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The Rickettsia genus is a group of obligate intracellular parasitic a-proteobacteria that includes human pathogens respon-
sible for the typhus disease and various types of spotted fevers. rOmpA and rOmpB are two members of the “surface cell
antigen” (Sca) autotransporter (AT) protein family that may play key roles in the adhesion of the Rickettsia cells to the host
tissue. These molecules are likely determinants for the pathogenicity of the Rickettsia and represent good candidates for
vaccine development. We identified the 17 members of this family of outer-membrane proteins in nine fully sequenced
Rickettsia genomes. The typical architecture of the Sca proteins is composed of an N-terminal signal peptide and a
C-terminal AT domain that promote the export of the central passenger domain to the outside of the bacteria. A char-
acteristic of this family is the frequent degradation of the genes, which results in different subsets of the sca genes being
expressed among Rickettsia species. Here, we present a detailed analysis of their phylogenetic relationships and evolution.
We provide strong evidence that rOmpA and rOmpB as well as three other members of the Sca protein family—Scal, Sca2,
and Sca4—have evolved under positive selection. The exclusive distribution of the predicted positively selected sites
within the passenger domains of these proteins argues that these regions are involved in the interaction with the host
and may be locked in “arms race” coevolutionary conflicts.

Introduction

The Rickettsia are obligate intracellular parasites
belonging to the o-protobacteria. They are associated with
arthropods (i.e., flea, tick, mite, and lice) and often patho-
genic for humans. Members of the Rickettsia genus include
the etiologic agents of epidemic and murine typhus (Rick-
ettsia prowazekii and Rickettsia typhi), as well as the etio-
logic agents of the Rocky Mountain spotted fever
(Rickettsia rickettsii) and the Mediterranean spotted fever
(Rickettsia conorii), two tick-borne diseases. Due to their
medical importance, this group of bacteria has justified con-
siderable sequencing efforts over the last 7 years. To date,
the genome sequences of three Rickettsia species have been
published (R. conorii [Ogata et al. 2001], R. prowazekii
[Andersson et al. 1998], and R. typhi [McLeod et al.
2004]) and at least six other sequencing projects are under
way for Rickettsia belli, Rickettsia africae, Rickettsia
sibirica, R. rickettsii, Rickettsia akari, and Rickettsia
felis. This abundance of data, coupled to a well-preserved
colinearity of the genes, make them a very good model to
study bacterial evolution.

Rickettsia cells are surrounded by a crystalline proteic
layer (Palmer, Martin, and Mallavia 1974), also referred to
as S-layer, which represents 10% to 15% of their total pro-
tein mass (Ching et al. 1996) and is composed of immuno-
dominant surface protein antigens (SPA) (Dasch 1981;
Ching et al. 1990; Ching, Carl, and Dasch 1992). Two
SPAs, i.e., rOmpA (Anacker et al. 1987; Vishwanath,
McDonald, and Watkins 1990) and rOmpB (Gilmore, Joste,
and McDonald 1989; Gilmore et al. 1991), have been
identified in several Rickettsia species and are the major
antigenic determinants eliciting an immune response in
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patients infected by rickettsioses (Teysseire and Raoult
1992). rOmpA and rOmpB are two large proteins (about
2,000 and 1,600 aa, respectively) that share no significant
sequence similarity except that they exhibit a highly con-
served ~300-aa C-termini. This region, the autotransporter
(AT) domain, folds into a B-barrel structure and inserts into
the outer membrane. This structure forms a pore through
which the central passenger domain of the proprotein is
transported across the membrane (Desvaux, Parham, and
Henderson 2004). Experimental studies have demonstrated
that following export, the rOmpB proprotein is proteolyti-
cally cleaved to release the passenger peptide at the cell
surface (Ching et al. 1990; Gilmore et al. 1991; Ching,
Carl, and Dasch 1992; Hackstadt et al. 1992). In addition,
rOmpA and rOmpB possess an N-terminal signal peptide
allowing their passage through the inner membrane pre-
sumably by means of the Sec secretion system (Henderson
et al. 2004).

Members of the AT protein superfamily are found in
a-, B-, v-, and e-proteobacteria as well as in Chlamydia spe-
cies (Henderson and Nataro 2001). They all share a homol-
ogous C-terminal AT domain. In contrast, the passenger
domains are not all homologous and encode for a wide
variety of virulence factors that can catalyze proteolysis,
serve as adhesins, mediate actin-promoted bacterial motil-
ity, or act as cytotoxins to animal cells (Henderson and
Nataro 2001). Experimental studies have suggested that
rOmpA and rOmpB function as adhesin in Rickettsia (Li
and Walker 1998; Uchiyama 2003).

Analyses of the genome sequences of R. conorii
(Ogata et al. 2001) and R. prowazekii (Andersson et al.
1998) have revealed the existence of three additional genes
encoding a highly conserved C-terminal AT domain. These
genes are annotated as “surface cell antigen” (sca) genes
(i.e., scal, 2, 3), together with rOmpA (sca0) and rOmpB
(sca5). In addition, “GeneD” (Sekeyova, Roux, and Raoult
2001) has been renamed sca4 (Andersson et al. 1998),
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though the protein product lacks the AT domain. So far,
only rOmpA and rOmpB proteins have been detected by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
or western blotting in R. conorii (Teysseire and Raoult
1992) as well as Sca4 in R. japonica (Uchiyama, Zhao,
and Uchida 1996).

Given the seemingly prominent role of rOmpA and
rOmpB proteins in the virulence of rickettsiae, we further
characterized the Sca protein family by using the data from
six publicly available Rickettsia genomes as well as
the complete genome sequences of R. belli, R. felis, and
R. africae that have been recently determined in our labo-
ratory. We constructed an updated catalog of 17 subfamilies
of sca genes found in nine Rickettsia spp. and analyzed their
phylogenetic relationships. In addition, we have investi-
gated the selective pressure acting on the Sca proteins.
Our results suggest that the passenger domains of rOmpA,
rOmpB, Scal, and Sca2 as well as the Sca4 protein have
evolved under positive selection.

Methods
Data

The genome sequences of R. conorii (NC_003103),
R. typhi (NC_006142), R. sibirica (NZ_AABW00000000),
R. rickettsii (NZ_AADJ00000000), R. felis (CPO00053,
CP000054) R. akari (NZ_AAFE00000000), and R. prowa-
zekii (NC_000963) were downloaded from GenBank. For
these species, the complete set of proteins was constructed
using the GenBank annotations. We used the complete ge-
nome sequences of R. belli and R. africae that have been
recently determined in our laboratory and will be published
elsewhere. Every open reading frames (ORFs) of more than
100 nonstop codons were collected from the six possible
reading frames and virtually translated into proteins.
For these organisms, the ORF nucleotide sequences of
the sca genes were released in GenBank. Locus names
and GenBank accession numbers of all analyzed sequences
are available as Supplementary Material online. For the
study of selective constraints acting on sca genes, only
the second halves of the gene sequences were available
in most organisms for yOmpA and scal. In consequence,
subsequent analyses were restricted to these regions of
proteins, which contain part of the passenger domain and
the complete AT domain.

Sequence analysis

OREF products with sequence similarity with the Sca
proteins previously identified in R. conorii and R. prowa-
zekii (i.e., rOmpA, rOmpB, Scal, Sca2, Sca3, and Sca4)
were searched in the nine complete rickettsial proteomes
using the BlastP program (E value < 1 X 107'%; Altschul
etal. 1997). The AT domains were searched in the Sca pro-
tein sequences and the GenBank protein database with the
program HMMSEARCH from the HMMER package (R. S.
Eddy, unpublished data, http://hmmer.wustl.edu/), using
the Pfam AT domain HMM profile (PF03797.6) as query.
Hits were considered significant when they matched the
Pfam profile with E values < 10°. Orthologous relation-
ships between sca ORFs were determined by the recipro-

cal best BlastP match criterion. Except for R. bellii, the
Rickettsia genomes exhibit a nearly perfect colinearity
and few genomic rearrangements (Ogata et al. 2001).
Hence, we confirmed the orthologous relationships by
verifying that the genes surrounding each orthologous
sca genes were in collinear order. Repeated peptide motifs
were identified using the dotter program (Sonnhammer
and Durbin 1995). Predictions of N-terminal signal pepti-
des were done using the TMHMM web tool at http://
www.cbs.dtu.dk/servicess TMHMM/ (Krogh et al. 2001).
The significance of sequence similarity between para-
logous passenger domains was assessed using the pro-
gram PRDF from the FASTA2 package (Pearson 1990)
with default parameters. The threshold of significance
was set to P value (opt delta) < 0.01.

Phylogenetic analysis

Protein and nucleotide alignments were carried out us-
ing the programs MUSCLE (Edgar 2004) and ClustalW
(Higgins and Sharp 1988), respectively, and corrected
manually. We constructed the phylogenetic trees of the
sca5 nucleotide sequences and AT domains (fig. 2) using
the Neighbor-Joining (NJ) method implemented in the
MEGA software (Kumar, Tamura, and Nei 1994). Phylo-
genetic distances were calculated using the Tamura-Nei
method (Tamura and Nei 1993) for nucleotide sequences
and a gamma correction (alpha = 3.34) for the AT domains.
The shape parameter alpha for the gamma correction was
determined by maximum likelihood using the CODEML
program from the PAML package (Yang 1997). For all
tree constructions, bootstrap supports for branches were
assessed using 100 pseudoreplicates.

Analysis of selective constraints

For scal, sca2, sca4, rOmpA, and rOmpB, NJ phylo-
genetic trees were generated from the nucleotide alignments
using the Tamura-Nei distance (trees are provided as sup-
plementary data, Supplementary Material online). To test
for positive selection, we fitted four codon-based models
of nucleotide substitutions to the data (Yang et al. 2000)
using the maximum likelihood method implemented in
the CODEML program (Yang 1997). We then compared
the models that do not allow for (or do not detect) ® > 1
(MO and M7 see below) with the ones that identify classes
of sites with ® > 1 (M3 and M8) and determined the models
that best describe the data. Each analysis was repeated three
times with different initial @ values to avoid problems of
multiple local optima. We recorded the parameter estimates
corresponding to the highest likelihood. The four codon-
based models used in this study were selected following
recommendations of Yang et al. (2000): Model MO assumes
that all amino acid sites have the same ® estimated freely
from the data. Model M3 (K = 3) assumes three classes
of sites with  estimated independently from the data (Yang
et al. 2000). Model M7 assumes eight classes of sites with
independent ®, which are limited to the interval (0, 1) and
distributed according to a f distribution. Model M8 (B and
) adds an extra site class to M7 with a free ® ratio es-
timated from the data, which may be higher than one.
Under model M8, the values of the average (and maximal)
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rate of synonymous substitution (ds) for branches are
0.006 (max. 0.0142), 0.018 (max. 0.0818), 0.021 (max.
0.1588), 0.007 (max. 0.2111), 0.029 (max. 0.3185), and
0.062 (max. 0.7779) for the scal, sca2, sca4, rOmpA,
rOmpB, and GltA phylogenies, respectively. For the rate
of nonsynonymous substitutions (dy), the average (and
maximal) values for branches are 0.007 (max. 0.0163),
0.015 (max. 0.0695), 0.011 (max. 0.0814), 0.005 (max.
0.1650), 0.014 (max. 0.1526), and 0.004 (max. 0.0439), re-
spectively. Thus, the levels of substitutions between se-
quences are sufficiently low to assure that the effects of
the saturation of mutation sites are negligible in the ana-
lyses (K < 1). Nested models (i.e., MO vs. M3 and M7
vs. M8) were compared using the likelihood ratio test: twice
the log-likelihood difference between two models (2AInL)
can be compared to a > distribution, with the number of
degrees of freedom equal to the difference in the number
of free parameters between the two models. To assess the
sensitivity of the results to the tree topologies, all branches
that were supported by less than 50% bootstrap replicates
were collapsed into multifurcations. The results obtained
with the collapsed trees were consistent with those obtained
with the NJ trees, indicating that the method is fairly robust
to approximate tree topologies (Yang et al. 2000).

Results
Identification of sca genes in the Rickettsia genomes

Using BlastP searches against the proteomes of nine
fully sequenced Rickettsia spp., we identified 145 ORF
products with significant sequence similarity (E value <
1 X 107'°) with the six sca genes previously identified
in the genomes of R. conorii and R. prowazekii (i.e.,
rOmpA, rOmpB, scal, sca2, sca3, and sca4). These Sca Pro-
teins were classified into 17 groups of orthologs (rOmpA,
Scal-Sca4, rtOmpB, Sca6-Scal6) on the basis of their
levels of sequence similarity and colinearity between ge-
nomes (fig. 1). To characterize their functional state, these
genes were flagged as complete (flag “C”), split gene (flag
“S”: the entire protein is encoded by successive ORFs),
fragment (flag “F”: a single ORF encoding a protein of less
than 50% of the longest orthologous protein), or absent
(flag ““-”"). Split genes and gene fragments may be the result
of ongoing gene degradation, a common feature in rickett-
sial genomes that is concomitant with reductive evolution
(Andersson et al. 1998; Ogata et al. 2001). Thus, these may
be incapable of producing functional proteins and could be
pseudogenes. None of the nine Rickettsia genomes studied
here harbor the 17 intact sca genes (fig. 1). Rickettsia
prowazekii is remarkable as it retained only two intact sca
genes (sca3 and rOmpB). On the other extreme, the R.
felis genome contains the largest complement of sca genes
with 10 complete and 3 split sca genes. rOmpB is the only
sca gene found complete in all the nine genomes studied.

The AT domain was identified in all complete sca
genes except sca4 and sca9. The later gene encodes a pro-
tein with significant sequence similarity over its whole
length (BlastP E value < 1 X 10~'°) with the passenger
peptide of Sca3. The sca4 gene is present in all nine Rick-
ettsia genomes (fig. 1), though it is split in two orfs in the
R. prowazekii genome sequence deposited in GenBank and
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so0, possibly not functional in this species (NB: this gene
has been found complete in independent sequencing of
sca4 in R. prowazekii Madrid E; unpublished observation).
The Sca4 protein was detected in the cytoplasm of spotted
fever group (SFG) Rickettsia (Uchiyama 1997) and recog-
nized by antirickettsial antibodies (Schuenke and Walker
1994). The longest copy of the sca9 gene (encoding 557
amino acids) was found in R. felis and shorter fragments
were identified in the R. conorii and R. sibirica genomes
(118 and 132 amino acids, respectively), as well as a split
sca9 gene in R. bellii (fig. 1). Thus, sca9 sequences are
likely degraded genes in R. conorii, R. sibirica, and R. bel-
lii, and experimental studies are needed to determine
whether the R. felis sca9 gene is functional or not. The
scal6 ORF identified in R. bellii is also a probable degraded
gene because it only encodes a truncated AT domain (fig. 1).
The Scall, Scal2, Scal4, and Scal5 proteins have short
passenger domains as compared to the other sca proteins.
Although passenger peptides are not always covalently
linked to the AT domains as for example in Escherichia
coli and Helicobacter pylori (Yen et al. 2002), the integrity
of these proteins can be questioned. The scal5 gene is
uniquely found in the R. bellii genome and likely functional
because this protein possesses the N-terminal signal peptide
needed to be exported across the inner membrane. No signal
peptide was predicted in the other three proteins. The pas-
senger domains of rOmpA, Scal, Sca2, Sca3, Sca6, Sca7,
Sca8, Scal0, Scal2, and Scal3 as well as Sca4 and Sca9
contain conserved repeated peptide motifs (fig. 1), which
are common in adhesive proteins (Wren 1991; Kehoe
1994). The number of repeated units is often variable
among orthologs (not shown) and is as significant a source
of sequence variability as already observed for rOmpA
(Gilmore and Hackstadt 1991; Gilmore 1993; Fournier,
Roux, and Raoult 1998) and other adhesive proteins
(Gravekamp et al. 1996). rOmpA, Sca3, Sca7, Sca9, and
Scal3 share similar repeated motifs as well as Scal,
Sca2, Sca6, Scal(, and Scal2. The other Sca proteins also
present traces of internal sequence duplications, but the
weak level of conservation between repeated units make
their delineation difficult.

The degree of sequence similarity between the paral-
ogous Sca proteins is contrasted. The AT domain is gener-
ally well conserved between paralogs with an average of
31% identical amino acid residues and a maximum of
86% between Sca2 and Sca6. On the other hand, the pas-
senger domain and the signal peptide present a much lower
level of sequence conservation. The regions of significant
sequence identity were often limited to small segments of
the peptides corresponding to the repeated motifs. Never-
theless, paralogous sca proteins can be grouped on the basis
of the similarity between their passenger domains, as de-
tected by the PRDF program—group 1: rOmpA, Sca3,
Sca7, Sca9, and Scal3; group 2: Scal, Sca2, Scab, Sca8,
Scall; Scal2 and Scal4. rOmpB, Sca4, ScalO, Scal6,
and Scal$5 constitute singleton groups as their passenger
domains do not exhibit significant sequence similarity with
any paralogous Sca proteins. The average levels of amino
acid identity between passenger domains are 18% (max.
45% between Sca3 and Sca7) and 9% (max. 14% between
Sca2 and Sca8) for groups 1 and 2, respectively. When the
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FiG. 1.—The 17 sca gene families identified in nine Rickettsia genomes. The structural domains of the sca proteins are schematized on the left. The
yellow diamonds, thick black lines, and the blue ovals represent the predicted peptide signals, passenger domains, and AT domains, respectively. In-
terruptions in the thick black lines or the blue ovals indicate the occurrence of in-frame stop codons in the coding sequence. Colored boxes show the
presence of repeated peptide motifs. Boxes of same color refer to similar peptide motifs. The table on the right summarizes the names, lengths of
the peptide products, and the presence or absence of the sca genes in the Rickettsia genomes. The characters “C,” “S,” “F,” and “-” indicate whether
the gene is complete, split, fragment, or absent, respectively, in a given genome. Genes were defined as split if the entire protein is encoded by successive
ORFs and as fragment if the gene size was less than 50% of that of the longest ortholog. Asterisks indicate the genes from which the length and the
structural domains of the peptide products are shown. For Sca7 and ScalO, the protein lengths were obtained after concatenating the successive ORFs.

Rickettsia passenger domains are used as query in BlastP
searches against public databases, no homologous sequence
can be found outside of the Rickettsia genus. This contrasts
with the AT domains for which matches can be found in
many proteobacteria and Chlamydia (Henderson and
Nataro 2001).

Phylogenetic analysis of the Sca sequences

To illustrate the relationships between the nine se-
quenced Rickettsia species, we first reconstructed their
phylogeny using the entire sca5 nucleotide sequences
(fig. 2A). All branches of the NIJ tree are supported by
high bootstrap values (>86%) and the topology is in
agreement with previous phylogenetic studies of the

Rickettsia genus (Stothard, Clark, and Fuerst 1994;
Roux et al. 1997; Fournier, Roux, and Raoult 1998;
Stenos et al. 1998; Roux and Raoult 2000). Rickettsia
prowazekii and R. typhi are clustered together and
form the Typhus Group (TG). The SFG includes all
the other species but R. bellii and is divided into two
subgroups: the rickettsii group, which comprises R.
rickettsii, R. conorii, R. sibirica, and R. africae, and
the akari group, which includes R. akari and R. felis.
Rickettsia bellii forms a distinct and distant group,
which, according to Stothard, Clark, and Fuerst (1994),
diverged before the separation of the genus into the
SFG and TG. As shown in superimposition on the
phylogeny (fig. 2A), the primary hosts differ from
species to species (Azad and Beard 1998). This implies
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Fic. 2.—NIJ phylogenetic trees of the Sca proteins in Rickettsia. Bootstrap values based on 100 pseudoreplicates are shown beside nodes.
(A) Phylogenetic relationships of the nine fully sequenced Rickettsia species reconstructed from the analysis of sca5 gene alignment. Phylogenetic dis-

tances between the nucleotide sequences were calculated using the Tamura-Ni

ei method. Note that the tree is unrooted. The choice of Rickettsia bellii as

out-group species is based on Stothard, Clark, and Fuerst (1994) (B) Phylogenetic tree reconstructed from the alignment of the AT domains. Only ORF
products with complete AT domains were analyzed. All non-Rickettsia AT domains were found distantly related to those of Rickettsia, and the AT domain
of the Haemiphilus ducrei putative serine protease (HD1280) was arbitrarily chosen to root the tree. Phylogenetic distances were corrected with the

gamma correction (shape parameter o = 3.34). rco, rsi, raf, 1ri, rfe, rak, rpr, rty
Rickettsia rickettsii, Rickettsia felis, Rickettsia akari, Rickettsia prowazekii, R
delineated two groups of homologous passenger domains (see text): group 1
background.

that several Rickettsia lineages have changed their host
range during their evolution.

A total of 283 AT proteins were identified from non-
Rickettsia species using HMM searches against the Gen-
Bank database. Preliminary phylogenetic analyses of the

, and rbe stand for Rickettsia conorii, Rickettsia sibirica, Rickettsia africae,
ickettsia typhi, and R. bellii, respectively. Similarity analysis of sequences
sequences are underlined and group 2 sequences are represented on gray

~300-aa AT domains from these proteins and 43 Rickettsia
Sca proteins indicated that the Rickettsia AT domains are
closer to each other than to any other non-Rickettsia AT
domain (fig. 2b). This suggests that the paralogous sca
genes have appeared relatively late in the evolution of
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the Rickettsia lineage. However, the phylogenetic distribu-
tions of scal, sca5, sca8, scal3, scal4 and the ancestor of
sca2 and sca6 imply that these genes arose before the sep-
aration of R. bellii from the other Rickettsia spp. (fig. 2B)
that occurred early after the emergence of the Rickettsia ge-
nus (Stothard, Clark, and Fuerst 1994). All orthologous AT
domains cluster together in monophyletic groups supported
by high bootstrap scores except for the Sca2 and Sca6 AT
domains (fig. 2B) that form a polyphyletic cluster (see be-
low). We failed to produce a fully resolved phylogeny using
either the amino acid or the nucleotide sequence alignment.
The branching of the rOmpA, rOmpB, Sca3, Scal2, Scal3,
Scal4, and Scal5 subtrees are not supported by high boot-
strap scores (fig. 2B). This precludes any firm conclusion
about the sequential order in which these sca genes have
been created. Nevertheless, the AT domain tree presented
in figure 2B is in agreement with the grouping of homolo-
gous passenger domains as described above, except Scal4
that falls in the passenger domain group 2, whereas its AT
domain presents an affinity to the AT domains of the group
1 Sca proteins.

A notable feature of the evolution of the Sca family is
the complex phylogenetic relationships exhibited by the
AT domain of Sca2 and Sca6 proteins. The distribution
of Sca6 sequences among Rickettsia spp. indicates that this
gene arose before the divergence of the TG and the SFG
(fig. 1). Furthermore, TBlastN alignments revealed that se-
quence remnants of the sca2 gene exist in the syntenic or-
thologous regions of the R. prowazeki and R. typhi genomes
(not shown), indicating that sca2 also arose before the sep-
aration of the TG and SFG Rickettsia spp. and was later
degraded in the two species. Remarkably, the AT domains
of Sca2 and Scab6 in R. akari are phylogenetically closer to
each other than to any members of their own sub-family
(fig. 2B). The two genes have a head to tail organization
in R. akari, and the similarity between their AT domains
exceeds 95% at the nucleotide level, whereas only very
weak amino acid similarity can be detected elsewhere be-
tween these genes. The most likely explanation is that a gene
conversion event occurred between the two R. akari sca
genes that resulted probably in a conversion of the AT
domain of Sca6 into a Sca2-like AT domain. Under these
circumstances, we cannot exclude that the tandem duplica-
tion of sca2 and sca6 from a single ancestral gene may
have occurred much earlier than shown on the phylogenetic
tree (fig. 2B) and that recurrent gene conversions between
the sca2 and sca6 genes may have homogenized the
AT domain sequences.

Analysis of the selective pressure acting on
the Sca proteins

AT domains are known to form a f-barrel structure
into the outer membrane. The complex folding required
to form such a structure is likely to constrain the number
and the nature of amino acid changes in the peptide se-
quences. On the other hand, the Sca passenger peptides
are presumably exported to the cell surface and are sus-
pected to be involved in host-parasite interactions. For in-
stance, rOmpA and rOmpB are likely responsible for the
adhesion of rickettsiae to their host cells (Li and Walker

1998; Uchiyama 2003). Positive selection has been shown
to promote the divergence of protein regions involved in
host-parasite interactions (Schulenburg et al. 2000; Peek
et al. 2001; Jiggins, Hurst, and Yang 2002), but this has
not yet been tested for Sca proteins.

Nucleotide substitutions in protein-coding sequences
can result either in amino acid change (nonsynonymous
substitutions) or not (synonymous substitutions). In Rickett-
sia, selection on synonymous codons is probably ineffec-
tive (Andersson and Sharp 1996), and so, synonymous
codon positions probably accumulate changes neutrally
at a rate similar to the mutation rate. Under such circum-
stances, the ratio of dy to ds, denoted ® = dy/dg herein,
measures the magnitude and direction of selective pressure
on a protein, with ® = 1, <1, and >1 indicating neutral
evolution, purifying selection, and positive diversifying se-
lection, respectively (Li 1997). To examine if the AT and
passenger domains evolved under different selection re-
gimes, we estimated the ratio ® by a maximum likelihood
approach. In addition, we tested if the Sca passenger do-
mains were subjected to adaptive evolution by performing
phylogeny-based statistical tests of positive selection (Yang
et al. 2000). We studied five sca genes—namely, scal,
sca2, sca4, rOmpA, and rOmpB (table 1)—because their
nucleotide sequences were determined in many Rickettsia
species for phylogenetic purpose and were included in
the analyses (Fournier, Roux, and Raoult 1998; Roux
and Raoult 2000; Sekeyova, Roux, and Raoult 2001;
M. N. Ngwamidiba, in preparation). The other sca genes
were not analyzed here because the number of available se-
quences was not large enough to allow for powerful statis-
tical testing (Anisimova, Bielawski, and Yang 2001).

We first divided each nucleotide alignment into pas-
senger and AT domains (except for sca4 that has no AT
domain) and estimated the average w, by fitting model
MO to the data. The w estimates for the passenger and
AT regions are, respectively, ®passenger = 0.58 versus
oar = 0.44 for rOmpA, ®passenger = 0.41 versus
OAT — 0.23 for rOmpB, MWpASSENGER — 1.20 versus OAT =
0.35 for Scal, and ®passenger = 0.77 versus war =
0.39 for Sca2. Thus, for all four Sca proteins, the o ratio
estimated for the AT domain is consistently lower than for
the passenger domain. As expected, this result indicates
that the AT domains have evolved under higher selective
constraints than their respective passenger domains. Ex-
cept for the Scal passenger domain, the average o ratios
are all smaller than one and therefore averaging ® on all
sites failed to detect positive selection. However, adaptive
selection typically occurs at a few sites as most amino
acids in a protein are under structural and functional con-
straints with @ << 1. Thus, calculating ® as an average
over all amino acid sites is often too conservative to detect
positive selection (Yang and Bielawski 2000).

We therefore analyzed the entire alignments of the five
sca genes using models that allow for several m categories
of amino acid sites. The likelihood scores obtained under
models MO and M3 (table 1) were compared using the like-
lihood ratio test. The tests were significant for all families
after Bonferroni correction (o« = 0.05; table 2). Thus, model
M3, with three o categories of sites, better fits the data than
model MO that accounts for a single o category for all sites.



Table 1
Log-likelihood Scores and Parameter Estimates
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Tree Parameters in the ® Predicted Positively
Gene n* Is* Length®  Model / Distribution® Selected Sites!
rOmpA (sca0) 37 1,032 1.06 MO -9,563 ® = 0.55 (RC1273), 962, 1,009, 1,015,
M3 -9.331 o = 0.19, p; = 0.80; o, = 2.50, 1,030, 1,053, 1,056, 1,085,
p2 = 0.17; ®3 = 11.00, p; = 0.03 1,089, 1,120, 1,140, 1,142,
M7 —9.411 B(p = 0.020, g = 0.025) 1,157, 1,161, 1,247, 1,255,
M8 —-9.334 B(p = 0.284, q = 0.513), p; = 091, 1,256, 1,267, 1,273, 1,628,
© =5.29,p, = 0.09 1,722, 1,723
rOmpB (sca5) 23 1,591 2.18 MO —2,0427  © =039 (AAF34129), 21, 29, 87,
M3 —19,959  ®; = 0.07, p; = 0.59; ®, = 0.86, 90, 173, 455, 607, 690,
P2 = 0.37; 03 = 4.36, p; = 0.02 710, 757, 874, 880, 956,
M7 —20,014 B(p = 023, q = 0.37) 1,043
M8 —19,958  B(p = 0.27, q = 0.48); p; = 0.96,
o =39,p, =0.04
scal 1 1,172 0.36 MO —6,950 o =098 (RC0019), 210, 215,
M3 —6,904 o, = 0.00, p; = 0.41; 0, = 1.29, 240, 319, 336, 817,
p2 = 0.54; w3 = 10.29, p; = 0.05 941, 1,219
M7 —6.933 B(p = 0.007, g = 0.005)
M8 —6,904  B(p = 0.033, ¢ = 0.018), p; = 0.93;
o = 8.66, p, = 0.07
sca2 14 1,588 1.21 MO —1,5124 o = 0.71
M3 14,885 o, = 0.10, p; = 0.51; , = 1.31, (RCO110), 182, 341, 345,
Py = 0.46; 03 = 9.19, ps = 0.03 349, 373, 400, 402,
M7 —14,963  B(p = 0.024, q = 0.020) 422, 589, 694, 1037,
M8 14,887  B(p = 0.024, q = 0.014), p; = 0.96, 1053, 1,086, 1,174,
o = 7.17, p, = 0.04 1,278, 1,347, 1,438
scad 17 874 1.17 MO —8,207 o = 044 (RCO667), 183, 521, 695
M3 —8,142 o, = 0.12, p; = 0.57; 0, = 0.71,
P> = 0.32; 03 = 1.97, p3 = 0.11
M7 —8,148 B(p = 0. 24, q = 0.30)
M8 —8.141 B(p = 0.74, q = 1.62); p; = 0.87
o = 1.86,p, = 0.13
Control GItA 20 385 175 MO —3,697 o = 0.05 None
M3 3,674 o, = 0.00, p; = 0.36; w, = 0.00,
P2 = 0.34; 03 = 0.18, p; = 0.30
M7 —3,675 B(p = 0.20, q = 3.11)
M8 —3,674  B(p = 0.01, q = 0.25); p; = 0.80,

o = 0.18, p, = 0.20

# The data have n sequences, each of the Is codons after alignment gaps were removed.

® The tree length is the sum of the branch lengths along the tree, measured by the expected number of substitutions per codon.

¢ p; denotes the proportion of site falling in site class ®;.

9 Sites potentially under positive selection identified under model M8 with a posterior probability <5% or <1% (underlined) are listed according to the numbering of the

R. conorii sequence given in parentheses.

This indicates that the selective pressure varies among
the amino acid sites in each protein. In addition, parameter

fits the data significantly better than M7 for all five Sca
families after Bonferroni correction (o0 =

0.05; table 2),

estimates under model M3 suggest the presence of sites
under positive selection in each of the five proteins (as in-
dicated by ®» > 1; table 1). To confirm this observation,
likelihood scores were compared between the more realistic
continuous B-distribution models M7 and M8. Again, M8

Table 2
Likelihood Ratio Tests of Positive Selection

MO versus M3

M7 versus M8

Gene 2A1 P value (4 df) 2A1 P value (2 df)
rOmpA (sca0) 46432 348 X 107  154.66 0.00
rOmpB (sca5) 93644 212 X 1072°! 11332 247 X 107>
scal 91.84 535x 107" 56.88 445 x 107"
sca2 47794 395 x 10712 15244 791 x 107
scad 13149 1.8 X 10°% 12.74 0.0017
GltA 4717 14 x 107 2.14 0.34

and the estimated o ratio for the extra class are all >1
(table 1). These results show that allowing for sites with
® > 1 (model M8) significantly improves the fit to the data.
Thus, there is clear statistical evidence that divergence of
these five Sca proteins was promoted by positive selection.

Positively selected amino acid sites were identified
under model M8 using the Bayesian method developed
by Nielsen and Yang (1998). Consistent with our hypoth-
esis that only the passenger domains are involved in
host-parasite interactions, the predicted positively selected
sites are exclusively located within this region of Scal,
Sca2, rOmpA, and rfOmpB (fig. 3). The distributions of
the predicted positively selected sites between passenger
and AT domains are highly nonrandom (P < 3.2 X
10~* binomial distribution), which further confirms
that the two domains have evolved under different selec-
tion regimes.
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Fi6. 3.—Schematic distribution of the site under positive selection
along the protein sequences of rOmpA, rOmpB, Scal, Sca2, and Sca4.
Positively selected sites were identified under model M8 using the
Bayesian method developed by Nielsen and Yang (1998). Positions of
positively selected sites with a posterior probability >95% are indicated
by vertical lines whose lengths are proportional to the average (Q2) of the ®
ratios over the nine classes from model M8. The black and gray curves
represent the means Q calculated in sliding windows of 100 sites over
the passenger and AT domains, respectively. Only the second halves of
the rOmpA and Scal proteins were analyzed (see Methods).

Most Rickettsia species are maintained in the host pop-
ulation mainly through transovarial transmission (Azad and
Beard 1998). This type of transmission constitutes a strong
bottleneck in the Rickettsia population and promotes the
fixation of slightly deleterious mutations by genetic
drift, which tends to increases the rate of nonsynonymous
substitutions dy. To verify that the expected increase of dy
does not mislead likelihood methods into detecting positive
selection in Sca proteins, we performed the same likelihood
ratio tests for a housekeeping protein that presumably does
not evolve under positive selection. We choose the GItA
citrate synthase protein because the sequences are available
for most species used for the studies of the five sca genes
(Roux et al. 1997). The GItA sequences analyzed here have
an overall level of divergence in the range of the sca genes,
as measured by the tree length (nucleotide substitutions per
codon; table 1). Comparison of model MO with M3 sug-
gests variation in the o ratio between sites; however, no
signal of positive selection was detected (table 1). Likewise,
comparison of model M7 and M8 does not detect positive
selection in the GItA sequences. These results suggest that
the likelihood ratio tests are reliable for the detection of
positive selection, even in organisms that evolve through
recurrent bottlenecks.

Discussion

Although only rOmpA, rOmpB, and Sca4 are known
to induce immune responses in infected patients (Teysseire
and Raoult 1992), our analysis of the nine Rickettsia ge-
nomes reveals that the diversity of sca genes is much
greater. With 17 distinct paralogous proteins, the sca genes
represent the largest family of associated membrane pro-
teins in this genus. Nevertheless, a remarkable feature of
the Sca family is the extreme lability of the genes. Except
sca5, none of the genes are found complete in all nine Rick-
ettsia spp. In addition, no intact copy of sca’, scal0, and
scal6 is found in any genomes. Rickettsia, and more gen-
erally intracellular parasitic bacteria, are known to undergo
genome reduction through degradation of genes presum-
ably dispensable in stable environments (Sakharkar, Dhar,
and Chow 2004). If we make the assumption that no lateral
gene transfer occurred, the patterns of degradation/conser-
vation of the rOmpA, sca3, sca6, sca8, sca9, scal2, and
scal3 genes among Rickettsia imply that they were inde-
pendently degraded several times in distinct lineages.

There are evidence that rOmpA and rOmpB function
as adhesin (Li and Walker 1998; Uchiyama 2003), but the
functions of the sca genes remain unknown. A high level of
sequence similarity is generally a good indicator of shared
functionality between proteins. However, the major body of
the Sca proteins is composed of the passenger domain that
exhibits little or no detectable similarity among paralogous
proteins. In addition to the AT domain that allows the ma-
ture protein to be exported, the Sca proteins share several
structural features that may unify them in a common func-
tional category. First, most Sca proteins have internal re-
peats within the passenger domain, a feature often found
in adhesive proteins (Wren 1991; Kehoe 1994). These
repeated motifs are often specific to each Sca protein
and may contribute to the specific recognition of different



sets of host receptors. Analyses of the constraints acting on
the protein sequences indicate that the selection regimes are
similarly distributed along the sequences of Scal, Sca2,
rOmpA, and rOmpB. Remarkably, we found that the Sca
passenger peptide may be a hot spot for positive selection.
Thus, although the passenger domains of AT proteins in
proteobacteria and Chlamydia are not always homologous
(i.e., do not share a common ancestor), the lack of similarity
between Sca passenger domains is likely due to rapid rates
of sequence divergence promoted by positive selection. In-
triguingly, we found evidence of positive selection in the
sequence of Sca4. This protein lacks a recognizable signal
peptide and the AT domain required for autonomous export
across the outer membrane. Furthermore, Sca4 has been ob-
served into the cytoplasm by immunoelectron microscopy
(Uchiyama 1997). These observations argue against an ad-
hesive role for Sca4. This protein is recognized in humoral
and cell-mediated immune response (Schuenke and Walker
1994). Although both antibody and cell responses can de-
velop against internal proteins, the fact that Sca4 presents
evidence of positive selection as for the passenger domains
of Scal, Sca2, rOmpA, and rOmpB is compatible with the
hypothesis that this protein is transported outside the cell
at some point. Clearly, more data are needed to understand
the function of sca4.

Coevolution between hosts and parasites is expected
to take the form of a “Red Queen” scenario. The Red
Queen is generally taken to be an ongoing process of recip-
rocal coadaptation (Lythgoe and Read 1998), whereby par-
asite and host meet adaptation with counteradaptation
through evasion-recognition cycles. The evidence of posi-
tive diversifying selection in the passenger domains of five
Sca proteins studied here suggests that the host genes and
Rickettsia Sca proteins may be locked in such coevolution-
ary conflict. The evasion-recognition competition might
take different forms in the case of Sca. Adhesive proteins
mediate bacterial attachment to host cell receptors and play
a central role in bacterial colonization (Hultgren et al.
1993). Hosts can evade parasite infection by changing
the structure of the receptor regions where the recognition/
attachment of the Sca adhesin occurs. Under this scenario,
positive selection in Sca proteins may result from the selec-
tion of the genetic variants that are adapted to the new re-
ceptor structure and that are able to restore the interaction.
For the presence of a parasite to promote receptor change,
the parasite must be both highly prevalent in the host pop-
ulation and exact a severe fitness penalty that manifests it-
self in the loss of fecundity of the host or survival of the
subsequent progeny. Excepted for R. prowazekii that kills
its host (louse and human), it is unclear whether any of the
Rickettsia species meet these criteria in either the mam-
malian or arthropod hosts. It is obvious that host specificity
has changed during the evolution of some Rickettsia line-
ages (fig. 2A). Such ecological change is likely to involve
similar adaptive steps enabling adhesins to interact with
new receptor sets. The Sca proteins, as all external struc-
tures, may possibly be targets of the recognition of the
bacteria by the host defense (Tewari et al. 1993). Positively
selected sites in Sca proteins may be involved in se-
quence variability and, thus, evolve faster to produce novel
structures and avoid recognition (Perez et al. 1998; Peek
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et al. 2001). The identification of those sites may thus
provide insights for future efforts of vaccine develop-
ment (McDonald, Anacker, and Garjian 1987; Wizemann,
Adamou, and Langermann 1999; Crocquet-Valdes et al.
2001). The mechanism of sequence variation observed
for Sca proteins is markedly different from that reported
for outer-membrane proteins in other tick-borne bacterial
pathogens such as Borrelia burgdorferi (Zhang et al.
1997; Zhang and Norris 1998; Stevenson and Miller
2003), Anaplasma marginale (Barbet et al. 1999; Brayton
et al. 2002, 2005; Collins et al. 2005), and Erhlichia
ruminantium (Collins et al. 2005). In these species, gene
conversions between expressed functional loci and several
variable silent “pseudogene” copies generate surface pro-
tein variants. This allows the long persistence of the organ-
ism into the host by evading the host immune system
(Barbet et al. 1999; Brayton et al. 2002).

The early duplications of the sca genes may reflect
adaptation of the Rickettsia ancestor to its hosts. Later deg-
radation of some of these duplicates may be associated to
speciation. It may not be surprising that R. prowazekii has
only 2 intact sca genes (sca3 and rOmpB), while the other
species have from 5 to 10 complete sca genes (fig. 1). A
notable difference between R. prowazekii and the other
Rickettsia is that the primary reservoirs of R. prowazekii
are mammals, while the others are intracellular parasites
of arthropods and probably infect mammals only inciden-
tally (fig. 2A4). Moreover, R. prowazekii is the only known
Rickettsia able to escape immune control in humans and to
cause a late relapse (Brill-Zinsser Disease). Given that the
defense system of mammals is more complex than that of
arthropods, it is possible that the reduction of the pool of sca
genes in R. prowazekii is also an adaptive response to limit
its visibility to the host defense as suggested for the spiro-
chete Treponema (Templeton 2004). This scenario is
conceivable for scal, sca4, and sca6, which are degraded
in R. prowazekii but intact in the R. typhi genome and
therefore were probably functional in the ancestor of
R. typhi and R. prowazekii.

Conclusion

Although evidence that the Sca proteins function as
adhesins is available only for rOmpA and rOmpB (Li
and Walker 1998; Uchiyama 2003), our results suggest that
Scal and Sca2 are paralogs of rOmpA and rOmpB and have
evolved under similar selective regimes. This argues that
Scal and Sca2, and perhaps all Rickettsia Sca proteins,
may be also involved in adhesion processes. The adhesin
(Sca)/host receptor interaction could play a key role in
the host recognition. The real host ranges of extant rickett-
sies have not been exhaustively determined but are likely
limited to very few organisms. Thus, the loss of sca genes
might explain the small host range, and by extrapolation,
one may speculate that the Rickettsia ancestor had a larger
host range because it was encoding for an extended sca
complement. Meanwhile, the Sca proteins are exposed at
the cell surface, and so, represent potential targets for the
host defense. Hence, the evolution of the sca gene comple-
ment has probably been marked by antagonist forces: the
need of keeping functional sca genes to enter into host cells,
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the need to avoid host defenses by loosing sca genes and/or
sequence variability, the loss of sca genes as a consequence
of host specialization, and the opportunity to colonize new
ecological niche (i.e., a new host) by adaptation (duplica-
tion and sequence variation).

Supplementary Material

The NJ phylogenetic trees of the six genes used in the
selective constraint analysis (rOmpA, rOmpB, scal, sca2,
sca4, and GltA) and the GenBank accession numbers of
the sequences are available at Molecular Biology and
Evolution online (http://www.mbe.oxfordjournals.org/).
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