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Abstract. This paper analyzes correlations in basebecoming evident that some regional compositional
composition between pairs of neighboring genelSsoh-  variation occurs along the chromosome of bacteria. Al-
erichia coli. The G + Ccontents of nearby, but conver- though the mechanisms responsible for bacterial intrage-
gently or divergently transcribed, genes show weak buhomic G + Cvariation are not fully understood, a number
significant correlations, and this is attributed to compo-of causes have been invoked as a source of regional
sitional variation among genomic regions. The finding compositional homogeneities, including local differences
that the base composition varies among intergenic rein selective constraints, directional mutational pressure,
gions, depending upon whether the adjacent genes ai2NA horizontal transfer, and DNA repair (Nomura et al.
transcribed convergently, divergently, or in the same ori-1987; Maligue et al. 1991; D'Onofrio and Bernardi
entation, seems to indicate that transcription affects thd992; Sueoka 1992; Gutrez et al. 1994; Deschavanne
patterns of mutation and, therefore, the overall base comand Filipski 1995; Lawrence and Ochman 1997).
position of the region.
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In this work we have used tHe. coli sequence and annotation, version
M52 (September 5, 1997), downloaded from Ehecoli Genome Cen-
. ter's Home Page (http://www.genetics.wisc.edu:80/), which contains
Introduction 4405 actual and proposed protein coding genes (ORFs). From this
sequence we selected all the ORF pairs oriented in opposite directions
with respect to transcription and separated by a spacer length in the
The complete genome sequencé&estherichia colK-12 range of 100-500 bp. The spacer lower length limit was set to avoid
reported by Blattner and co-workers (1997) has Opene@andom fluctuations in base composition associated with shorter se-

: P : _quences and to minimize the effect of biased composition of possible
the way for a detailed descrlptlon of the genomic char egulatory signals, and the upper limit to avoid unidentified ORFs. The

acteristics (_)f this model organism. Ea”}’ work S'“'g_ges'{eciample analyzed consists of 196 pairs of convergently oriented ORFs
that bacterial genomes do not show differences in basgnd 457 pairs of divergently oriented ORFs. Since convergent spacer
composition among different pieces in the same genomengths are shorter than divergent spacer ones, the latter ordinations are

(Sueoka 1959; Rolfe and Meselson 1959). However, it i9verrepresented when the spacer length range is set to 100-500 bp. In
this work, we define spacers as noncoding sequences separating ORFs.
According to the orientation of the flanking ORFs, we use the term
convergent spacer to denote the noncoding sequence between two
neighboring ORFs convengently transcribed, divergent spacer to de-
Correspondence toA. Marin; e-mail: anmarin@cica.es note the noncoding sequence between divergently transcribed ORFs,
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Table 1. Mean and standard error of lengthda@® + C content of ORFs and spacers in ORF pairs with opposite orientations with respect to
transcriptioft

Convergent orientations1(= 196) Divergent orientations(= 457)
w-ORF Spacer c-ORF c-ORF Spacer w-ORF
B’ [-mnmmm- S et 3 S, [-=mnmmme >3
T T T T P P [ — |5 o[ — R L L LLLTTT PP PPPRPTTEEPPPPPRTTIPOPY 5
Length
Mean 1012.4 212.8 1008.6 955.7 240.5 962.0
SE 53.8 7.3 48.2 28.8 4.4 28.1
G+C
Mean 0.502 0.477 0.507 0.509 0.403 0.507
SE 0.003 0.004 0.003 0.002 0.002 0.002
GC3
Mean 0.538 0.542 0.543 0.543
SE 0.006 0.006 0.003 0.003

20nly pairs separated by spacer lengths in the range 100-500 bp are considered. w-ORF is in the strand stored in the database, and c-ORF in the
complementary strand.

and tandem spacer to denote the noncoding sequence between ORfgple 2. Correlation coefficients (Pearson and Spearman) between
transcribed in the same direction. GC3 in ORFs and G + C content in spaéers

Convergent orientations Divergent orientations

Results and Discussion

Correlation Pearson Spearman Pearson  Spearman
The search for compositional (G + C) variation along theW'gEE vs. c-ORF %245511 %230587 %322% %31%‘;
. . \_N- VS. spacer . . . .
E. coli genome was made by correlation analyses beC_ORF vs. spacer  0.389 0.319 0.253 0.194

tween tle G + Ccontent of ORF pairs oriented in oppo-
site directions with respect to transcription. The reason t@w-ORF and c-ORF as in Table 1. All correlation coefficients are
choose transcriptionally opposite ORFs is because a postatistically significant§ < 0.001).
sible source of compositional variation depends upon
codon choices for translational efficiency (lkemura
1981; Gouy and Gautier 1982; Lobry and Gautier 1994;0.001) positive correlations between the GC3 values of
Gutiarez et al. 1996jnter alia), and it is not expected convergently oriented ORFs and also between the GC3
that such translational constraints covary between convalues of divergently oriented ORFs. Likewise, it can be
vergently or divergently oriented genes as could be theseen that in both kinds of ordinations, the GC3 in each of
case for tandemly oriented ones, which often constitutehe two flanking ORFs is positively correlated with the G
operons where the same constraints (codon choice) are C content of the corresponding spacer. Although the
expected. Further insight into the existence of regionatorrelation coefficients are statistically significant, they
compositional homogeneities was sought through correare certainly low, hence the considerable scatter of points
lations between t G + Ccontent of the spacer (where in the plots (Fig. 1). Correlation coefficients of a similar
no translational constraints occur) ané {8 + Ccontent  magnitude have been reported between the GC3 and the
of the flanking ORFs. G + C content of introns irDrosophila melanogaster
The statistics of ORF length, spacer length, ORF G HKliman and Hey 1994) and between the CAIl index
C content (total and at the third codon positions, GC3),[codon adaptation index, a measurement thought to be
and spaceG + C content in the selected sample arerelated to gene expression level (Sharp and Li 1987)]
given in Table 1. We note that neither ORF length norand the intergenic distance i&. coli (Eyre-Walker
ORF G + C contents differ significantly (Mann—Whitney 1995).
test) between the ORFs flanking the convergent and From the preceding results it seems that some kind of
those flanking the divergent orientations. regional compositional variation does occur alongkhe
In the first step we computed Pearson and Spearmacoli genome. It is worth mentioning that topological
correlation coefficients between the GC3 values of ORFompositional variation irkE. coli has been reported by
in convergent and divergent pairs and also between thBeschavanne and Filipski (1995), who found composi-
GC3 value in each flanking ORF ancetls + Ccontent  tional differences between genes close to the replication
of the spacer separating them. Prior to correlation comerigin and genes close to the replication terminus (see
putations G + C proportions were arc sine root trans- also Sharp et al. 1989). These differences have been
formed. Our results (Table 2) show significamt € interpreted as the consequence of mutational bias in-
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Fig. 1. ¢-GC3 vs. w-GC3 scatter ploa Convergent arrangements Divergent arrangements. The confidence elligse=(0.95) is centered on

the sample means of theandy variables, and the unbiased sample standard deviatiorsofly determine its major axes.

duced by differential DNA repair in relation to replica- vergent (0.403) orientations, and both, in turn, are sig-
tion timing. Other compositional changes concerningnificantly different from that of tandem orientations,
strand asymmetry have been noted recently to correlatehich has an intermediate value (0.429 = 0.002, mea-
with the direction of DNA replication (Lobry 1996; sured over 907 tandem spacers in the length range 100—
Blattner et al. 1997; Mrzek and Karlin 1998; Freeman et 500 bp). The Mann—Whitney test for all pairwise com-
al. 1998). parisons was always significar € 0.001).

We think that regional variation in mutation pressure, It is thought that base composition is under fewer
whatever its cause, may explain the correlations found irselective constraints in spacer DNA than in coding DNA,
this work, which provide further support and substantia-and should reflect the result of mutational biases, but
tion for the ubiquity of genome compositional heteroge-selective constraints acting on important regulatory sig-
neities anticipated by Bernardi et al. (1985). We assumeals cannot be discounted. Thus, some bias in intergenic
that there is no covariation of expression level in tran-base composition could be associated with gene regula-
scriptionally opposite genes. This assumption has beetion due to the occurrence of transcription termination
put to the test by computing the correlation between thesignals between convergently transcribed genes, promot-
CAl values of the opposite ORFs pairs. No correlationers and modifiers between divergently transcribed genes,
was found between the CAl values of convergently tran-and probably both kind of signals between genes tran-
scribed ORF pairsr(= 0.087,p = 0.222), and a weak, scribed in tandem. However, as an alternative or con-
but significant, correlationr(= 0.135,p = 0.004) was comitant explanation, the compositional difference be-
found between divergently transcribed ORF pairs. Theween convergent and divergent spacers seem to indicate
same results (not shown) were obtained when using onlyhat transcription affects the patterns of mutation and,
ORF pairs longer than 300 codons, which are almostherefore, the overall base composition of these se-
certainly genuine coding sequences and do maintain thguences. In the following, we speculate on the possibility
aforementioned compositional correlations. Regardingf transcriptionally induced mutations as an explanation
the CAI correlation, we note that since CAl and GC3 arefor (at least a part of) the compositional variation found
in turn correlated, it might be that a part of the weakamong spacers.
correlation between the CAl values of divergent ORFs is  Although the matter is unsettled, some variation in the
a reflection of the GC content effect on the CAI esti- spontaneous mutation rate of genes with transcription
mates, rather than true covariation in gene expression.level has been suggested; such variation would rely on

In the second step we analyzecetls + Ccontent
variation found in spacer DNA. That¢hG + Ccontent

a rather general phenomenon (see, e.g., GaigbFick-

sample analyzed here, the average sp&ce C content

differential damage sensitivity of transcribing DNA and/
or transcription-coupled repair (Fix and Glickman 1987;
of spacer DNA is lower than that of coding DNA seems Davis 1989; Fox et al. 1994; Holmquist and Filipski
1994; Datta and Jinks-Robertson 1994; Francino et al.
ett 1996; Clay et al. 1996, and references thereink.In  1996; Beletskii and Bhagwat 1996; Francino and
coli, the averag G + Ccontent of coding sequences is Ochman 1997). Intergenic DNA composition could be
0.510 and that of spacer DNA is 0.444. In the genomeaffected by the transcription-induced mutational bias
since transcription irE. coli may proceed beyond the
is significantly higher in convergent (0.477) than in di- stop codon until the transcriptional apparatus meets a
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terminator and even continue past the terminator se- genome sequence dscherichia coliK-12. Science 277:1453—
quence (the so-called read-through phenomenon). N 1‘232(: S Zoubak S, Mouchioud b. Bermardi G (19961 H
A different intensity of transcription, and, therefore, /& O: Caccid, Zoubak S, Mouchiroud D, Bernardi G (1996) Human
o . X X coding and noncoding DNA: Compositional correlations. Mol Phy-
of the transcrlptlon-lnduced .mutatlon/repalr effect, on  jogenet Evol 5:2-12
the three kinds of spacers is expected. In convergenbatta A, Jinks-Robertson S (1995) Association of increased spontane-
spacers, two opposite transcriptional waves (one in each ous mutation rates with high levels of transcription in yeast. Science
strand) may proceed past the stop codons. In tandem 2_65:3:;6(11‘;8196)13 ol bins: A momLamarck -
o avis ranscriptional bias: A non-Lamarckian mechanism
Spagers’ the transcrlp'qo_nal wave affects Only one S_tra_mP for substrate-induced mutations. Proc Natl Acad Sci USA 86:5005—
In divergent spacers, it is not expected that transcription 54q9
occurs between the two opposite initiation transcriptionpeschavanne P, Filipski J (1995) Correlation of GC content with rep-
points. These differential expectations are in accordance lication timing and repair mechanisms in weakly expressedoli
with the gradation G + C content in the three kinds of =~ 9enes. Nucleic Acids Res 23:1350-1353
spacers D’Onofrio G, Bernardi G (1992) A universal compositional correlation

. L. . among codon positions. Gene 110:81-88

lnd.'reC.t SUPPQ” for a role of transcrlp_tlon-lnduced Eyre-Walker A (1995) The distance betwegscherichia coligenes is

mutation in shaping spacer base composition can be ob- related to gene expression levels. J Bacteriol 177:5368-5369

tained regarding the relationship between spacer lengthix DF, Glickman BW (1987) Asymmetric cytosine deamination re-

and G + Ccontent. In convergent and tandem orienta- Vealed by spontaneous mutational specificity in an Ustain of

tions it is expected that the longer the spacer, the lower Escherichia coliMol Gen Genet 209:78-82 ,
. . . Fox MS, Radicella JP, Yamamoto K (1994) Some features of base pair

the proport_lor_1 of_transcrlbed nu_CIeOtld_es and the Iower mismatch repair and its role in the formation of genetic recombi-

the transcription-induced mutational bias. We have in-  nants. Experientia 50:253-260

deed found that the relationship between convergentrancino MP, Ochman H (1997) Strand asymmetries and DNA evolu-

spacer length ahG + Ccontent is negative (Pearson’s  tion. TIG 13:240-245

r = —0.285, Spearman’s = —0.307; bothp’s < 0.001), Francino MP, Chao L, Riley MA, Ochman H (1996) Asymmetries

. . . generated by transcription-coupled repair in Enterobacterial genes.
as is the relationship between tandem spacer length and Science 272:107—109

G + C content (Pearsonts = —0.215, Spearman’s = Freeman JM, Plasterer TN, Smith TF, Mohr SC (1998) Patterns of

—0.231; bothp's < 0.001). On the other hand, in diver- genome organization in bacteria. Science 279:1827

gent spacers, where transcription should be less extermsouy M, Gautier C (1982) Codon usage in bacteria: Correlation with

sive, no such correlation is found (Pearson’s 0.011, gene expressivity. Nucleic Acids Res 10:7055-7074

p = 0.81; Spearman’s = -0.013,p = 0.78). Guigo R, Fickett JW (1995) Distinctive features in protein coding,
In conclusion, our analyses provide results suggestin% genlc non-codlng,' and mtgrgemc hume}n DNA. J Mol Biol 25.3551—60

the existence of compositional variation along Fe utierez G, CasadésuJ, Oliver JL, Marin A (1994) Compositional

. . . L heterogeneity of th&scherichia coligenome: A role for VSP re-
coli chromosome, although the intragenomic variability  pair. 3 Mol Evol 39:340-346

of G + C content in this species is extremely low in Gutierez G, Maquez L, Marin A (1996) Preference for guanosine at

comparison with that found in Mycoplasma (Mclnerney firts codon position in highly expressefischerichia coligenes.

1997; Kerr et al. 1997). A gradual decrease ia @+ C Nucleic Acids Res 24:2525-2527

content ORFs > convergent > tandem > divergent Spac}jolmquist GP, F‘ilipski J (1994) Organization of ml_Jtations along the

ers has been shown; that, given its parallelism with de-, 9eM°™e: a Prime determinant of genome evolution. TREE 9:65-69
. .. Lo lkemura T (1981) Correlation between the abundancEswherichia

creasing transcription likelihoods, led us to speculate coli transfer RNAs and the occurrence of the respective codons in

about a role of transcription in shaping DNA composi- its protein genes. J Mol Biol 146:1-21

tion. Kerr ARW, Peden JF, Sharp PM (1997) Systematic base composition
variation around the genome dycoplasma genitaliumbut not
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