a species has a narrower range
than the optimal range [11,24] and the DNA thermal stabil-
ity, if any, may be best tested by the maximum heat that
microbes can sustain. Overall, it is clear that genomic adap-
tation to elevated environmental temperature in prokary-
otes is not generally achieved by increased overall
genomic G+C, but involves many molecular processes at
the transcriptome and proteome levels [25], including for
instance, elevated G+C in structural RNAs [1–3], increased
frequency of purines and polypurine tracts in message
RNAs [26,27], codon usage and amino acid usage biases
[8,28,29], and the presence of unique proteins [30,31].
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