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Abstract. G:C pairs are more stable than A:T pairs Introduction
because they have an additional hydrogen bond. This has

led to many studies on the correlation between th . . .
guanine+cytosine (G+C) content of nucleic acids ang‘l'he Watson-Crick (1953) base-pairing rules imply exact

temperature over the last 20 years. We collected the Ope:\qmmolar amounts of adenine (A) and thymine (T) and

) exact equimolar amounts of cytosine (C) and guanine
timal growth temperatures (J) and the G+C contents . i i
of genomic DNA; 23S, 16S, and 5S ribosomal RNAS: (G) in a double-stranded DNA molecule. Somewhat sur

and transfer RNAs for 764 prokaryotic species. No Cor_prisingly, these relationships are also approximately true

. . or single-stranded DNA molecules. These statistical re-
relation was found between genomic G+C content ang_,. N .
o : ationships in single-stranded DNA, sometimes called
Tope but there were striking correlations between the

dChargaﬁ"s rules (Chargaff 1979), were termed parity
: . ule type 2 (PR2) by Sueoka (1995). They were first
Tope Two explanations have been proposed neutra[eported for the chemical composition B&cillus subti-

evolu'Fipn and selection pressu_re—for the approximatqis DNA (Rudner et al. 1968; Karkas et al. 1968). Similar
equalities of G and C (respectively, A and ) Contentsresults were obtained des,cherichia coli, B. megate-

within each strand of DNA molecules. Our results do not . . i
. . . rium, B. stearothermophilus, Proteus vulgaris, Salmo-
support the notion that selection pressure induces

. ) . - nella typhimurium, Serratia marcescenand E. coli
complementary oligonucleotides in close proximity and

. .8hage T4 (Rudner et al. 1969; Karkas et al. 1970; Rudner
therefore numerous secondary structures in prokaryoti

DNA, as the genomic G+C content does not behave inand LeDoux 1974). When long DNA sequences became

the same way as that of folded RNA with respect toavanable,IPRZ was alsokfognd to hold fqr the eukar.y(f)tlc
optimal growth temperature SV40, po yoma, and Bk viruses (Nussinov 1982); for
| Homo sapiengFickett et al. 1992); and for many other

Key words: Prokaryotes — Optimal growth tempera- species (Pr_abhu_ 1993; Lo_bry 1995).
. Two distinct interpretations of PR2 have been sug-
ture — G+C content — Secondary structures — Parity

rule — Directional mutation pressure gested. The first is that PR2 is the consequence of direc-
tional mutation pressure (Sueoka 1962, 1988, 1992,
1993; Freese 1962). Under no-strand-bias conditions,
when both DNA strands behave similarly for mutation
and selection, the substitution pattern is such that PR2
should hold at equilibrium (Sueoka 1995; Lobry 1995).
Any deviations from PR2 would therefore be the result
of deviation from the ideal no-strand-bias conditions, and
Correspondence tal.R. Lobry these deviations are indeed correlated with the replica-
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tion origin in E. coli, B. subtilis, Haemophilus influenzae ~ 5S RNA G+C Contenf71 Genery The 5S RNA sequences were
(Lobry 1996a) andMycopIasma genitaliun(Lobry extracted from the DDBJ/EMBL/GenBank database (Shin-I et al. 1994;

. Lo . odriguez-Tomeet al. 1996; Benson et al. 1996) structured under the
1996b). The second interpretation is that PR2 is the resueﬁntity-relationship model of ACNUC (Gouy et al. 1984, 1985a,b).

of a “selection pressure favoring mutations that generat&ome sequences were removed from the raw data set to avoid dupli-
complementary oligonucleotides in close proximity, thuscated data: all possible intraspecific sequence pairs were checked, and
creating a potential to form stem-loops” (Forsdyke a single sequence—the longest—was used when the pair showed less
1995a)_ According to this hypothesis, deviations fromthan two differences, either in primary structure or in length.
PR2 are deviations from the ideal case, where the whole
genome is involved in secondary structures. tRNAde"C CE”‘Z”@; Ge”effa The tRNA G+C C‘;”te”t was f
: : : computed from the database of tRNA sequences and sequences o
. This paper examines these two hypOthESIS by analyzt-RNA genes (Sprinzl et al. 1996) available at URL ftp://ftp.ebi.ac.uk/
Ing the effect of temperature on the G+C content Ofpub/databases/trna. Some recent tRNA sequences from the
bacterial genomes. Since bacteria do not regulate thempsJy/EMBL/GenBank database were also included.
temperature, their optimal growth temperaturgp()'ﬁs a Single-stranded RNA positions were not removed from the 5S
good indication of the temperature their DNA endures.'/RNA and tRNA data sets. About 60% of the nucleotides are paired in
Since there are three hydrogen bonds in G:C pairs aniﬁwse molecules. The RNA G+C contents were computed from se-
. . . o quences for any species of a given genus, whether or not its particular
two in AT pairs, G:C pairs should stabilize SecondaryTomWas known. Therefore, the species involved jj, Bstimation did
structures at elevated temperatures (Wada and Suyamat exactly match species used to estimate the RNA G+C content for a
1986). We have looked for this effect in molecules given genus. We assumed here that intrageneric variation is small
known to be involved in secondary structures (tRNAslcompared with intergeneric variation. This assumption is challenged by
5S rRNAs, and the stems of 16S and 23S rRNAs) and mel few prokaryotic genera in which intrageneric variability greatly ex-

- .Ceeded the usual level. The difference between the highgsvalue
the whole genome. If the second selectionist hypothe5|§nd the lowest J,; value was found to be over 20°C within the genera

is correct, a high proportion of the genomes should besacillus, Clostridium, Cytophaga, Methanobacterium, Methanococcus,
involved in forming secondary structure, so genomicand PseudomonasData from these genera were therefore analyzed
G+C content should follow the same pattern as that ofeparately.

the folded RNA G+C content.
Availability. The data set is available at URL ftp://biom3.univ-
lyonl.fr/pub/dataset/ IME97/.

Materials and Methods

Source of T, and Genomic G+C Content Dat&he main source of Results

data wasBergey’'s Manua(Staley et al. 1984), plus additional data for

archaeal hyperthermophiles compiled by Dalgaard and Garrett (1993).

The data set includes 764 prokaryotic (eubacterial and archaebacteriad@+C Content of Known Secondary Structures as a
species from 224 genera. The number of available species per genydynction of 'Ept

varied greatly, from one to 64 (mean: 3.4 species per genus, distribution

skewed to the right). The mean,fand genomic G+C content for all Figure 1 shows a Significant correlation between G+C
the species in a given genus were computed to minimize this samplin%ontent and temperature in tRNAs. 5S rRNAs. and the
imbalance. ’ . ’
stems of 16S and 23S rRNAP k& 0.0001 in all cases).

Optimal Growth TemperaturfT,,). Care was taken to use data in These results are consistent with those from Dalgagrd
which the reported temperatures unambiguously referred to the optima®nd Garret (1993) for the G+C content of 16S rRNAs in
growth temperature rather than to a permissive range. The temperaturd®y/perthermophile archaebacteria. We also found that the
are given for in situ conditions so that values above 100°C are possible€s content increased faster than the G content Wn%p T

fqr barophilic species. Points with a preC|s°|on_W0r3e than £5 C were; creasedl? < 0.0001 for the correlation between C con-
discarded. The average accuracy is +2.5°C in the data set, in goo

agreement with the confidence intervals fog,Testimators. Similar ent minus G content ando—ﬂl—t’_ not shown), .SUQQeStmg
results are expected with,J, or T,..because of the strong correlation that conversion from G:U pairs to G:C pairs may be a
between cardinal temperatures (Rosso et al. 1993). mechanism of G+C enrichment in double-stranded RNA.
Thus, the fraction of G:C pairs increased with tempera-
Genomic G+C Contenf224 Genery The buoyant density cen- tyre, as is required for stabilization of secondary struc-
trifugation (Bd) and the thermal denaturation midpoint determinationture. This relationship appeared to be universal. It is
(Tm) were the main methods used to measure the genomic G+C cori— di I th | | . I i ved i
tent. When both were reported for a given organism the results wer ound In a € molecu ?S unequivocally involved In
compared and found to be very similar, so data were merged regardiek€condary structures (ribosomal RNAs and transfer
of the method employed. Data with a precision worse than 5% G+CRNAS), and no thermophilic genus was identified that
were discarded. The average accuracy in the data set is +2.7% G+Chad a low or moderate G+C content in its secondary-
structure-involved RNA. There was a weak correlation
16S rRNA(165 Generaand 23S rRNA38 Genera G+C content. between the G+C content of 16S and 23S rRNA |00pS
The G+C contents of rRNA stems and rRNA loops were computed
from the primary and secondary structures of 16S and 23S rRNA in theand TOpt (re?’mts not shov_vn). It may be due to the pres-
rRNA database (Van de Peer et al. 1994) available at URLENCE of residual stems within the regions quoted as loops
http://rrna.uia.ac.be/. in the database, or of a tertiary structure effect.
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o o The relationship between the genomic G+C content and
& 70 the 16S rRNA stem G+C content for 165 prokaryotic
g o genera is shown in Fig. 3. There was a strong correlation
t ° between them for the mesophilic generg 1< 45°C,
% 60 filled circles). This result is consistent with that of Muto
= and Osawa (1987) for a smaller (13 species) data set. But
= there was no correlation for thermophilic generg (&

n=51 genera 45°C, open circles).
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O 60 & S o The G+C content of nucleic acids is known to be corre-
‘z‘ ¢ o lated with the stability of their double-helix (Marmur and
8 55 ®o° Doty 1959; Wada and Suyama 1986) but the functional
o relevance of this G+C content is still debated. It has been

® suggested that thermal stability determines the nuclear
5 =38 geacr o G+C content in vertebrates (Bernardi and Bernardi 1986;
§ 80 © Bernardi et al. 1988; Filipski 1990) and plants (Salinas et
Q al. 1988). There have been fewer studies on this relation-
o 2 o, o ship in prokaryotes. An increased G+C content in third
g OO%@O" S oo codon positions of genes in mildly thermophiBacillus
; o 8% stearothermophilugT,,: 62°C) and in the thermophile
Z 60 o° o Thermus thermophilugT,,,: 72°C) was interpreted as a
N ° selective advantage that helps to stabilize “dynamic
Q structures” in mRNA during transcription and transla-

n=71 genera tion (Winter et al. 1983; Kagawa et al. 1984). However,
S there are also thermophilic species with low genomic
g & G+C contents, such @yrococcus furiosugT ., 97°C,
':g) O@C@O&b s s ° G+C%: 38; Fiala and Stetter 1986), that indicate no se-
o 9 08" ° ° lective advantage of a high genomic G+C content at high
+ oRY o
O OO%CO%QOO o © temperature. Moreover, as stressed by Muto and Osawa
<zt 50 e o (1987), this relationship does not hold for mesophilic
gf ) G+C-rich bacteria such adicrococcusand Streptomy-
n © o ces.These objections were considered to be nonconclu-

sive by Bernardi (1993), because the thermal stabiliza-
tion of genomes might be due not to an increase in G+C
but to other physiological adaptations.

Fig. 1. G+C contents of 16S rRNA stems, 23S rRNA stems, 5S
rRNAs and tRNAs plotted against optimal growth temperature.

Genomic G+C Content as a Function ofp] n=224 genera

L

No correlation was found between the genomic G+C§
content and optimal growth temperature in prokaryotes 2 e
(Fig. 2). The genomic G+C content was 25-77% in me- S
sophilic genera (mean 54.2% GC) and 31-67% in ther ¥
mophilic genera (I, = 45°C, mean 48.8% GC). The
same pattern (a correlation between RNA G+C conten
and T, but no correlation between genomic G+C con-
tent and T,,) was found by intrageneric analyses of nine
Bacillus species, 64Clostridium species, 2Zytophaga 0 20 30 4 50 6 70 8 %0 100 0

species, eighMethanobacteriunspecies, seveMetha- Optimal growth temperature °C
nococcusspecies, and 3Pseudomonaspecies (results  Fig. 2. Genomic G+C content plotted against the optimal growth
not shown). temperature for 224 prokaryotic genera.
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R a5 1994, 1996), and dinucleotide bias due to transcription-
E 80 o © o o coupled repair (Selby and Sancar 1993; Francino et al.
g %o 5 ° 1996). These may all increase the frequency of palin-
Q o ce o o ° dromic patterns in DNA that does not correspond to sec-
o 7 o 'C‘ :, SR o ondary structures. There is experimental evidence for
g o 2 _reo W ' palindromic patterns that do not correspond to secondary
2 & & fq’l’. ’e structures in DNA in vivo (Sinden et al. 1983; Lyam-
< 60 °,f. o® ichev et al. 1984). We therefore conclude that the intra-
& *e strand statistical equalities-AT and C=G are best ex-

§ 50 n=165 genera plained as the result of neutral directional mutation

20 30 40 50 60 70 80 pressure.

Genomic G+C content %

Fig. 3. G+C content of 16S rRNA stems plotted against the optimal
growth temperature for 165 prokaryotic generdled circles, meso- References
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