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Abstract. Variation in GC content, GC skew and AT ably include asymmetry in biochemical processes such
skew along genomic regions was examined at thirdas DNA replication and repair (Sueoka 1962; Muto and
codon positions in completely sequenced prokaryotesOsawa 1987) and mutation of the nontranscribed strand
Eight out of nine eubacteria studied show GC and ATduring transcription. Lobry (1996a) showed that signifi-
skews that change sign at the origin of replication. Thecant GC skew [the quantity (G — C)/(G + C), measured
leading strand in DNA replication is G-T rich at codon around the genome using a sliding window] existed in
position 3 in six eubacteria, but C-T rich in twdyco-  the genome oMHaemophilus influenzaand the then-
plasmaspecies. IM. genitaliumthe AT and GC skews sequenced parts of tischerichia colandBacillus sub-

are symmetrical around the origin and terminus of rep+ilis genomes. The direction of skew switches at the ge-
lication, whereas its GC content variation has beemome’s origin and terminus of replication, such that the
shown to have a centre of symmetry elsewhere in thgeading strand in replication is always richer in G than C.
genome Borrelia burgdorferiand Treponema pallidum  This was subsequently confirmed for the complBte
show extraordinary extents of base composition SkEV‘éubtiIissequence by Kunst et al. (1997) and Eorcoli by
correlated with direction of DNA replication. Base com- g|attner et al. (1997)E. coliwas also reported by Lobry
position skews measured at third codon positions prob(lg%a) to show weak AT skew as well as GC skew. A
ably reflect mutational biases, whereas those measurgg; 4 parameter, GC content in silent codon positions,

over all bases in a sequence (or at codon positions 1 antbc peen shown to vary systematically around the ge-
2) can be strongly affected by protein considerations due, .o inMycoplasma genitaliur(kerr et al. 1997; Mcin-
Fo the tendency.in some bacteria for genes Fo be transcrib(:\éjrney 1997) but not iMycoplasma pneumonig&err et
in the same dlrectlon' that they are replicated. Conseél_ 1997). A fourth measure, cumulative excess of purine
guently in some species the direction of skew for total(Or keto) bases along the genome, was introduced by
genomic DNA is opposite to that for codon position 3. Freeman et al. (1998). The differer,wt methods used by
different groups has, however, made it difficult to com-
Spare their results.

We analyzed 12 complete prokaryotic genome se-
quences (9 eubacteria and 3 archaea; Table 1) to inves-
Several reports have addressed the issue of base COMpgyate how general such biases are, using consistent
Sition biaS in baCteriaI genomes. The pOSSible causes qﬁethods for each genome to permit Comparisons among
such biases have been reviewed by Francino anghem. In particular, we smoothed the data by using a
Ochman (1997) and Mezk and Karlin (1998) and prob- |arger window size (300,000 nucleotides) than in previ-
ous studies and concentrated on the third positions of
codons (which are more likely to show mutational influ-
Correspondence taK.M. Devine; e-mail: kdevine@tcd.ie ences than first or second positions). When third posi-

Key words: Base composition — Skews — Replication
orientation — Gene orientation — Prokaryote genome




paulwlialap uaaq aney uonealjdal Jo IuIwWIa) pue sulbLQ "S)NSal 8yl 1994 10U [|IM UYdIYM S22UILIP

‘'sauab pumalsW AJUO paeanal ‘a|ge|ieAe alaym ‘suoneljouue paljddns-ioyine 0} suonejouue asay) jo uosuedwo)

-Buibbe| ul gz- pue sauab puens-buipes| ul ¢+ Siapopbing elaliogl £ uonisod Uopod e Maxe{O Jable| e yum dg 0G< Aq dejiano 1ou pip Ay 1eyl papiroid papnjoul a1am ‘Suopod 00T ueyl Jabie|

09 ‘a|dwexa 104 ‘wsiuebio yoea 1o} usAlb ale ‘sauab puens uoneoldal Buibbe| pue Buipes| ul MPYE ‘SUOPOI RIS ]9 pue 9]V Yum Buluuibagq s44O "sewouab ZT |[e Jo uoneiouue apnio e arelauab
ay1 Ajoreredas Buneolpul ‘siaquinu oMm] ‘g pue ‘Z ‘T suonisod uopod 1 mMays |y pue mays D9 mayswelboid Buipul-440 aidwis ajbuls e pasn am ‘sawouab |e 01 yoeolidde Jo AouUalSISUOI UlglURW 0]
Saul| XIS WoNog ay ] "104dssIMS ul pawreu suidioid ewosoqu 1j0n5I8aY) sallanb se Buisn saydleague ‘(S1oia Jouiw ureluod Aew pue jeuoisinoid alam sasusnbasunpijied ewauodal] pue Lapopbing
d1Sv19 Aq paunuapl aiam sauab uiajoid fewosoqiy ‘T 614 ul sjoid ayl wouy AjoAnoalgns passasse sem RRISEHeur Jo awi ay) e pareiouueun Aj1a|dwod alem saduanbas ay) Jo [elaAaS asnedaq
smas Jo ,Alrenb,, ayl "uibuo syl woly ,08T 89 01 pawnsse sem 1l a1aynsiiSAO0YdauAs.o) 1daaxawolyalayl syul pue (61071610 mmmy/:dny) aus MMM 3911 8yl wolj paureiqo alam (/66T '[e 18 quo |
(q966T A1907) ubis maxs ul abueyd e Woiy pallajul 81aMm BlIa1oeqna Ul SUORIO| IUIWIS ] "Busbyeup 66T e 18 YNWS /66T ‘e 18 ISund (/66T e 18 qua (/66T ‘[ 18 Jaune|d ‘966T ‘|e 18 oqaue) ‘966T
JO UOITeI0| BY} WO} PaLIdjul 81aM Sa19ads JBY10 o) sulBLQ SIgNs "gpue 1102 310} Ajjejuswiiadeas yoiswwiH ‘9667 e 18 INg /66T ‘S66T ‘[ 18 Jaseld G66T ‘[e 18 uuewydsis|4) erep asusnbas .

9 9 v L G- 9-  vI- ¥I- 6- ¢I- 6- ¢I- O0T-0T- G- 6- LT- 02- 8- /l2- 6T €2- € ¥- % ‘sausab (Buibbej : Buipes)) mays g1V
9 § G-6- g2z I- I- L 8 s . 9 . e T - e v L~ 6 I 0 ¥ % ‘sauab (BuibBe| : Buipes|) maxs ZLv
62 62 L€ L€ v€ € 9T /T vZ €c¢ 8¢ 82 €Z € 8T GT vZ €2 ST £ e 1z Vg LT % ‘saudb (buibbe : Buipes|) maxs T1V
22 sz 6-5- S Vv S- 9- TT- 6- 8- 9- O0T-T 9- 8 - 8 8- G2 62-€€ G6 % ‘sauab (Buibbe) : Buipes|) maxs €09
- 1- G- 8- - G- A AR ¥T- 9T-  ¥T- 9T- TTI- 8- 9T- GT- ZT- 0T- 9T- 8- GZ- 6-  6T- 9T- % ‘'sauab (Buibbe| : Buipes)) maxs 209D
85 85 1€ G€ ov oF 6T 02 €2 S¢ 0e 62 2€ 9¢ 1z 1€ 9T 6T A A4 €€ v Sz Og % ‘sauab (Buibbe) : Buipes|) mexs TOD
— — — €8 86 86 88 /8 €6 26 96 76 “uaip “uoldal ui sutsloid [ewosoqgu %
— — — 0S Ll 8L 95 S 7S 19 59 17 "ulp uoydal ur paquosues) sauab %
A A A [eslanal ubis mays |V
A A [esianal ubis mays D9
SUON Neap SUON TN Buons Buons Meap Neap Buons Buons Buons Buons Airenb maxs g1v T ‘B4
QUON Nean QUON QUON Buons puons Buons Buons Buons Buons Buons Buons Airenb maxs €09 T B4
A A A A A A A paliajul
A A Alreluswiiadxa pawuuod
92IN0S shulwia |
A A A A A A ABojowoy yeup woi aAneInd
A punoy asuanbas aAneInd
A A Areluswiiadxa pawuiuod
92.In0s uiblio Juapuadapul
1€ 0S 67 8y ov 143 6€ 8¢ 15 €S 62 1474 % ‘(sdseq |[e) usju0d O9 sbesany
G991 TG.T 8.2 €/5¢ 918 085 8997 0£8T 6597 8ETT 116 STZY (dg 000x) YBus| swous
nyseuuel wnoydonoineowlsayy  snpibjny ‘ds eeluownaud wnienuab 11ojAd  aezuanjui 1100 wnpled uapophing s|ngns
SN22092 wnuaoeq snqo|b snsAo ewse|d ewse|d J910€(q snjiyd elyol ewau eljailog
-oueylaN -OUBYIBIN  -08Ydly -OYD3UAS -00AN -00AN -021|9H -owseH -19Yyos3 -odai]
elsjoegaRyIIY elaeqny

692

sawpuab onoArexoid ZT Ul soisnels uonisodwod apnosjonN ‘T 9jqel



693

\/ IWLV\W I\'M\WM\

Gce MVM Gee

ATS ATS

Tt &

(a) E. coli (b) M. genitalium

N | /V\MJ\ »

ATS Ll AT ATS

Gee AVN\V/\/\\AA GCC
v | K

(c) B. subtilis (d) M. pneumoniae

008 e PN b | 608

ATS ATS
axis. The window size was 300,000
nucleotide sites and the step size was

6ec GeC 10,000 sites. Eubacteria are plotted with
~ ? "' gl the putative origin of replication (marked
by avertical bar) at the center, and so the

sequence may be rotated compared to the
original published numbering scheme.

P&

Fig. 1. Third codon position GC skew
(GCS), AT skew (ATS), and GC content
(GCC) in 12 completely sequenced
prokaryotic genomes. All plots are at the
same scale. The vertical bar at tleét of

each plot extends 5% above and below the
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(e) Synechocystis sp. (f) M. jannaschii

tions of codons are examined, there is strong GC skew iffieatureless but diametrically opposing points in the ge-
eight of the nine eubacteria, and AT skew is strong in sixnome (Kerr et al. 1997; Mclnerney 1997).

eubacteria and weak in two others (Fig. 1). OSlyn- By far the largest skews (up to 30%) were exhibited
echocystisand the three archaea do not show strongby the two spirochaete®orrelia burgdorferi(Fraser et
skews. In all cases where strong skews at third codoml. 1997) andl'reponema pallidumSince these 2 organ-
positions exist, they switch sign at the probable originisms also exhibit the lowest and highest GC contents,
and terminus of replication. The leading strand of repli-respectively, of the 12 organisms analyzed (Table 1), it
cation is comparatively G—T rich in all eubacteria (seeappears that the pressure that creates skew is largely
also Perriee et al. 1996; Francino and Ochman 1997)independent of the pressure that determines GC content.
except the twoMycoplasmaspecies, where it is C-T Remarkably, overall third-positio® + C content in the
rich. In M. genitalium(Fig. 1b) the GC and AT skews spirochaetes is almost invariant along their genomes de-
change sign at the origin and terminus of replicationspite the uneven distribution of G and C between the two
(Lobry 1996b), whereas the silent codon posit® + C ~ DNA strands. The two spirochaetes have similar skew
content has maximum and minimum values at apparentlpatterns despite having different chromosome structures
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Fig. 1. Continued.

(linear versus circular) and little conservation of genel997), while the small magnitude of these differences
order. reflects selective pressure to preserve the same amino
The last six rows in Table 1 show GC skews and AT acids. Mutations induced by replication will increase the
skews for each codon position, with genes on the leadingkew of genes encoded on one strand and decrease the
and lagging strands shown separately. In all 12 organskew of genes on the other strand (hence the differences
isms the first codon positions show strong positive GCin the two values). Mutations induced by transcription
and AT skews, while the second positions show weakegenerally result in the skews of genes on the leading and
negative GC skews and mixed-sign but very muchlagging strands either both increasing or both decreasing
weaker AT skews. When only first and second codon(so there is no change in the difference observed), pro-
positions are considered, the corresponding skews inided that the transcriptional orientation of genes on the
genes encoded on leading and lagging strands are of thehromosome is random. However, if a disproportionate
same sign and approximately the same magnitude. Theumber of heavily expressed genes are coded on the
differences between leading and lagging strands refledeading strand (Brewer 1988; Blattner et al. 1997) (Table
the combined effects of replication- and transcription-1), the leading-strand genes may sustain more transcrip-
induced mutation (Lobry 1996a; Francino and Ochmartion-induced skew than the lagging-strand genes, which
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3rd Codon Positions Only on the sense strand of genes, even in the absence of any
e NAN N skews induced by replication and/or transcription. The
= IW skews presented in Figs. 1 and 2 combine the skews of
genes on the leading and lagging strands. If genes are
oriented randomly on the chromosome, the leading
All Bases M strand in replication will contain approximately equal
numbers of sense and antisense strands of genes, and sc

W| \ the influence of amino acid composition on genomic
base composition will cancel itself out. However, if
Fig. 2. AT skew inBacillus subtiliscalculated for third codon posi- genes are not oriented randomly, the base composition of
tions only (same as Fig. 1c) and for all bases in the genome. the leading and lagging strands will be affected by amino
acid composition considerations, causing skews (such as
the sign switch shown in Fig. 2) that have nothing to do
should be observable. Unfortunately, there is insufficientwith mutational biases. This point was also made very
information to distinguish the amount of skew inducedrecently by Mfaek and Karlin (1998).
by replication from that induced by transcription. At ~ We believe that this combination of constraint on
third codon positions the selective pressure is greathamino acid sequences and nonrandom gene orientation is
decreased, with the result that the differences caused kgiso the principal cause of the correlation, reported re-
mutation are greatly increased, even to the extent that theently by Freeman et al. (1998) for many bacterial ge-
signs of the skews on opposite strands are often differenhomes, between the cumulative excess of purine bases
The asymmetry between the two DNA strands is suf-(measured in total DNA) and the cumulative excess of
ficient in some cases to cause significant differences irbases on the coding strand. Freeman et al. proposed that
the distributions of both codons and amino acids in theithe correlation they found resulted from “asymmetrical
genes. For example, we observed thaBirburgdorferi,  errors in DNA synthesis,” but we note here that an ex-
the amount of each codon (as a fraction of total codonsgess of purines on the coding strand is a universal feature
differs by an average of 40% between the genes encodesf genes from all organisms, including those with mul-
on the two strands (results not shown), and the corretiple replication origins and seemingly random gene ori-
sponding difference for amino acids is 19%. We specuentations (human, mouse, yeadtabidopsis, Dictyos-
late that this observation will provide a means of im- telium) as well as all 12 prokaryotes studied here. Coding
proving the effectiveness of gene prediction programsstrands in large sets of genes from all these organisms
such as GLIMMER (Salzberg et al. 1998), which calcu-have average purine contents between 51 and 59%,
late a statistical model based on the characteristics ofvhich must reflect amino acid constraints rather than
known genes and use the result to recognize and predighutational biases.
other genes. We envisage programs that calculate and
use separate statistical models for leading- and laggingacknowledgment. We thank J. Lobry for helpful comments and sug-
strand genes. gestions.
Finally, we note that strong base composition skews
in “total” genomic DNA (rather than third codon posi-
tions) can arise due to nonrandomness in the transcrigreferences
tional orientation of genes on the chromosome, even in
the absence of skews induced by replication or transcripgatiner FR, Plunkett G, Bloch CA, Perna NT, Burland V, Riley M,
tion. Blattner et al. (1997) reported that i coli, GC Collado-Vides J, Glasner JD, Rode CK, Mayhew GF, et al. (1997)
skew patterns similar to that seen at codon position 3 The complete genome sequenceEstherichia coliK-12. Science
(Fig. 1a) are also found in the total sequence (and at 277:1453-1474
codons positions 1 and 2). When we investigated this f0|Brewe!’ B_J (1988) W_hen_ polymerases (_:ollide: Replication and the tran-
. . . . scriptional organization of th&. coli chromosome. Cell 53:679—
other species we found that in some cases the direction of
the skew fOI’ total DN'_A‘ was opp_osite to the direction for Bult CJ, White O, Olsen GJ, Zhou L, Fleischmann RD, Sutton GG,
codon position 3. This occurs in the twdycoplasma Blake JA, FitzGerald LM, Clayton RA, Gocayne JD, et al. (1996)
species for GC and AT skew and B subtilisfor AT Complete genome sequence of the methanogenic archisietina-
skew (Fig. 2). These are also the species with the strong- nococcus jannaschilcience 273:1058-1073
est tendency to arrange genes such that their transcrifieischmann RD, Adams MD, White O, Clayton RA, Kirkness EF,
tional orientation is the same as their replication direc- Kerlavage AR, Bult CJ, Tomb JF, Dougherty BA, Merrick JM, et

. . al. (1995) Whole-genome random sequencing and assembly of
tion (Table 1). This tendency becomes even more Haemophilus influenzae R&cience 269:496-512

mark?d i Only hlghly expressed genes such as rIbosomquancino MP, Ochman H (1997) Strand asymmetries in DNA evolu-
protein genes are considered (Table 1) (Brewer 1988). tion. Trends Genet 13:240—245

The requirement that genes encode proteins causes Riraser cM, Gocayne JD, White O, Adams MD, Clayton RA, Fleis-
ases in the base composition of codon positions 1 and 2 chmann RD, Bult CJ, Kerlavage AR, Sutton G, Kelley JM, et al.
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