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ABSTRACT

The genomes of the spirochaetes  Borrelia burgdorferi
and Treponema pallidum show strong strand-specific
skews in nucleotide composition, with the leading
strand in replication being richer in G and T than the
lagging strand in both species. This mutation bias
results in codon usage and amino acid composition
patterns that are significantly different between genes
encoded on the two strands, in both species. There are
also substantial differences between the species, with
T.pallidum having a much higher G+C content than
B.burgdorferi . These changes in amino acid and codon
compositions represent neutral sequence change that
has been caused by strong strand- and species-specific
mutation pressures. Genes that have been relocated
between the leading and lagging strands since B.burg-
dorferi and T.pallidum diverged from a common ancestor
now show codon and amino acid compositions typical

of their current locations. There is no evidence that
translational selection operates on codon usage in
highly expressed genes in these species, and the
primary influence on codon usage is whether a gene is
transcribed in the same direction as replication, or
opposite to it. The dnaA gene in both species has
codon usage patterns distinctive of a lagging strand
gene, indicating that the origin of replication lies
downstream of this gene, possibly within dnaN. Our
findings strongly suggest that gene-finding algorithms
that ignore variability within the genome may be flawed.

INTRODUCTION

subunit ribosomal RNA sequences share only 79% identity,
which is similar to that between the proteobactefiisonerichia 3
coli and the Gram-positivBacillus subtilis (77%) or the 3
cyanobacteriurynechocystissp. PCC6803 (77%). Only 46% of §
T.pallidum ORFs have identifiable homologuesBiburgdorferi =
(2), and the average level of proteln sequence identity in the 239
sequence pairs analysed here is only 44%.

The spirochaete genomes are notable for their unusual b§5e
compositions. Fraset al. (1) and Grigoriev §) showed that the
left and right halves of the lineBrburgdorferi chromosome have
very different values of GC skew (the quantity G—-C/G+C), ang
used this as an argument that the origin of replication is locatgd
in the centre of the genome. We showed Biadrgdorferi has 2
strong AT skews as well as GC skews when measured at third
positions of codons, and that these skews are also present irfthe
circularT.pallidumgenome4). The skews in the spirochaetes ard?
much more severe than in other prokaryotes, but as in most ot
bacteria they switch sign at the probable origin and terminus gf
replication and the leading strand in replication is comparative
G+T-rich (1-7). Indeed, a recent analysis of codon usage i@
B.burgdorferi genes§) showed that the major cause of variatiori
was the location of a gene (on the Ieadlng or Iagglng strandqn
replication) rather than its expression level. This is unusual
among bacteria, both in terms of the apparent lack of selection &)r
efficient translation, and in terms of the effect of a gene’g
chromosomal position on its codon usage. The only prewo@g
reports of chromosomal position affecting codon usage m
bacteria have been in some spemes (particuMglgoplasma 'g
genitalium) where G+C content varies in a cyclic fashion around
the genome4,9-11). In B.burgdorferi it is a gene’s orientation
relative to the direction of DNA replication, not its location on the
chromosome, that determines its codon usage pafjern (
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The complete genome sequences of two pathogenic spirochaetelere we have compared codon usagépallidum to that in

bacteria,Borrelia burgdorferi and Treponema pallidum, have

B.burgdorferi, and investigated the effect on amino acid usage in

been reported by Fraser and colleagigy.(Although classified  both species, focusing in particular on changes that have occurred
in the same family (Spirochaetaceae), these species have virgrthologous genes that are replicated on different DNA strands

different genome G+C contents, respectively 28.6 and 52.8%h, the two species. We show that, despite having different G+C

and are not particularly closely related in terms of those bactegantent and chromosome structure and little conservation of gene
whose genomes have been completely sequenced. Their snoatler, codon usage if.pallidum varies similarly to that in
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B.burgdorferi. Furthermore, this variation is also reflected inrespectively, of the variability among the data (Rig.and the
amino acid usage. Consequently, orthologous genes from the tabsequent axes account for <3.7% each.

spirochaetes show species- and strand-specific trends in codoithe major trend in codon usage in the pooled dataset, identified
and amino acid usage. as Axis 1 in the correspondence analysis, is the species of origin
of each gene. Codon usage is manifestly different between the
two species wittB.burgdorferi genes being distributed on the
MATERIALS AND METHODS right (positive values on Axis 1) afighallidum genes on the left

DNA and protein sequences were obtained from The Institute it Figurel. Codon usage tabulated across all gerigsingdorferi
Genomic Research (TIGR; ftp://ftp.tigr.org). Annotation tabledS Piased towards U- and A-ending codons as is expected for a

were obtained from the NCBI Entrez Genomes Division WWwePecies with an A+T-rich genome (Tafb)eIn T.pallidum codon
site (http:/Aww.ncbi.nim.nih.gov ) in August 1998, and listedUS@ge is more random, and the trend is to use more U than C, anc

850 B.burgdorferi chromosomal genes and 103pallidum  More G than A, at codon third positions. Chi-squared tests show
genes. The origin of replication was initially assumed to b1t for almostevery amino acilpurgdorferi uses significantly
upstream ofinaA, and then changed to ti@aA-dnaN intergenic ~ More A- and/or U-ending codons, and fewer G- and/or C-ending
spacer in both species (see Results). The termirygaitidum ~ €0dons, than doeBpallidum (Table1). The only exceptions to
was assumed to lie between genes TP0515 and TP0516.  this are the glycine codon GGU, which is used approximately
Codon bias was measured using relative synonymous cod8fiu@lly in the two species, and three arginine codons. For
usage (RSCU) valued?). The RSCU value for a codon is a &rginine, the composition difference between the two species
measure of its usage, relative to other codons for that amino aci§Verns base choice at codon position 1 among the six synonygs,

RSCU values are scaled such that, if codon usage was unifoyfih all four CGN codons being used considerably more ig
within each amino acid group, the RSCU values would all be 7:Pallidum, and the two AGR codons preferrecBiburgdorferi g

Thus, RSCU values higher than 1 indicate codons used freque E@bl_ﬂ)- D 2
within their amino acid groupLo). A_X|§ 2. represents the s.econdjmost significant source of
To look for trends in the data, correspondence analy@is/s variation in the data, and d|fferent!ates genes according to the
carried out on RSCU values. Correspondence analysis isSgand on which they are located (Fig.As reported recently by 2
multivariate statistical analysis method particularly appropriat¥/cinerney @), genes from the leading and lagging strands is
for contingency data, in which the values in the dataset are rgibgrgdorferl (referred to as Bb-lead and Bb-lag genes) form twg
independent. The raw data for this analysis were a matr stinct clusters (FidL). InT.pallidumthere is less discrimination &
containing 59 RSCU values (i.e., for all codons except Met, Tr%etvveen the leading and lagging strand clusters (referred tocas
and Stop) for each gene in the genome. Analysis of RSCU valubg-l€ad and Tp-lag genes) but the trend is clearly the sange.
rather than actual codon counts minimises the effects of differeptgnificantly, leading strand genes from both species are located
amino acid usage among genes. Analyses were carried &y the same (negative) end of Axis 2, indicating that the
separately on each species, and on a dataset comprising all géhigrences between leading and lagging strand genes invofge
from both genomes (1881 genes). similar types of change in codon usage in the two species. ~
OrthologousB.burgdorferi andT.pallidum genes were identified
using BLASTP (4) searches. Only 1:1 orthology relationshipsg;y and-specific biasesin codon usage
were considered: a pair of genes were regarded as orthologues if
they were each other’s only hit above a significance thresholth most bacterial genomes there is a tendency for the leadifg-
which was set at a BLASTP score of 200 [using the BLOSUM68trand to be richer in G and T than the lagging stréym). (This
substitution matrix 15 and SEG filter 16)]. Protein pairs becomes exaggerated if only silent codon positions are considered
identified in this way were then aligned using the Gap prograifa,17). For the spirochaetes, plotting the G+T content of sileig
in the GCG package (with default parameters) to examine amigodon positions of genes versus their chromosomal locatign

p

11USD 9|003

ad

acid substitutions. (results not shown) clearly distinguishes the genes on the tgo
strands in each species but does not suggest any other varia§ion
RESULTS in G+T content with chromosomal location, in contrast to thg
systematic variation of G+C content observed inMtgenitalium <
: e
Correspondence analysis of codon usage genome §,10).

In both spirochaetes, the synonymous codon usage is different
Codon usage patterns Biburgdorferi and T.pallidum were  between the two strands (Tal)e There are significanP(< 0.001)
analysed by correspondence analysis of RSCU values in a datatiferences in leading versus lagging strand genes, for 49 of the
of 1881 genes pooled from the two species. Correspondens® synonymously variable sense codor&limrgdorferi, and for
analysis reveals trends in the data that may be impossible to te&4e codons inT.pallidum. Almost all the changes involve
out on a gene-by-gene comparison. It defines a series iotreased use of G- and U-ending codons, and decreased use 0
orthogonal (uncorrelated) axes through the data, ordered so tatand A-ending codons, on the leading strand relative to the
Axis 1 is the axis describing the largest fraction of the variatiotagging (Tablel). The only significant exceptions to this trend are
in the data, Axis 2 describes the second-largest trend, and sotba leucine codons CUG (decreased on the Bb-lead) and UUA
with each subsequent axis describing a progressively smali@ncreased on Tp-lead). Because Bigurgdorferi genome is so
amount of variation. Genes that have similar codon usage will+T-rich, the leading versus lagging strand effect is manifested
appear close together in the multi-dimensional hyperspace thabst clearly in the relative frequencies of A- versus U-ending
correspondence analysis describes. For the set of 1881 genes fomtions (more U-ending codons in Bb-lead genes, and A-ending
the two species Axes 1 and 2 account for 34.8 and 8.6%gdons in Bb-lag genes; Talllpand some differences between
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Figure 1. Correspondence analysis of RSCU values from 1881 genes in a pooled dataset (B3fufgolorferi and 1031 fronT.pallidum). Genes are colour-coded r",:,
as follows: redB.burgdorferi leading strand; orangB,burgdorferi lagging strand; dark blugpallidum leading strand; light blud;pallidumlagging strand. Filled 8
symbols indicate ribosomal proteins and translation elongation factors. ‘Left’ and ‘right’ refer to genes located in the left and right halves of the two genomes.
O
@
3

the strands for G- or C-ending codons do not achieve statistid@b-lead genes than Bb-lag genes, which is unexpected fo%a
significance. G-ending codon (Tabl&) and may be related to the existence of
If correspondence analysis is carried out on each specisix synonyms for this amino acid. c
separately, the inter-strand differences reappear as Axis 1 but th&or T.pallidum, the codons separate neatly into four classes
other axes reveal further differences between the two speciesbased on the synonymous site (R)gindicating that the second 2
correspondence analysis, the same sets of axes can be usetdjor trend is related to silent-site G+C content of genes; G- agd
examine variation among codons or among getr®%$g). When  C-ending codons are found on one side of Axis 2, U- aril
the locations of codons are superimposed upon those of gedegnding codons on the other. The purine-ending codons aill)’e
(Fig. 2), G- and U-ending codons are found on one side of Aximore separated on Axis 2 than the pyrimidines. However, tige
1, with C- and A-ending codons on the other, due to the stramgnes at the extremities of Axis 2 do not correspond to ary
effect. ForB.burgdorferi, while the major trend is clearly caused particular functional group and do not have any preferential
by G+T content, the second axis is less simple to explain. It lscation along the chromosome.
dominated by usage of a single arginine codon, CGCZFig.
has been propos:ed that the inclusion of a small number mtraspecificcodon usage patternsand the location of the
artefactual ORFs in the dataset was responsiplagwever, the  riqin of replication
same trend (CGC usage) also appears on Axis 2 in an analysis rurslJ
on a reduced dataset of known genes. Furthermore, if CGClisFigurel there is some overlap between the leading and lagging
excluded, Axis 2 appears to be related to another Arg codatrand clusters on Axis 2, differing in magnitude in the two
(CGA), and so on with CGG. Thus the second source of variati@pecies. For example, if a cutoff line is drawn horizontally
in B.burgdorferi seems to be the CGN family of Arg codons,through Figuré corresponding to an Axis 2 value of +5, the Axis
which are only marginally used in that species. The unusualvalues of 70 Tp-lead and 47 Tp-lag genes place them on the
position on Axis 1 of the CUG codon iB.burgdorferi  ‘wrong’ side of this cutoff (i.e., on the opposite side to most of the
correspondence analysis (FR).is also notable; although little other genes from the same strand), whereas only nine Bb-lead and
used among genes on either strand, this codon is less frequerdenen Bb-lag genes are misplaced. Most of theBebi@ydorferi
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Table 1. Codon usage (RSCU values)Brburgdorferi (Bb) and

T.pallidum (Tp)
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B. burgdorferi

1500
0 cec
RSCU = NNU codon
Both strands Bb T 1 NNC codon
Amino
Acid  Codon  Bb %22 Tp lead %20 lag lead %2P lag = NNA codan
! h 5 NNG codon
CGG
Phe uuy 1.81 »> 1.39 1.88 >> 1.64 1.49 >> 1.20 L
uuc 0.19 << 0.61 0.12 << 0.36 0.51 << 0.80C N gsrle
Leu UUA 2.42 >> 0.51 2.39 < 2.49 0.54 B4 0.47
UG 1.07 << 1.18 1.30 >> 0.59 1.44 >> 0.73 9
Leu cuu 1.76 >> 1.39 1.91 >> 1.46 1.40 ns 1.38 é 500
cuc 0.12 << 1.25 0.07 << 0.24 0.99 << 1.69
cua 0.49 »» 0.34 0.23 << 1.03 0.29 << 0.43 cea
cuG 0.13 << 1.33 o0.10 2 o.20 1.35 ns 1.30 -‘?.G " can
Tle AUy 1.67 >» 1.38 2.00 >> 1.20 1.51 »> 1.17 n o 0
GUA
AUC 0.22 << 1.06 0.14 << 0.33 0.94 << 1.27 = & 0 o L ’
AUA 1.11 »> 0.56 0.86 << 1.48 0.55 ns 0.56 o ke “.l’ﬁ‘- ﬂ tio L]
Met AUG - - = - - - - = - L ‘
L] ] =]
val Guu 2.35 >> 0.90 2.59 >> 1.45 0.93 >> 0.84 o
Guc 0.18 << 0.59 0.13 << 0.35 0.49 << 0.84
GUA 1.08 >> 0.76 0.87 << 1.83 0.70 << 0.88
GUG 0.40 << 1.75 0.41 ns 0.37 1.87 »> 1.44
Ser ucy 2.12 >> 1.45 2.38 »> 1.50 1.58 >» 1.21 -500 T T T I I
uce 0.27 << 0.96 0.23 << 0.35 0.80 << 1.25
uca 1.40 »> 0.73 1.15 << 1.98 0.69 << 0.80 200 -100 0 100 200 300 400
ucG 0.21 << 0.97 0.21 ns 0.19 1.08 >> 0.77
" |w)
Pro ceu 1.79 »>> 1.25 2.03 >> 1.39 1.33 »>> 1.12 A}(!E 'f =]
cce 0.61 << 0.91 0.59 ns 0.64 0.76 << 1.14 =
cca 1.41 >> 0.62 1.18 << 1.81 0.56 << 0.72 2
cce 0.19 << 1.22 0.21 ns 0.16 1.35 »> 1.03 8
Thr acu 1.52 >> 0.73 1.88 >> 1.06 0.78 >> 0.67 %
acc 0.52 << 1.10 0.52 ns 0.53 0.93 << 1.34 2 o
ACA 1.76 >> 0.78 1.35 < 2.28 0.73 << 0.88 1- pa":ﬂdum —
ACG .20 << 1.37 0.25 »>»> 0.14 1.56 >> 1.11 1m 8
Ala GCU 1.80 >> 0.64 2.08 »> 1.25 0.66 > 0.61 g‘
ace 0.43 << 0.62 0.39 << 0.51 0.52 << 0.79 = NNU codon %
GCA 1.57 > 1.21 1.29 < 2.12 1.14 < 1.34 g
GCG 0.20 << 1.53 0.24 »>> 0.12 1.68 >> 1.26 B NNC codon =
=]
Tyr UAU 1.60 »> 0.97 1.77 »>> 1.27 1.07 »>> 0.77 - mh 8
UAC 0.40 << 1.03 0.23 << 0.73 0.93 << 1.23 1000 — NNA o
ter UAA 1.89 - 0.74 1.70 - 2.24 0.65 - 0.90 x
ter UAG 0.56 - 1.16 0.69 0.30 1.21 - 1.06 = NNG codon S
=4
Hig cau 1.49 >> 0.85 1.67 »> 1.22 0.99 >> 0.66 o gene £
cac 0.51 << 1.15 0.33 << 0.78 1.01 << 1.34 o Q
Gln cAA 1.64 »>> 0.62 1.51 << 1.83 0.56 << 0.73 s
CAG 0.36 << 1.38 0.49 >> 0.17 1.44 >> 1.27 500 S
Asn ARU 1.63 >»> 1.05 1.80 >> 1.38 1.17 >> 0.85 " 2
AAC 0.37 << 0.95 0.20 << 0.62 0.83 << 1.15 n o
Lys 2RA 1.58 >> 0.91 1.42 << 1.82 0.82 << 1.08 o
ARG 0.42 << 1.09 0.58 >> 0.18 1.18 >> 0.92 - ] ‘ﬁi,.
L
Asp GAU 1.64 >> 1.16 1.75 >> 1.33 1.29 »> 0.91 -‘ 3 - o (I'jl'l
GAC 0.36 << 0.84 0.25 << 0.67 0.71 << 1.09 D-{m N a2 B o
Glu GRA 1.48 >> 0.95 1.31 << 1.76 0.88 << 1.07 "t' tﬂjﬁh : &
GAG 0.52 << 1.05 0.69 >> 0.24 1.12 »> 0.93
L (@]
cys UGy 1.34 >> 1.07 1.54 >> 0.87 1.21 »>> 0.80 g
uGe 0.66 << 0.93 0.46 << 1.13 0.79 << 1.20 —
ter UGA 0.55 - 1.10 0.60 - 0.46 1.14 - 1.04 o
Trp Jiele] - - - - - - @
500 1 1 I I ] g
Arg cGu 0.3 1.72 0.40 >> 0.13 1.92 »> 1.31
cae 0.16 << 1.92 0.17 ns 0.16 1.64 << 2.51 200 -100 0 100 200 300 400 ®
cea 0.31 2 0.45 0.30 ns 0.32 0.42 << 0.54 -
<G 0.08 << 1.01 0.09 ns 0.05 1.09 »> 0.83 is 1 ‘é
Axi =]
Ser AGU 1. 1.34 >> 0.77 1.06 >> 0.80 S o
AGC 0. 0.67 << 1.21 0.79 << 1.17 S
Arg AGA 3. 3.67 << 4.69 0.40 ns 0.42 o
AGG 1. 1.38 >> 0.64 0.53 >> 0.39 c
cly acu 1. 1.30 >> 0.51 1.18 >> 0.91 Figure 2. Correspondence analysis of codons (coloured points) superlmposea
e 0. 0.62 ns 0.63 0.71 << 1.14 . w
cen 1. 1.40 << 2.44 0.88 << 1.03 on genes (grey points). -
GeG 0. 0.68 >> 0.42 1.23 >> 0.91

102

aChi-squared tests: << and >> denBte 0.001 and indicate the
direction of the difference; ns, not significant. White-on-black symbols
indicate differences that are not in the expected direction, given the
high A+T content and low G+C content of fAéurgdorferi genome
relative to theT.pallidum genome.

bChi-squared tests: << and >> denBte 0.001 and indicate the
direction of the difference; < and > denBte 0.01; ns, not significant.
White-on-black symbols indicate differences that are not in the
expected direction, given the high G+T content and low A+C content
of the leading strand (‘lead’) relative to the lagging strand (‘lag’), in
both species.

each of these a possible explanation is apparent. BBO001 and
BB0844 are located very close to the telomeres of the linear

chromosome and could have become inverted during the

proposed telomeric exchanges between the chromosome and
linear plasmidsZ).

The other twd.burgdorferi genes with unusual Axis 2 values,
BB0437 and BB0438, adnaA anddnaN. In bothB.burgdorferi
andT.pallidumthese genes are located very close to the presumed
origin of replication {,2). The location of the origin has not been
determined experimentally in either species, but has been inferred
both from analysis of base composition ské®),(and from the
realisation thatinaA is close to the origin of replication in many
‘outliers’ are short genes. Only four of them (BB0001, BB0844bacteria 20-22). Fraseet al. (2) used a numbering scheme for the
BB0437 and BB0438) are more than 150 codons long, and faipallidum genome which placed nucleotide number 1 upstream of
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50 — this region 20), or that the origin has moved recently. For the other
analyses in this paper, we assum@ to be a leading-strand gene

in both species. These findings are borne out when correspondence
analyses are carried out on each species separately.

n
a
|

Codon usage in highly expressed genes

o
|

Studies on many bacterial species have shown that highly
expressed genes use a subset of ‘optimal’ codons due to selection for
efficient translation of their mRNAs, whereas genes with lower
expression levels have more random codon usage. This occurs, for
example, inE.coli (2324), B.subtilis (25), Mycobacterium

-50 tuberculosis (26) andHaemophilus influenzae (9). Remarkably,

BB gene number in bothB.burgdorferi andT.pallidum, genes expected to be highly
expressed (such as ribosomal proteins and elongation factors) do
not have a codon usage pattern distinct from the majority of genes
(Fig. 1). Nor did the putative high-expression genes appear
exceptional when additional axes from single-species correspon-
dence analyses were examined, or in terms of their fit to the tRNA
anticodon sets encoded by these genomes (data not shown). Fhis
2 suggests that selection for efficient translation is either absentor
ineffective in these spirochaetes, in agreement with Mclnerne@s
analysis oB.burgdorferi (8).

Fraseret al. (2) calculated codon adaptation index (CAIRY
O v values forT.pallidum andB.burgdorferi genes, using genes that3
.25 | V™Y A are universally highly expressed as a reference set, and noted®hat
o & genes with high CAl values were disproportionately frequent Gh
the leading strand. The CAI measures the extent to which a g@e
-50 uses a particular subset of codons, normally those that @re
TP gene number translationally optimal. In species where translational selectiongs
effective, highly expressed genes are characterised by stréng
Figure 3. Plot of Axis 2 values (from the correspondence analysis shown in codon bias towards t-hose optimal codons and have, h'9h C.%‘I
Fig. 1) of genes flanking the origins of replication Brburgdorferi and values (2). In the spirochaetes, however, the combination cf
Tpallidum. Black lines connect genes transcribed rightwards, and grey lineshaving most of the highly-expressed genes (the reference set)@on
connect genes transcribed leftwards. To the left of the origin, leading stranghe leading strand together with the apparent lack of effecti‘gé
genes are grey and lagging strand genes are black. The situation is reversed §8nslational selection. means that the CAl as used by Etaker ©
the right of the origin (leading strand genes are black and lagging strand genes L
are grey). merely detects leading strand genes. It does not have furt@er
implications for the levels of expression of genes.

Axis 2 value
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dnaA, suggesting that it is a leading-strand gene, and in our initigidon usage changesin orthologous genes

. . <
analysis we assumed thdtaA anddnaN were leading-strand Using a stringent criterion for BLAST searches (see Materiaf
genes in botlB.burgdorferi andT.pallidum. However, the Axis  and Methods) we identified 229 pairs of orthologous genes in tBe
2 position ofdnaA in B.burgdorferi suggests very strongly thatit two species. Dot-matrix plots of the chromosomal locations &
is a lagging strand gene (F®), so that the origin of replication these genes showed that gene order is poorly conserved betweer
must be downstream dhaA. o _ these species, with the exception of a number of large operqns

In both B.burgdorferi and T.pallidum, dnaN is immediately  (results not shown). The 229 orthologue pairs comprise 183
downstream oﬂnaA, and in the_ same orientation. The Axis 2Bb-lead/Tp-lead genes, 28 Bb-lag/Tp-lag genes, 35 Bb—Ieade’p—Igg
value ofdnaN in B.burgdorferi is +7, which is intermediate genes and 33 Bb-lag/Tp-lead genes. The latter two categories are
between typical values of leading and lagging strand ggn?nes that have been relocated from the leading strand to the
(Fig. 3). If dnaN is regarded as a leading-strand gene, its AXxis agging, or vice versa, in one of the species since their divergence
value ranks it eighth highest of all Bb-lead genes; alternatively, ffom a common ancestor. In the correspondence analysis of
itis regarded as a Bb-lag gene, it has the tenth lowest Axis 2 valRg&CuU values the positions of these four classes of orthologous
among Bb-lag genes. One likely explanation is that the origin @fene pairs are distinct (Fid). It is apparent that genes that have
replication is located withirdnaN. This is supported by the switched strand during spirochaete evolution now have codon
observation that B.burgdorferi dnaN is divided into two halves, usage patterns typ|Ca| of their current strands.
the Axis 2 value of the'®nd is +34 (typical of a Bb-lag gene) and
of the 3 end is —8 (typical of a Bb-lead gene). The Axis 2 value
of T.pallidum genes located near the origin are also consiste
with an origin withindnalN, though the distinction between the The unusual nucleotide composition of the spirochaete genomes
two strands is less clear-cut (Fig). Alternative possible also affects the amino acid composition of their proteins. There
explanations are that there are multiple closely-spaced originsane significant differences between the two species (Tjble

amino acid composition
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Figure4. Correspondence analysis of RSCU values from 1881 genes (as in Fig. 1), with orthologous gene pairs linked by linesetiimespzorsof genes that
are on different strands in the two species are green (Bb-lead/Tp-lag) or pink (Bb-lag/Tp-lead). Lines connecting pairs whose strand is conserved are
(Bb-lead/Tp-lead) or dark grey (Bb-lag/Tp-lag). Points without lines did not have homologues above the BLASTP cutoff used.
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Borrelia burgdorferi is comparatively rich in the six amino acids much lysine, but less than half as much argining, @ablidum
having A or U in codon positions 1 and 2 (column ‘W' in Talle proteins.

and poor in the three amino acids with G+C-containing codons The amino acid composition of proteins encoded by leading-
(column ‘S’). Chi-squared tests show significant differencestrand genes is also different from that of lagging-strand genes.
between the two species for eight of these nine amino acids (ahese differences are statistically significaRt < 0.001) for
except Met), when genes located on both DNA strands afié amino acids iB.burgdorferi and 11 amino acids ihpallidum
considered together. There are also significant interspeci€Rable 2). In both species these amino acid usage trends are
differences for six other amino acids, making a total of 14 (Pyble almost universally in the directions consistent with a G+T-rich
There appear to be some trade-offs between the species in amgaxling strand and an A+C-rich lagging strand. From base
acid choice, withB.burgdorferi having abundant Asn (AAY composition at codon positions 1 and 2, five amino acids (Phe,
codons), Lys (AAR) and lle (AUH), wheredgallidum uses Trp, Cys, Val and Gly) would be expected to be more common in
other amino acids that are chemically similar but have moteading-strand genes, and six amino acids (Asn, Lys, Pro, GIn, His
G+C-rich codons: GIn (CAR), Arg (CGN and AGR) and Valand Thr) would be expected to be less common (Babl@umns
(GUN). Borrelia burgdorferi proteins have more than twice as ‘K’ and ‘M’). Statistically significant differences are seen for 10
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Table 2. Amino acid composition iB.burgdorferi (Bb) andT.pallidum 0.14
* Bo-load ! Tp-ead
T
( p) =BG/ Tpfag
= Bo-iad f Tp-lag
Codon Percent amino acid composition 0.12 { = Bo-ag ! Tp-iwad
positions i
1 and 22 Both strands Bb p
Amino acid
(codons) s W K M Bb x2b Tp lead X2C lag lead X2° lag . . =
g 010 - - Leu
Asn (AAY) 4 ! 6.7l ¢.3 2.3 2.8 ? Ala ol
Lys (AAR) + + 9.4 %M 12.0 4.0 ns 4.0 E - L
Ile (AUH) + 9.6 << 13.0 4.7 << 5.2 5 - ]
Mot (AUG) + 1.8 ns 1. 2.0 >> 1.9 E 0.08 + LAlg e Val F
Tyr (UAY) + 4.3 ns 4.2 3.0 ns 3.1 % - =
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Phe (UUY) - 6.9 5.2 4.5 ns 4.4 a4 - * Gly = Gl
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Trp (UGG) + 0.5 < 0.6 1.0 ne 1.0 '; 0.06 4 Th o Ser - -
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Figure 5. Mean amino acid compositions of orthologdiburgdorferi and
&Plus signs indicate codons in which the bases at positions 1 and 2 can bothT palligum proteins, in each of the four possible species/DNA strand S

be described by the IUPAC ambiguity codes S (G or C), W (A or U), K combinations. The four points for each amino acid are ringed. The diagonal Ilns
(G or U) or M (A or C). Amino acids with six codons were not classified.  represents equal proportions in the two species.
bChi-squared tests: << and >> denBte 0.001 and indicate the direction

of the difference; ns, not significant. White-on-black symbols indicate
differences that are in the expected direction, given the high W content and
low S content of thB.burgdorferi genome relative to thiepallidum genome.
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dataset, regardless of whether they have Tp-lead or Tp- I§g
cChi-squared tests: << and >> denBte 0.001 and indicate the direction orthologues (9.8 and 10.0%, respectively). Approximately half (S
of the difference; < denotds< 0.01; ns, not significant. White-on-black theB-b_urgdorferl genes in the Bb-lead/Tp-lag Se_t have, presumabg,
symbols indicate differences that are in the expected direction, given the been inverted at some stage durfigurgdorferi evolution but

high K content and low M content of the leading strand (‘lead’) relative to - their amino acid composition is now typical of Bb-lead genes
the lagging strand (‘lag’), in both species.

DISCUSSION

37 8|09 1HI0’S|

of these 11 comparisonsBrburgdorferi, and for six comparisons Dramatic differences are seen in amino acid and codon usagein
in T.pallidum (Table2). The only amino acid that significantly these spirochaetes, both between species and between CRA
bucks this trend is tryptophan, which is unexpectedly common Btrands. Interstrand differences occur in both the linear genome
Bb-lag genesR < 0.01). of B.burgdorferi (1,8) and the circular genome dfpallidum.
Comparison of aligned protein sequences from the 22Because of the apparent lack of translational selection on cod®dn
orthologous pairs confirms that amino acid substitutions of thehoice, and the existence of two different patterns within eagh
expected types have occurred. As an extreme example, thenome, it seems unlikely that the different compositions &f
Iagging strand is Arg-rich but Lys-poorTipallidum, whereas it genes and proteins are the result of natural selection. It is mare
is Arg-poor and Lys-rich iB.burgdorferi. In the sequences of the probable that they represent neutral sequence change that has 1l’iee
28 orthologous genes located on the two lagging strands, amididven by the strong mutation biases in these species. Spec&s-
acid sites that are Arg ihpallidum are more often substituted to specific mutation has previously been shown to affect amino aci
Lys in B.burgdorferi (28.8%) than conserved as Arg (22.4%). usage in very G+C-rich or G+C-poor bacterial speéiés9) but
Amino acid composition in the 229 orthologous genes alsthis is the first report of mutational heterogeneity within a genome
indicates that genes that have switched DNA strand durirgpausing compositional heterogeneity within the corresponding
spirochaete evolution now have amino acid compositions typicptoteome. The mutational pressures have undoubtedltyiltuted
of their current locations (Figh), in a manner similar to the to the extensive sequence divergence betBdwingdorferi and
changes in codon usage shown in Figur&his is clearest for T.pallidum proteins.
those amino acids where there are large differences both betweeHaving genome sequences from two spirochaetes makes it
species and between strands, such as Val, lle, Leu and Thr. lpossible to identify genes that have become inverted during
these amino acids, the points for the four classes of gen&)Fig.evolution but does not allow us to deduce when the inversions
form an approximate square, with the Bb-lead/Tp-lead genes (redcurred, or in which lineage. Our approach grouped the inverted
symbols) and Bb-lag/Tp-lag genes (black symbols) in twgenes into two classes and found that these genes now seem
opposite corners, and the switched-strand genes (blue and grasasimilated into their current chromosomal environments. Itis not
symbols) in the other two corners. Thus, for example, leucingossible to measure the speed of this assimilation without
content is approximately the same in all Bb-lead proteins in thiquence data from other related species, which would allow the
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approximate dates of the inversions to be inferred. The existencé Lobry,J.R. (1996Moal. Biol. Eval., 13, 660-665.

of two distinct classes of genes in bacterial genomes such as th&é&ﬁlﬂﬁ{ﬂgﬂ% ggg%ﬁfa’\g nf:ocag&sghu?,lﬁ,oloegs-m?o&
may create problems for computer programs that attempt § Kerr.A.RW. Peden.J.F. and Sha}p,P.M. (19’961) Microbiol., 25,

distinguish between real genes and artefactual ORFs in genome 1177-1179.
sequences. Current programs that use a single model of nucleotitle Deschavanne,P. and Filipski,J. (1986}leic Acids Res., 23, 1350-1353.
composition 80,31) are probably inappropriate. One approach td2 Sharp,P.M. and Li,W.H. (198Rucleic Acids Res,, 15, 1281-1295.

a new genome sequence could be to first examine codon afdl Sreenacre,M.J. (198heory and Applications of Correspondence
Analysis. Academic Press, London.

amino acid usage patterns in the known genes (those WHR Apschuls.F., Gish,W., Miller,W., Myers,E.W. and Lipman,D.J. (1990)
homologues), and then to search for the remaining genes using J. Mol. Bial., 215, 403-410.
multiple different models of the properties of the known genes d§ Henikoff,S. and Henikoff,J.G. (1992yoc. Natl Acad. Sci. USA, 89,

10915-10919.
necessary.
ry 16 Wootton,J.C. and Federhen,S. (199&@hods Enzymol., 266, 554-571.

17 Blattner,F.R., Plunkett,G., Bloch,C.A., Perna,N.T., Burland,V., Riley,M.,
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