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Role of Nonimmune IgG Bound
to PfEMP1 in Placental Malaria

Kirsten Flick,1 Carin Scholander,1 Qijun Chen,1

Victor Fernandez,1 Bruno Pouvelle,2 Jurg Gysin,2

Mats Wahlgren1*

Infections with Plasmodium falciparum during pregnancy lead to the accumu-
lation of parasitized red blood cells (infected erythrocytes, IEs) in the placenta.
IEs of P. falciparum isolates that infect the human placenta were found to bind
immunoglobulin G (IgG). A strain of P. falciparum cloned for IgG binding
adhered massively to placental syncytiotrophoblasts in a pattern similar to that
of natural infections. Adherence was inhibited by IgG-binding proteins, but not
by glycosaminoglycans or enzymatic digestion of chondroitin sulfate A or
hyaluronic acid. Normal, nonimmune IgG that is bound to a duffy binding–like
domain b of the P. falciparum erythrocyte membrane protein 1 (PfEMP1) might
at the IE surface act as a bridge to neonatal Fc receptors of the placenta.

Malaria infection with P. falciparum during
pregnancy is an important cause of maternal
morbidity and mortality. It may induce pre-
mature delivery, spontaneous abortion, or
lead to a low birth weight (1, 2). Infections
often cause more severe symptoms in primip-
arous than in multiparous women. The inci-
dence of placental malaria similarly dimin-
ishes with increasing parity (3, 4), probably
due to the acquisition of immunity to the
infecting parasites (5, 6).

IEs are not passed from the mother to the
fetus, but accumulate in the placenta which
can experience high parasite densities (.50%
IEs) while the peripheral circulation is almost
free of IEs. Placental malaria may thus be
caused by IEs that are selected for and ex-
panded on receptors only present in the pla-
centa (7–10), as opposed to those in other
vascular beds.

Certain strains of P. falciparum bind non-
immune immunoglobulins onto the surface of
the host erythrocyte, a fact that made us
investigate their role in sequestration, in par-
ticular the possibility that IgG could bridge
the IEs to Fc-receptors present in the placen-
ta. We thus examined the frequency of IgG-
(and IgM-) binding IEs accumulated during
pregnancy in the placenta. Small pieces of
snap-frozen placental tissues were obtained
from six malaria-infected Cameroonese

women after approved consent. The para-
sitemia of the placentas ranged from three to
23% (Fig. 1A), and all of them were classi-
fied as having active or active-chronic infec-
tions (11). IgG-binding IEs (Fig. 1B) were
found in all of the placentas (10 to 75% IgG
positive, mean 44%), whereas IgM-binding
IEs (Fig. 1C) were more rare (2 to 34%, mean
18%) (12). IEs attached to the syncytiotro-
phoblasts bound only IgG (20 to 80%, mean
50%), except those of placenta CP42DJ,
where the number of IgG-binding IEs was
equal to that of the IgM-binding IEs. By
studying the Ig-binding phenotype of IEs
eluted from the placentas (13, 14), we con-
firmed that a majority of parasites causing
active placental infection bound IgG (Table
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Table 1. The phenotype of P. falciparum infecting
the human placenta. IEs were eluted from the
infected placentas and scored for their immuno-
globulin binding.

Placenta
IgG-binding
IE/IE tested*

Percent

CP24 18/23 78
CP42 14/14 100
CP42DJ† 2 2
CP193 205/276 74
CP939 32/247 13
CP940† 2 2

*Fractions of the IEs were also studied for their capacity
for binding to Sca1D cells including inhibition with soluble
CSA (100 mg/ml) and treatment with CSAnase ABC (0.5
U). About 50% of the IEs were speciÞc for CSA (11). The
populations of parasites studied for CSA-binding were not
identical to those studied for immunoglobulin-binding
since not all eluted IEs were scored in the CSA-
assays. †The number of eluted parasites obtained
from the placentas CP42DJ and CP940 were not sufÞcient
for the assay.
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We sequenced the genome of Rickettsia felis, a flea-associated obligate intracellular a-proteobacterium causing
spotted fever in humans. Besides a circular chromosome of 1,485,148 bp, R. felis exhibits the first putative conjugative
plasmid identified among obligate intracellular bacteria. This plasmid is found in a short (39,263 bp) and a long
(62,829 bp) form. R. felis contrasts with previously sequenced Rickettsia in terms of many other features, including a
number of transposases, several chromosomal toxin–antitoxin genes, many more spoT genes, and a very large number
of ankyrin- and tetratricopeptide-motif-containing genes. Host-invasion-related genes for patatin and RickA were
found. Several phenotypes predicted from genome analysis were experimentally tested: conjugative pili and mating
were observed, as well as b-lactamase activity, actin-polymerization-driven mobility, and hemolytic properties. Our
study demonstrates that complete genome sequencing is the fastest approach to reveal phenotypic characters of
recently cultured obligate intracellular bacteria.

Citation: Ogata H, Renesto P, Audic S, Robert C, Blanc G, et al. (2005) The genome sequence of Rickettsia felis identifies the first putative conjugative plasmid in an obligate
intracellular parasite. PLoS Biol 3(8): e248.

Introduction

Rickettsiae are obligate intracellular small gram-negative
bacteria associated with different arthropod hosts. Many
Rickettsia species infect human beings and are responsible for
mild to severe diseases. Rickettsia felis, the agent of the flea-borne
spotted fever rickettsiosis, exhibits several specificities among
the currently recognized Rickettsia species. After being identified
in fleas in 1990 [1], R. felis has been found worldwide in flea
species such as Ctenocephalides felis, parasitizing cats and dogs, and
Pulex irritans. R. felis is transovarially transmitted in these insects
[2]. Several cases of human infection caused by R. felis have been
reported [3,4]. Rickettsia species are phylogenetically classified
into two groups: the typhus group and the spotted-fever group
(SFG). R. felis belongs to the SFG, together with tick-associated
Rickettsia species such as R. conorii, R. sibirica, and R. rickettsii.
However its lifestyle resembles that of R. typhi (typhus group),
which is also hosted and transovarially transmitted by fleas.
Furthermore, R. felis is known to coinfect fleas with Bartonella
henselae, B. quintana, and Wolbachia pipientis [5]. The culture
conditions of R. felis were established in 2001 using Xenopus laevis
tissue culture (XTC) cells at relatively low temperatures
(optimally at 28 8C) [3]. Besides these features, little is known
about this pathogen. To date, six Rickettsia genome sequences
are available. These are from two typhus group species (R.
prowazekii [6] and R. typhi [7]) and four SFG species (R. conorii [8],
R. sibirica [9], R. rickettsii, and R. akari). To further identify the
specificities of R. felis, we determined its genome sequence.

Results

General Genome Features
The genome of R. felis comprises three replicons: a

1,485,148 bp circular chromosome and two circular plasmids

identified for the first time in the genus Rickettsia (Figure 1).
The predicted total complement of 1,512 protein-coding
genes (open reading frames [ORFs]) is the largest among
currently sequenced Rickettsia genomes (Table 1). Of these,
1,402 (92.7%) exhibited homologs in the nonredundant
database and 1,080 (71.4%) were assigned putative functions.
The R. felis chromosome exhibits a long-range (24�277 kbp)

colinearity relative to other Rickettsia genomes, although it is
more frequently interrupted by inversions/translocations than
is observed between other Rickettsia genomes (Figure 2A). This
colinearity allowed the precise assessment of orthologous
relationships between ORFs of five Rickettsia species (R. felis, R.
conorii, R. sibirica, R. prowazekii, and R. typhi). On this basis, we
identified 530 R. felis–specific ORFs, that were either absent or
degraded (split or fragmented) in the other four Rickettsia
genomes (Tables 2 and 3). Consistently, the R. felis genome
exhibited a much higher number of gene families than other
Rickettsia species (see Table 1). The R. felis–specific ORFs
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DOI: 10.1371/journal.pbio.0030248
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included a remarkably high number of paralogs for trans-
posases, surface cell antigens (sca), global metabolism regu-
lators (spoT), and proteins containing protein–protein
interaction motifs such as ankyrin repeats and tetratricopep-
tide repeats (TPRs). Furthermore, we identified many other
ORFs putatively associated with the adaptations ofR. felis to its
host environment or with its pathogenesis.

Plasmids
The two R. felis plasmids, named pRF and pRFd, are

62,829 bp and 39,263 bp long, respectively. Their topologies
and sizes were confirmed experimentally (Figures S1 and
S2). The pRF plasmid contains 68 ORFs, of which 53 (77.9%)
exhibited homologs in public databases and 44 (64.7%) were
associated with functional attributes. The nucleotide se-
quences of pRFd and pRF are identical, except for an
additional 23,566-bp segment that contains 24 ORFs
(pRF15–pRF38) in pRF (see Table 3). These plasmids are
likely to be R. felis specific since all attempts to detect
specific plasmid sequences by polymerase chain reaction
(PCR) from DNA of available reference rickettsial species
were unsuccessful. In contrast, the same assays against 30
fleas naturally infected by R. felis resulted in amplification of
the plasmid sequences in all cases.

Plasmids are referred to as conjugative or nonconjugative.
The former are disseminated by conjugation from cell to cell,
while the latter are only vertically transmitted. The pRF
plasmid encodes several homologs of proteins involved in the
different conjugative steps (see Table 3; Figure S3). First, it
exhibits a split gene (pRF38/pRF39) homologous to the traATi

of the Agrobacterium tumefaciens tumor-inducing plasmid [10].
TraATi is thought to be a DNA-processing machinery with
nickase and helicase activities to generate the transfer strand
from the origin of transfer (oriT) [10]. Second, the pRF
encodes another split gene (pRF43/pRF44) homologous to the
traDF in the Escherichia coli F plasmid. TraDF is a ‘‘coupling
protein’’ that connects the DNA-processing machinery (and
transfer strand) to the mating pair formation (Mpf) appara-
tus, a type IV secretion system (T4SS) [11]. Finally, pRF
exhibits an ORF (pRF47) similar to TraGF, a protein involved
in the F-pilus assembly and aggregate stabilization [12].
Despite the presence of these ORFs linked to the initiation

of plasmid transfer, the pRF sequence lacks clear homologs
for the proteins involved in the Mpf apparatus found in other
bacteria. Nevertheless, the R. felis chromosome (as well as
other Rickettsia genomes) encodes most of the components of
T4SS, which are highly similar to the vir genes of A.
tumefaciens. Since the R. felis T4SS components (virB2

Figure 1. Circular Representation of R. felis, R. conorii, and R. prowazekii Genomes

The three outer circles represent the chromosomes of R. felis, R. conorii, and R. prowazekii, respectively, with specific ORFs colored in red and nonspecific
ORFs colored in black. Colinear genome fragments are highlighted by a shared background color, with their relative orientations indicated by arrows.
The two inner circles represent two R. felis plasmids (pRF and pRFd), with ORFs in the region unique to pRF colored in red.
DOI: 10.1371/journal.pbio.0030248.g001

PLoS Biology | www.plosbiology.org August 2005 | Volume 3 | Issue 8 | e2480002

First Putative Conjugative Plasmid Identified



[RF1075], virB3 [RF0087], virB4 [RF0088], virB6 [RF0089,
RF0090, RF0091, RF0092, and RF0093], virB8 [RF0463 and
RF0465], virB9 [RF0462 and RF0466], virB10 [RF0467], virB11
[RF0468], and virD4 [RF0469]) are conserved in all sequenced
Rickettsia genomes that lack plasmids, the primary suspected
role of the R. felis T4SS is to translocate virulence factors to
hosts. However, the T4SS of A. tumefaciens (vir) and Legionella
pneumophila (dot/icm) have been shown to function both as
DNA-transfer machineries and as effector translocators [13].
Thus, the R. felis T4SS may also promote the transfer of DNA
as in A. tumefaciens. We also noticed that the R. felis
chromosome exhibits a DNA primase gene (RF0786) similar
to TraC found in the E. coli IncP plasmid. TraC initiates the
replication of transferred DNA strands in the recipient cells.
Finally, the R. felis chromosome encodes a protein (RF0020)
similar to competence protein ComE3, a protein (RF0964)
similar to the F-pilin acetylation protein TraX, and a split
gene (RF0705/RF0706) homologous to the P-pilus assembly
protein FimD. In conclusion, the presence of those putative
conjugative transfer genes suggests that the R. felis plasmids
have been acquired by conjugation and that R. felis may still
retain the capacity of transferring plasmids.

Genome Plasticity
We identified 333 repeated DNA sequences (50 to 2,645 bp

long) in the R. felis genome, accounting for 4.3% of the
sequence, a proportion markedly higher than in other
sequenced Rickettsia genomes (see Table 1; Figure 2B). The
major source of those repeats is the proliferation of trans-
posase genes, for which we identified 82 copies (or inactivated
derivatives). Among other obligate intracellular bacteria, only
W. pipientis wMel [14] and Parachlamydia sp. UWE25 [15]
exhibit such a high number of large mobile genetic elements.
The occurrence of highly similar transposase sequences
appears to play a major role in the plasticity of the R. felis
genome (see Figure 2A). Transposase ORFs were identified at
most extremities of the R. felis genomic segments colinear
with the R. conorii genome, suggesting that the R. felis
chromosome has been rearranged many times through

recombination mediated by these mobile sequences. With
the use of the GRAPPA software inferring the most
parsimonious genome-rearrangement scenario, we estimated
at least 11 inversion events between R. felis and R. conorii. In
contrast, only four inversions are required to associate more
distantly related R. conorii and R. prowazekii genomes. In
addition to transposases, we identified eight phage-related
ORFs (see Table 2). The R. felis genome thus appears to have
been invaded more frequently by such foreign DNAs than
other Rickettsia species. Besides long repeats, Rickettsia
genomes are known to contain a number of small palin-
dromic repeats (Rickettsia palindromic elements [RPEs])
capable of invading both coding and noncoding regions
[16]. We identified 728 RPEs in the R. felis genome. Of these
RPEs, 85 were found within ORFs and three were found in
RNA-coding genes.
The R. felis chromosome and plasmids share several

homologs, suggesting gene exchanges between these repli-
cons. Of 68 ORFs in pRF, 11 have a close homolog (.50%
amino acid sequence identity) in the chromosome; these are
seven transposases, patatin-like phospholipase (pRF11), thy-
midylate kinase (pRF13), and two small heat-shock proteins
(pRF51 and pRF52). Among these, patatin-like proteins
exhibit the most intriguing phylogeny (Figure S4). The
genomes of five Rickettsia species (R. prowazekii, R. typhi, R.
conorii, R. sibirica, and R. felis) exhibit chromosomal patatin-
like phospholipase gene (pat1). Gene organization around
pat1 is similar between these Rickettsia. Interestingly, a
phylogenetic analysis for these Pat1 and the plasmid-encoded
Pat2 indicates a close relationship between Pat1 (RF0360) and
Pat2 of R. felis, together being an outgroup of Pat1 sequences
of other Rickettsia, suggesting a gene replacement of the
chromosomally encoded pat1 by the plasmid-encoded pat2 in
the lineage leading to R. felis.
Most R. felis genes with orthologs in other Rickettsia have

probably been inherited vertically from a common ancestor.
On the other hand, genes without orthologs in other Rickettsia
may have been acquired by lateral gene transfer. To test this
hypothesis, we analyzed the taxonomic distribution of

Table 1. Comparison of R. felis and Other Published Rickettsia Genomes

Group Species Size (bp) GþC

(%)

Coding

(%)

ORFs RNAs a Repeat

(%)b
RPEsc Number

of Gene

Familiesd

Transposasese Toxin-

Antitoxinf
Ankyring TPRh Vector

SFG R. felis 1,587,240 32.5 83.6 1,512 39 4.3 728 (88) 145 (122) 82 30 22 11 Flea

Chromosome 1,485,148 32.5 83.8 1,400 39 4.4 726 (88) 66 30 18 7

pRF plasmid 62,829 33.6 80.3 68 0 4.8 1 (0) 9 0 2 4

pRFd plasmid 39,263 33.2 80.6 44 0 1.6 1 (0) 7 0 2 0

R. conorii 1,268,755 32.4 81.5 1,374 39 0.65 559 (78) 74 0 11 2 1 Tick

Typhus

group

R. prowazekii 1,111,523 29.0 76.2 834 39 0.30 120 (22) 68 0 0 3 0 Louse

R. typhi 1,111,496 28.9 76.3 838 39 0.29 121 (25) 56 0 0 1 0 Flea

aThese include 33 tRNAs, one set of rRNAs (16S, 5S, and 23S), tmRNA, RNAse P M1 RNA, and signal-recognition particle RNA.
bThe repeat content of the R. felis genome was calculated by ignoring the sequence similarity between pRF and pRFd.
cNumbers in parentheses correspond to RPEs found in coding regions.
dNumbers of gene families were obtained by BLASTP (E-value threshold of 10�10 ) with a single-linkage clustering method. The number in parentheses corresponds to the number of R. felis gene families computed by omitting the ORFs in the

pRFd plasmid.
eR. conorii and R. prowazekii exhibit two and one transposases, respectively, above the specified PSI-BLAST E-value threshold (10�5).
fORFs for toxin–antitoxin systems.
gAnkyrin-repeat-containing ORFs.
hTPR-containing ORFs.

DOI: 10.1371/journal.pbio.0030248.t001
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BLASTP best hits of R. felis ORFs against the nonredundant
database (excluding rickettsial sequences) (Figure S5). R. felis
ORFs with orthologs in other Rickettsia matched preferen-
tially (64%) with sequences from the same taxonomic group
as R. felis (i.e., a-proteobacteria). In contrast, the BLAST best
hits for the chromosomal ORFs lacking orthologs in other
Rickettsia were found preferentially in c-proteobacteria (31%;
58 ORFs) and cyanobacteria (18%; 33 ORFs). The taxonomic
distributions of the best matches for these two ORF sets were
significantly different (p , 0.001; v2 test). This result suggests
that many R. felis-specific genes may originate from distantly
related organisms by lateral transfer. However, methods

based on nucleotide composition bias failed to identify un-
ambiguous candidates for lateral gene acquisition in R. felis.

Surface Antigens
The sca family is one of the largest paralogous gene families

in Rickettsia [8]. Five sca members have been identified in the
previously published Rickettsia genomes. Several Sca proteins
are known to account for major antigenic differences
between Rickettsia species [17] and may play important roles
in adhesion to host cells [18]. Sca proteins are characterized
by highly variable N-terminal sequences and a conserved C-
terminal autotransporter b-domain, which translocates the
N-terminal part outside the outer membrane. The R. felis
genome exhibits the highest number of sca genes among
currently available Rickettsia genomes. We identified nine
intact sca paralogs (sca1, sca2, sca3, sca4, sca5/ompB, sca8, sca9,
sca12, and sca13) as well as four fragmented or split paralogs
(sca0/ompA, sca7, sca10, and sca11). Reverse transcriptase–
polymerase chain reaction (RT-PCR) experiments demon-
strated that, under mild log growth phase, all R. felis sca
paralogs were transcribed, including split ones. Phylogenetic
analyses suggest that ancient duplication events gave rise to
these paralogs before the divergence of Rickettsia species. We
noticed that sca genes exhibit highly different patterns of
presence/absence across different Rickettsia species (Table S1).
Only ompB and sca4 are conserved in all available Rickettsia
genomes [19], remaining members being degraded or absent
in one or more species. Together with the accelerated amino
acid changes, differential gene degradation of sca paralogs
probably contributes to the intra-species variation of those
cell-surface proteins and might be linked with their adapta-
tion to different host environments.
R. felis is genetically and serologically classified into the SFG

of Rickettsia [20]. However, cross-reactivities caused by both
proteins and lipopolysaccharides have been found with R.
typhi using mouse sera [2] and human sera (Figure S6). R.
conorii rarely cross-reacts with R. typhi. We therefore
suspected that genes found in both R. felis and R. typhi, but
missing in R. conorii, might be responsible for the cross-
reactivities of R. felis and R. typhi. A list of such genes includes
a sca family gene (sca3), encoding a protein with a predicted
molecular weight of 319 kDa, and rfaJ for the lipopolysac-
charide 1,2-glucosyltransferase (Table 4).

Adaptation to Environment
Transcriptional regulation may be of critical importance in

R. felis, as the numbers of spoT, the gene regulating
‘‘alarmone,’’ and chromosomal toxin–antitoxin modules are
higher in the R. felis genome than in any other sequenced
bacterial genome.
SpoT and RelA are two hallmark enzymes regulating global

cellular metabolism of E. coli in response to starvation [21].
These enzymes control the concentration of alarmone,
(p)ppGpp (guanosine tetra- and pentaphosphates), which in
turn acts as an effector of transcription. Remarkably, R. felis
exhibits 14 spoT (spoT1–13 and 15) paralogs (Figure S7). Using
RT-PCR, we examined the transcription status of 14 R. felis
spoT genes. All the spoT ORFs were transcribed. We classified
these ORFs into two groups, based on their alignment against
the sequence of the Streptococcus dysgalactiae Relseq that
possesses both (p)ppGpp hydrolase and synthetase activities
[22]. The first group (SpoT1–10, 14, and 15) was aligned with

Figure 2. Genome Comparisons of R. felis and R. conorii

Red dots represent homologous genomic segments greater than 150 bp
identified by BLASTN (E-value , 10�3).
(A) Comparison between R. felis and R. conorii chromosomes. Vertical and
horizontal green lines indicate the positions of transposase ORFs in R.
felis and in R. conorii, respectively.
(B) Self-comparison of R. felis chromosome.
DOI: 10.1371/journal.pbio.0030248.g002
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Table 2. R. felis–Specific Genes Encoded in the Chromosome

Category ORFs Gene Name Annotation

Large gene families 65 ORFs tnp Transposase or inactivated derivative

16 ORFs ank Ankyrin-repeat-containing gene

10 ORFs (five genes) sca Surface cell antigen homolog (Sca7–9, 11, 13)

7 ORFs tpr TPR-containing protein

7 ORFs spoT Guanosine polyphosphate pyrophosphohydrolases/synthetase homolog (SpoT5–

10, 13)

7 ORFs MFS-type transporter

7 ORFs Acetyltransferase

Toxin–antitoxin system 6 ORFs relE Cytotoxic translational repressor of toxin–antitoxin system RelE

5 ORFs Probable toxin of toxin–antitoxin system

3 ORFs stbD Antitoxin of toxin–antitoxin system StbD

3 ORFs phd Antitoxin of toxin–antitoxin system Phd

3 ORFs Probable antitoxin of toxin–antitoxin stability

RF0787 parE Toxin of toxin–antitoxin system ParE

RF0095 vapC2 Toxin of toxin–antitoxin system, containing PIN domain

RF0094 vapB2 Antitoxin of toxin–antitoxin system VapB

Drug resistance RF0127 Tellurite-resistance-protein-related protein

RF0774 Streptomycin 6-kinase

RF0981 mdlB ABC-type multidrug transport system, ATPase, and permease components

RF1137 Penicillin acylase (EC 3.5.1.11)

RF1275 Class D b-lactamase

RF1367 Class C b-lactamase

Phage-associated genes RF0471 Phage portal protein

RF0749/RF0750 Phage prohead protease (HK97 family) and phage major capsid protein (HK97 fa-

mily)

RF0570 Phage-uncharacterized protein

RF0793 Phage-associated protein

RF0933 Phage-related lysozyme

RF1287 Phage-related transcriptional regulator

RF1397 Prophage antirepressor

Plasmid/conjugation-related genes RF0020 ComEC/Rec2-related protein

RF0021 Similar to ComEC/Rec2 family protein

RF0786 traC Possible DNA primase (for the initiation of the replication of transferred DNA

strands in the recipient cells)

Macromolecule metabolism 4 ORFs Excinuclease ABC, C subunit, N-terminal

RF0123 dam Site-specific DNA adenine methylase (EC 2.1.1.72)

RF0137 dcm Site-specific DNA methylase

RF0165 Similar to superfamily I DNA and RNA helicases

RF0259 Protein phosphatase

RF0335 relB DNA-damage-inducible protein J

RF0359 Site-specific recombinases (cassette chromosome recombinase B)

RF0555 rimM 16S rRNA-processing protein RimM

RF0795 rRNA methylase (partial)

RF0796 rRNA methylase

RF0915 Methylated-DNA–protein-cysteine methyltransferase (EC:2.1.1.63)

RF1004 hspC2 Small heat-shock protein

RF1310 radC DNA-repair protein (RadC)

Small molecule metabolism RF0036 Pyrroloquinoline quinone (coenzyme PQQ) biosynthesis protein C

RF0039 folKP Folate synthesis bifunctional protein (EC 2.7.6.3) (PPPK) and (EC 2.5.1.15) (DHPS)

RF0078 prs Ribose-phosphate pyrophosphokinase (EC:2.7.6.1)

RF0166 Sugar kinases, ribokinase family

RF0241 manC Mannose-1-phosphate guanylyltransferase

RF0374 scoA Succinyl-CoA:3-ketoacid-coenzyme A transferase

RF0527 bioB Biotin synthase (EC 2.8.1.6)

RF0531 dprA DNA-processing protein DprA, putative

RF0597 Alkylated DNA-repair protein

RF0811 Predicted aminomethyltransferase related to GcvT

RF0949 Similar to predicted glutamine amidotransferases

RF0996 D-alanyl-D-alanine dipeptidase

RF0997 Putative pterin-4-alpha-carbinolamine dehydratase (EC 4.2.1.96) (PHS) (Pterin car-

binolamine dehydratase)

Transporters 2 ORFs ABC transporter, ATP-binding protein

RF0322 Transporter

RF0643 RND efflux system, outer-membrane protein

RF0862 Similar to amino acid permeases

RF0970 Naþ/proline symporter, signal transduction histidine kinase

RF1381 nhaA Naþ/Hþ antiporter NhaA

Regulatory functions RF0372 Tryptophan-repressor-binding protein

RF0537 Transcriptional regulator, AbrB family
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the sequence of the hydrolase domain, and the second group
(SpoT11, 12, and 13) with the sequence of the synthetase
domain. Being consistent with the previous observation [23],
our phylogenetic analyses suggest that each paralogous gene
group originated in early duplication events before the
divergence of Rickettsia species. Notably, every sequenced
Rickettsia genome encodes at least one ORF exhibiting
hydrolase catalytic residues and one ORF exhibiting synthe-
tase catalytic residues, suggesting that both hydrolase and
synthetase functions are required for Rickettsia. We also found
that seven spoT (spoT1–4 and 7–9) genes were located in the R.
felis chromosome next to a gene encoding a transporter of the
major facilitator superfamily (MFS) including proline/betaine
transporters. MFS is also a large paralogous gene family
composed of at least 23 ORF members in R. felis.

Toxin–antitoxin systems are composed of tightly linked
toxin and antitoxin gene pairs and ensure stable plasmid
inheritance when they are encoded in plasmids. In these
systems, the toxic effect of a long-lived toxin is continuously
inhibited by a short-lived antitoxin only when whole systems
are maintained. The toxin–antitoxin modules have also been
found on the chromosomes of many free-living prokaryotes,
but have rarely been found in obligate intracellular bacteria
[24,25]. In the R. felis chromosome, we identified 16 toxin
genes (RF0016, RF0095, RF0271, RF0456, RF0490, RF0602,
RF0701, RF0732, RF0787, RF0792, RF0898, RF0911, RF0956,
RF1272, RF1286, and RF1368) and 14 antitoxin genes

(RF0015, RF0094, RF0272, RF0457, RF0489, RF0601, RF0702,
RF0731, RF0779, RF0788, RF0899, RF0910, RF0957, and
RF1369), comprising at least 13 modules in operon structures.
It is suggested that toxin–antitoxin systems, when encoded on
the bacterial chromosome, might be involved in selective
killing (a primitive form of bacterial apoptosis) or reversible
stasis of bacterial subpopulations during periods of starvation
or other stress [26,27]. It is also tempting to speculate that the
toxin–antitoxin system could be targeted to the eukaryotic
host cells. In this case, this system may help to maintain the
presence of bacteria in the host. Notably, in the chromoso-
mally encoded mazEF system of E. coli, the toxin action is
regulated by (p)ppGpp. The large number of toxin–antitoxin
modules in R. felis, as well as a number of spoT paralogs, might
thus be linked to the synchronization of its multiplication
within eukaryotic hosts.
It is probable that five R. felis–specific ORFs are related to

its capacity of antibiotic resistance. We identified a strepto-
mycin resistance protein homolog (RF0774), a class C b-
lactamase, AmpC (RF1367), a class D b-lactamase (RF1275), a
penicillin acylase homolog with conserved catalytic residues
(RF1137), and an ABC-type multidrug transport-system
protein, MdlB (RF0981). AmpC b-lactamase is known to be
induced by AmpG of the MFS, which was also identified in the
R. felis genome (RF0265, RF0608, RF0834, and RF1247). In
vivo b-lactamase activity of R. felis was measured using high-
performance liquid chromatography (see below).

Table 2. Continued

Category ORFs Gene Name Annotation

RF0773 Bacterial transcription activator, effector-binding domain

RF1086 chaB Cation transport regulator ChaB

RF1207 Transcriptional regulator, AbrB family

RF1308 fic Cell filamentation proteins (Fic) with helix-turn-helix transcription regulator CueR

RF1316 Predicted transcriptional regulator

RF1339 Predicted transcriptional regulator containing the CopG/Arc/MetJ DNA-binding

domain

Host invasion/environmental interaction 2 ORFs NACHT NTPase domain

2 ORFs Nucleotidyltransferase domain and HEPN domain

RF0268 ecoT Ecotin precursor

RF0411 Chitinase

RF0708 Chitin-binding domain

Other functions 2 ORFs Predicted ATPase (AAAþ superfamily)

2 ORFs Predicted esterase of the alpha-beta hydrolase superfamily

RF0221 Putative oxidoreductase protein

RF0326 Short-chain dehydrogenase of various substrate specificities (partial)

RF0329 Nucleotidyltransferase domain

RF0341 Integrase-like protein

RF0407 Glycosyltransferase

RF0429 Lipoprotein

RF0518 Mg chelatase-related protein

RF0753 Nucleotidyltransferase substrate-binding protein, HI0074 family

RF0777 Metal-dependent hydrolase related to alanyl-tRNA synthetase HxxxH domain

RF0851 Similar to adaptin N-terminal region

RF0924 Lysozyme

RF1206 PIN domain

RF1240 HicB family

RF1343 Growth inhibitor

RF1389 Oxidoreductase

187 ORFs Hypothetical protein

Total 418 ORFs

NACHT is the NAIP, CIIA, HET-E, and TP1 family.

DOI: 10.1371/journal.pbio.0030248.t002
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Adaptation to Eukaryotic Hosts
R. felis may have developed a specific mechanism to cross-

talk with its eukaryotic hosts. It exhibits 22 ankyrin-repeat-
containing proteins and 11 TPR-containing proteins. These
two protein motifs are frequently found in eukaryotic
proteins, but their distributions are rather limited in viruses
and bacteria, in both of which they appear to be linked with
pathogenicity.

The ankyrin repeat is a protein–protein interaction motif,
involved in transcription initiation, cell cycle regulation,
cytoskeletal integrity, and cell-to-cell signaling [28]. Anaplasma
phagocytophilum, a closely related intracellular a-proteobacte-
rium, exhibits a protein containing ankyrin repeats (AnkA),
which was detected in the cytoplasm and the nucleus of
infected eukaryotic cells (human leukemia-60) [29]. Accord-
ing to the Superfamily database [30], only 15 bacterial species
possess more than three ankyrin-repeat-containing proteins,
and two species exhibiting the highest number of ankyrin
repeats are obligate intracellular bacteria, W. pipientis (21
proteins) and Coxiella burnetii (20 proteins), although Wu et al.
[14] reported slightly different numbers of ankyrin-repeat-
containing proteins for these species. A recent genome
analysis of a facultative intracellular bacterium, L. pneumo-
phila, revealed 20 proteins with ankyrin repeats [31]. Ankyrin
repeats were also found in more than 30 ORFs of the giant
virus Acanthamoeba polyphaga Mimivirus [32].

TPR, composed of a motif of 34 amino acids organized in
tandem, is also recruited by different proteins and facilitates

protein–protein interactions [33]. Its role in the adaptation of
parasites to their hosts has been suggested. The R. felis
genome exhibits 11 TPR-containing ORFs (seven in the
chromosome and four in the pRF plasmid). Only Leptospira
interrogans (the agent of leptospirosis), Treponema species
(including the agent of syphilis), and L. pneumophila [31]
exhibit a high number of both TPR and ankyrin repeats.
These organisms are eukaryotic parasites. The cryptococcal
crooked neck 1 gene of Cryptococcus neoformans (a yeast),
containing 16 copies of TPR, appears associated with its
virulence [34].

Host Invasion/Pathogenesis
Plasmids often carry out functions that benefit bacteria in

their survival or expression of virulence. pRF exhibits two
ORFs that are possibly associated with the pathogenesis of R.
felis: a hyaluronidase and a patatin-like protein. The
hyaluronidase homolog (pRF56) exhibits a significant homol-
ogy to hyaluronidase NagI (1,297 aa) of Clostridium perfringens.
Hyaluronidases, which depolymerize hyaluronic acid—an
unbranched polysaccharide ubiquitously present in the
extracellular matrix of animal tissues—are known as ‘‘spread-
ing factors’’ [35]. Another ORF (pat2) exhibits a significant
homology to patatin-like phospholipases. Its paralog (pat1)
was also identified in the chromosome, as already mentioned.
Patatin is the major storage glycoprotein found in potato
tubers, but also exhibits phospholipase A2 activity for
protection from infection. Proteins containing patatin-like
domains are more frequently found in pathogenic than in

Table 3. R. felis ORFs Encoded in pRF Plasmid

Category ORFs Gene Name Annotation Presence in pRFd

Gene families 7 ORFs tnp Transposase or inactivated derivative þ
2 ORFs tnp Transposase or inactivated derivative �
2 ORFs ank Ankyrin-repeat-containing gene þ
3 ORFs tpr TPR-containing gene �

Conjugative transfer proteins pRF38/pRF39 traATi Conjugative transfer protein similar to A. tumefaciens Ti plasmid TraA �
pRF37 traDTi Conjugative transfer protein TraD similar to A. tumefaciens Ti plasmid TraD �
pRF44/pRF43 traDF Conjugative transfer protein similar to E. coli F plasmid TraD þ
pRF47 traGF Conjugative transfer protein similar to E. coli F plasmid TraG þ

Partitioning and DNA metabolism pRF03 parA Chromosome-partitioning ParA family protein þ
pRF06 Type I restriction-modification system, R (restriction) subunit þ
pRF07 Type I restriction-modification system, M (modification) subunit þ
pRF13 tmk Thymidylate kinase þ
pRF19 Similar to chromosomal replication initiator protein DnaA �
pRF23 parA Similar to Pseudomonas syringae plasmid pPSR1 stability protein ParA �
pRF34 DNA polymerase III, epsilon-subunit-like protein �
pRF35 parB ParB-like nuclease domain �
pRF53 DNA polymerase III, epsilon-subunit-like protein þ
pRF66 Similar to site-specific recombinases þ
pRF32 tnpR TnpR resolvase (plasmid-encoded site-specific recombinase) �

Host invasion pRF11 pat2 Patatin-like phospholipase þ
pRF56 Hyaluronidase þ

Other functions pRF08 Similar to CheY-like receiver domain þ
pRF22 Similar to P. syringae plasmid pPSR1 ORF12 �
pRF25 sca12 Cell-surface antigen homolog Sca12 (52 kDa) �
pRF26 lon ATP-dependent protease La (TPR-containing) �
pRF49 Similar to integrase þ
pRF51 hspP2 Small heat-shock protein þ
pRF52 hspP1 Small heat-shock protein þ
19 ORFs Hypothetical proteins þ
9 ORFs Hypothetical proteins �

Ti plasmid, tumor-inducing plasmid.

DOI: 10.1371/journal.pbio.0030248.t003

PLoS Biology | www.plosbiology.org August 2005 | Volume 3 | Issue 8 | e2480007

First Putative Conjugative Plasmid Identified



nonpathogenic bacteria. McLeod et al. [7] suggested that
patatin-like proteins might be responsible for the phospho-
lipase A2 activity identified some years ago in rickettsiae [36].

Potential host-invasion capacity is also provided by R. felis–
specific ORFs found on the chromosome, for instance, a
chitinase homolog (RF0413) and a chitin-binding protein
homolog (RF0710). Chitin is a homopolymer of N-acetylglu-
cosamine and a major component of the exoskeleton of
arthropods and of the peritrophic envelope of insects, a
lining layer of the midgut. These genes may facilitate the
access of bacteria to the insects’ gut epithelial cells. R. felis
may also use chitin as a nutrient source, as does Vibrio cholerae
[37]. We identified a homolog (RF0268) for ecotin, an E. coli
periplasmic protein inhibiting activities of a variety of
proteases. Two R. felis–specific ORFs (RF0449 and RF0855)
exhibit the complete NACHT NTPase domain. In eukaryotes,
this NTPase domain has been found in proteins implicated in

apoptosis as well as in immune/inflammatory responses [38].
The presence of this domain in other bacterial ORFs is
limited to several lineages, such as cyanobacteria and
Streptomyces, and their functions are unknown.
Higher eukaryotes and prokaryotes nucleotide-binding

domain (HEPN) is a recently identified domain detected in
a few prokaryotes. We found four genes (two were split)
exhibiting HEPN at the C-terminus, and a nucleotidyl
transferase domain at the N-terminus. Among other bacteria,
only A. tumefasciens, Thermotoga maritima, and Sinorhizobium
melitoti were found to exhibit HEPN-containing genes [39].
The nucleotidyl transferase domain has been associated with
several classes of bacterial enzymes responsible for resistance
to aminoglycosides. HEPN was also found in the human
sacsin protein, a chaperonin implicated in a neurodegener-
ative disease. Finally, R. felis exhibits an ortholog (RF0371) for
R. conorii RickA, which induces its actin-based motility [40].

Phenotypic Post-Genomics Analysis
The obligate intracellular nature ofR. felishindered progress

in the detailed characterization of its phenotypic diversity.
Here, we envisaged post-genomics as a way of associating in
vivo phenotypes of these bacteria to genomic features. The
presenceofpili-associated genes promptedus to investigate, by
electron microscopy, the presence of such appendages on the
cell surface. This approach led to the first characterization of
pili on the surface of a Rickettsia; we observed two forms of pili
at the surfaces of R. felis (Figure 3). One form of pili establishes
direct contact between bacteria, providing a very typical figure
of Mpf apparatus; these pili are probably specialized in
conjugation. The other form of pili forms small hair-like
projections emerging out from the cell surface; these pili are
probably involved in the attachment of the bacteria to other
cells. Without pili, many disease-causing bacteria lose their
invasion capability. The latter type of pili might be considered
as virulence factors, as described forFrancisella tularensis [41,42].
As previously mentioned, we also found a RickA homolog

in the R. felis genome [40]. Based on this finding, we
performed immunofluorescence assays. The orientations of
actin filaments beside bacteria are distinct from the stress
fibers of the host. This further suggests that R. felis is probably
capable of using the actin cytoskeleton to disseminate
through eukaryotic cells, a method exploited by other SFG

Figure 3. Visualization of R. felis Pili by Transmission Electron Microscopy

Bacteria collected from the supernatant of R. felis–infected XTC cells were negatively stained.
(A) Sexual pilus observed between two bacteria.
(B) R. felis also possesses small appendages likely to be fimbriae pili.
DOI: 10.1371/journal.pbio.0030248.g003

Table 4. R. felis ORFs Present in R. typhi but Absent or Degraded
in R. conorii and R. sibirica

ORF Gene Name Annotation

RF0096 pta Phosphate acetyltransferase (Pta) (EC 2.3.1.8)

RF0097 ackA Acetate kinase (EC 2.7.2.1)

RF0162 phbC Poly-beta-hydroxybutyrate polymerase

RF0163 paaJ Acetyl-CoA acetyltransferase (EC 2.3.1.9)

RF0183 Hypothetical protein

RF0222 Hypothetical protein

RF0238 Poly-beta-hydroxyalkanoate depolymerase

RF0257 Hypothetical protein

RF0358 bcr1 Bicyclomycin resistance protein (MFS drug exporter)

RF0410 spoT12 Guanosine polyphosphate pyrophosphohydrolases/

synthetases homolog

RF0526 bioY BioY family protein

RF0585 Hypothetical protein

RF0693 sca3 Cell-surface antigen Sca3 (319 kDa)

RF0836 rfaJ Lipopolysaccharide 1,2-glucosyltransferase (RfaJ)

RF0890 fadB 3-hydroxyacyl-CoA dehydrogenase (FadB)

RF0984 Hypothetical protein

RF1057 atm1 Multidrug resistance protein Atm1

RF1271 Stress-induced DNA-binding protein (Dps family)

RF1298 phaC Poly(3-hydroxyalkanoate) synthetase

RF1349 proP6 Proline/betaine transporter (MFS transporter)

DOI: 10.1371/journal.pbio.0030248.t004
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rickettsiae [40] (Figure S8). Another R. felis phenotypic
character suggested from genomic analyses (three ORFs for
patatin-like proteins) was its hemolytic capacity. We con-
firmed experimentally that R. felis lyses erythrocytes, this
effect being inhibited by dithiothreitol. Another genome-
guided discovery was b-lactam inhibition, which reached 57%
and 53% of the concentration and the minimal inhibitory
concentration, respectively, following 2 h incubation of R.
felis with amoxicillin. Despite being preliminary results, these
findings illustrate the fact that whole-genome sequencing
offers opportunities to rapidly gain a better understanding of
the phenotypic characters of a fastidious microorganism.

Discussion

R. felis is the first obligate intracellular bacterium exhibit-
ing a possible conjugative plasmid. Of the nine previously
published studies of members of the Order Rickettsiales (six
in Rickettsiaceae, three in Anaplasmateceae), none exhibited
a plasmid. Several other obligate intracellular bacteria, such
as Chlamydia muridarum, Chlamydophila caviae, C. burnetii,
Wigglesworthia glossinidia, and Buchnera aphidicola, are known
to possess plasmids. Recently, the reannotation of the genome
of Parachlamydia, an obligate intracellular bacteria living in
amoeba, predicted an F-like DNA conjugative system
encoded in a genomic island [43]. However, no conjugation
has yet been observed for those plasmids and genomic island.
Transformation of obligate intracellular bacteria remains an
elusive goal, although preliminary work on several obligate
intracellular bacteria has been reported with limited results
[44]. The possible conjugative plasmid identified in R. felis
may provide a molecular basis for the future development of
new genetic transformation tools in rickettsiae.

R. felis is hosted by fleas, as are R. typhi, B. henselae, W.
pipientis, and Yersinia pestis. There are surprisingly few
common genomic features between R. typhi and R. felis. R.
typhi genetically resembles R. prowazekii despite having a
lifestyle similar to that of R. felis (Table S2). The comparison
with W. pipientis is interesting. This intracellular bacterium
also multiplies in arthropods (including fleas) and is trans-
mitted transovarially. The most relevant finding in its genome
was the detection of repetitive mobile DNA elements. Many
ankyrin repeats and several TPRs were also found. It appears
that R. felis and W. pipientis share common genomic features,
possibly because of their similar niches (we found two Ct. felis
fleas in France coinfected with W. pipientis and R. felis). They
both differ significantly from their immediate neighbors
[45,46]. Moreover, the phylogenetic relationship and hosts of
R. felis and R. prowazekii (transmitted by lice) are comparable
with those for B. quintana (transmitted by lice) and B. henselae
(transmitted by fleas) [47]. B. henselae exhibits a larger genome
with more repeats and integrases than B. quintana. Y. pestis,
transmitted by fleas, also exhibits many more insertion
sequences than its close relative, Y. pseudotuberculosis [48].
Altogether, flea-infecting bacteria appear to exhibit a specific
evolution (i.e., more repeats, transposases, and/or integrases)
compared with their non-flea-infecting neighbors.

For obligate intracellular bacteria such as rickettsiae, few
phenotypic characters have been observed. To date, four
intracellular bacterial genomes have been entirely sequenced,
the procedure being completed in 7 y or less after their first
identification or culture, including R. felis [14,15,49,50]. In the

present study, the genome sequencing of R. felis provided
evidence of the presence of conjugative plasmids, two types of
pili, hemolytic activity, b-lactamase activity, and intracellular
motility. We believe that for such recently identified/cultured
fastidious organisms, complete genome sequencing is a very
potent and timesaving strategy to identify unrecognized
phenotypic properties.

Materials and Methods

Bacterial purification and DNA extraction. R. felis (strain California
2) was cultivated on XTC cells growing on RPMI with 5% fetal bovine
serum, supplemented with 5 mM L-glutamine. The purification of the
bacteria was performed by different steps. First, the bacteria were
treated in the presence of 1% trypsine in K36 buffer for 1 h at 37 8C,
then centrifuged and digested by DNAseI for 1 h at 37 8C to reduce
the eukaryotic DNA contamination. The sample was loaded on a
renograffin gradient and the bands of the purified bacteria were
washed in K36, treated again by DNAseI. After inactivation with
EDTA (50 mM), the bacteria were resuspended in TE, dispatched in
150-ll tubes and stored at�80 8C. Depending on this initial concen-
tration, one or two tubes were diluted in 1 ml of TNE (10 mM Tris
[pH 7.5], 150 mM NaCl, 2 mM EDTA) and incubated for 5 h at 37 8C in
the presence of lysozyme (2 mg/ml). Lysis was performed for 2 h at
37 8C by adding 1% SDS and RNAseI (25 lg/ml). Overnight treatment
with 1 mg/ml of proteinase K followed at 37 8C. After three phenol–
chloroform extractions and alcoholic precipitation, the DNA was
resuspended in 30 ll of TE and its concentration was estimated by
agarose gel electrophoresis.

Pulsed-field agarose gel electrophoresis. The concentrated bacte-
rial suspension was included in 1% (vol/vol) Incert agarose gel blocks
(BMA, Rockland, Maryland, United States). The agarose blocks were
digested by Proteinase K (1 mg/ml) (Eurobio Laboratories, Paris,
France) in 1% lauroylsarcosine and 0.5 M EDTA (pH 8) (Sigma-
Aldrich, St. Louis, Missouri, United States) for 24 h at 50 8C. Fresh
Proteinase K was then added and the incubation was continued for
24 h. The blocks were then washed twice in TE (pH 7.6) for 30 min at
room temperature. Proteinase K inactivation was performed through
incubation in a 4% phenylmethylsulfonyl fluoride (MBI Fermentas,
Burlington, Canada) solution for 1 h at 50 8C. This inactivation step
was carried out twice. The blocks were then washed two to three
times in TE and stored in 0.5 M EDTA (pH 8) at 4 8C. Before
restriction enzyme digestion, the agarose blocks were equilibrated
twice with TE for 15 min. Digestion was carried out for 4 h, then fresh
enzyme was added and the incubation was continued overnight. The
digested agarose blocks and molecular-weight markers (Low Range
PFG Marker, Lambda Ladder PFG Marker [New England Biolabs,
Beverly, Massachusetts, United States]) were equilibrated in 0.53TBE
(50 mM Tris, 50 mM boric acid, 1 mM EDTA).

Each agarose block was laid in a 1% PFEG agarose (Sigma-Aldrich)
solution in 0.53TBE. Pulsed-field gel electrophoresis was carried out
on a CHEF-DR II device (Bio-Rad, Hercules, California, United
States) under different electrophoresis conditions. The 1% agarose
gel was run at 200 V using ramped pulse times from 1 to 5 s for 10 h
to observe the pattern of small DNA fragments (2–48 kb). The
migration was taking place under the following two consecutive
conditions: (i) a ramping time from 3 to 10 s at 200 V for 12 h, with
the pattern representative for 48- to 242-kb fragments, then (ii) a
ramping time from 20 to 40 s at 180 V for 15 h, with the pattern
representative for 145- to 610-kb fragments.

Shotgun of R. felis genome and sequencing strategy. Three shotgun
genomic libraries were constructed by mechanical shearing of the
genomic DNA using a Hydroshear device (GeneMachine, http://
genome.nhgri.nih.gov/genemachine/). DNA fragments were blunt-
ended using T4 DNA polymerase (New England Biolabs) and ligated
to the BstXI adapter. Fragments of 3, 4.5, and 7 kb were separated on a
preparative agarose gel (FMC BioProducts, Rockland, Maryland,
United States), extracted with Qiaquick kit (Qiagen, Valencia,
California, United States), and ligated into pCDNA2.1 (Invitrogen,
Carlsbad, California, United States) for the two smaller inserts and
into pCNS (a low copy number vector; C. R., unpublished data) for the
largest one. DNA cloning was performed using electrocompetent E.
coli DH10B Electromax cells (Invitrogen). Plasmid DNAs were purified
and pools of 96 clones were analyzed by gel electrophoresis to validate
the libraries. DNA sequencing of insert ends was carried out using Big
Dye 3.1 terminator chemistry on an automated capillary ABI3700
sequencer (Applied Biosystems, Foster City, California, United States).
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Sequences were analyzed and assembled into contigs using Phred,
Phrap, and Consed software [51] taking all sequences into account.
Sequences were considered valid when at least 75% of the nucleotides
had a Phred score of more than 20. The finishing of the genome
sequencing included only additional directed reactions that were
performed on an ABI3100 sequencer. Two circular plasmid molecules
of 63 and 38 kbp, respectively, were identified from the assembled
sequences. On the chromosome, three small regions of 41, 155, and
64 bp failed by dropping of sequence. A number of parameters (DMSO,
glycerol, hybridization, and elongation temperature) were tested one
by one or were combined to sequence over these gaps. We finally
succeeded with the association of another type of chemistry, D-
rhodamine with 2 M betaine. We designed and used 420 primers (i) to
close the sequencing gaps bywalking either on shotgun subclones or on
the chromosome and (ii) to improve sequence regions of low quality.

The integrity of the assembly was validated by comparing the
restriction patterns obtained by pulsed-field gel electrophoresis with
those deduced from the electronic consensus sequence. The selection
of restriction enzymes was based on rare sites. We analyzed single
digests of R. felis DNA. The main restriction enzymes used for these
studies were ApaI, AfeI, FspI, and SbfI. This comparative study
confirmed the predicted length of the R. felis DNA fragments.

The structures for pRF and pRFd plasmids were controlled by
specific primer amplifications (see Figure S1). Three PCRs were
performed and the amplification results were in agreement with the
expected hypothesis. These PCR results validate the two distinct
plasmid forms (62.8 and 39 kbp, respectively). Meanwhile, a Southern
blot was performed through a pulsed-field electrophoresis gel. Uncut
genomic R. felis DNA and R. felis DNA digested by the restriction
enzyme PvuI (corresponding to a unique site in the pRF-specific
region) were analyzed. These blocks of DNA were loaded twice onto
the gel with the molecular-weight markers: Lambda Marker (Bio-Rad)
and Low Range PFG Marker (New England Biolabs) as described
above, with a pulse time from 1 to 5 s for 12 h at 180 V. The gel was
treated and transferred onto Hybond Nþ (Amersham Biosciences,
Little Chalfont, United Kingdom) with a vacuum blot. The DNA was
fixed by heating for 2 h at 80 8C, and the membrane was cut into two
pieces. Two probes were derived from two PCR products. The first,
pRFh–pRFi (726 bp), was designed within the pRF-specific insert, and
the second, pRFa–pRFg (251 bp), was designed to encompass the
deletion site of the pRFd. These two probes were labeled with dCTP32

and hybridized at 65 8C for 17 h on each membrane. Membranes were
washed three times in 13 SSC and 0.1% SDS at 65 8C. The exposure
time ranged from 6 h to overnight at �80 8C on ECL film. The
hybridizations were clearly established on R. felis digested by PvuI and
led to one signal with the pRFh–pRFi probe and two signals for the
two plasmid structures with the pRFa–pRFg probe at a predicted
molecular weight compatible with our prediction (see Figure S2).

We tested 30 samples of fleas naturally infected by R. felis obtained
from different geographic areas (Algeria [11 fleas], France [15 fleas],
and New Zealand [four fleas]) with three pairs of primers: (i) primers
designed in the traD gene (pRF37F1/R1), (ii) primers in the pRF
plasmid (pRFe–pRFf), and (iii) primers in the pRFd plasmid (pRFa–
pRFg). We confirmed positive PCR products of (i) 196 bp, (ii) 208 bp,
and (iii) 251 bp for all the 30 cases.

Annotation. We predicted protein-coding genes (ORFs) using
SelfID [52] as previously described [8]. tRNA genes were identified
using tRNAscan-SE [53]. Database searches were performed using
BLAST programs [54] against Swiss-Prot/TrEMBL [55], the NCBI CDD
database [56], and SMART [57]. The number of transposases, ankyrin/
TPR-containing genes, autotransporter domains, and integrases were
computed using PSI-BLAST with NCBI/CDD entries related to those
domains with an E-value threshold of 10�5. Repeated DNA sequences
were identified with the use of RepeatFinder [58], by ignoring the
sequence similarity between pRF and pRFd. To identify Rickettsia
palindromic elements, we used hidden Markov models [59] based on
the previously identified RPE sequences [60].

By taking advantage of genome colinearity, we identified ortholo-
gous relationships of genes in R. felis, R. conorii, R. sibirica, R. prowazekii,
and R. typhi with the use of Genomeview (S. Audic, unpublished
software). Based on the gene orthology, we defined R. felis–specific
ORFs, which were of one of the following three classes: Class I ORFs
exhibiting no homologous ORFs in the other four Rickettsia genomes;
Class II ORFs exhibiting homologous ORFs but no orthologous ORFs
in the other four Rickettsia genomes; and Class III ORFs exhibiting
orthologous ORFs in some or all of the other four Rickettsia, all of
which exhibit degraded (split or fragmented) genes relative to the R.
felis ORF. Plasmid-encoded ORFs were by definition classified into
Class I or II. A gene composed of more than one ORF was defined as
‘‘split gene.’’ A gene composed of a single ORF whose length is

shorter than 50% of the longest ortholog was defined as a
‘‘fragmented’’ ORF. We used T-Coffee [61] and MEGA [62] for
multiple sequence alignment and phylogenetic tree analyses, respec-
tively. The analyses of horizontal gene transfer were performed by
BLAST search against the Swiss-Prot/TrEMBL nonredundant data-
base, excluding rickettsial sequences, as well as by methods based on
nucleotide composition bias [63,64]. We obtained the minimum
number of inversions to associate a pair of Rickettsia genomes using
GRAPPA release 2.0 [65].

Ultrastructural characterization of pili by electronic microscopy. R.
felis cells were carefully collected from the supernatant of XTC cells
infected for 5 d and grown at 28 8C. Following centrifugation (400 g,
10 min), bacteria were fixed for 1 h at 4 8C in glutaraldehyde (2.5% in
phosphate-buffered saline [PBS]). Cells were then washed in PBS and
placed on a carbon–formvar-coated 400-mesh copper grid (Electron
Microscopy Sciences, Hatfield, Pennsylvania, United States) for
15 min then negatively stained with 2% phosphotungstic acid for
10 s, before analysis by electron microscopy (Philips Morgagni 268D,
Philips Electronics, Eindhoven, the Netherlands).

Estimation of b-lactamase activity. To evaluate the level of b-
lactamase activity, 104 R. felis cells grown on XTC cells and then
sonicated were mixed with amoxicillin to a final concentration of
20 lg/ml, and incubated for 2 h at 28 8C. The concentration of
amoxicillin was measured in the R. felis þ amoxicillin suspension as
well as in a suspension of XTC cells without bacteria þ amoxicillin,
before and after incubation, using high-performance liquid chroma-
tography. In addition, the minimum inhibitory concentrations of
these four suspensions were estimated by growth inhibition of a
Micrococcus luteus strain.

RNA extraction and RT-PCR. Approximately 6.5 3 105 bacteria
were used to infect one 25-cm3 flask of confluent XTC cells
maintained at 28 8C. Infected cells were harvested 48 h later,
centrifuged (12,000 g, 10 min), and pellets were immediately frozen in
liquid nitrogen before being stored at�80 8C. Total RNA was isolated
by using the RNeasy Mini Kit (Qiagen) according to the manufac-
turer’s instructions. At the end of the extraction procedure, all
samples were treated with RNase-Free DNase Set (Qiagen) for 30 min.
The concentration and quality of isolated RNA were determined with
the Agilent 2100 bioanalyzer (Agilent Technologies, Englewood, New
Jersey, United States). Aliquots of the DNase-treated total RNA
samples were stored at�80 8C until use. RT-PCR was performed from
2 ll of RNA (25 ll final reaction volume) with the Superscript One-
Step RT-PCR with Platinum Taq (Invitrogen). Possible DNA contam-
ination was assessed with the Expand high-fidelity polymerase (Roche,
Basel, Switzerland). Cycling conditions were 30 min at 50 8C, 5 min at
95 8C, and 40 cycles at 30 s at 95 8C, 30s at 50 8C, and 1 min at 72 8C,
followed by a final extension cycle of 7 min at 72 8C. The RT-PCRs
were conducted on the PTC-100 thermocycler (Bio-Rad). Amplifica-
tion products were run on 2% (wt/vol) agarose gels, and the DNA was
stained with ethidium bromide. The size of the PCR product was
determined by comparison with DNA molecular-weight marker VI
(Boehringer Ingelheim, Ingelheim, Germany).

Detection of F-actin and immunofluorescence staining. Vero cells
grown to semiconfluence on glass coverslips were infected with R. felis
for 24–48 h at 28 8C in a humidified CO2 incubator (5% CO2).
Infected cells were then fixed for 1 h at 4 8C with formaldehyde (3%
wt/vol in PBS supplemented with 1 mM MgCl2 and 1 mM CaCl2),
washed three times in PBS, and then made permeable with 0.2%
Triton X-100 in PBS for 1 min. After three washings in PBS, the
coverslips were incubated for 1 h with a monoclonal anti–R. felis
antibody. Bacteria were visualized by staining with anti-mouse-Alexa
594 antibody (1:300) and F-actin with FITC-phalloidin (1:250). The
coverslips were mounted using Fluoprep (BioMérieux, Marcy-l’Etoile,
France) and were examined with a confocal laser scanning micro-
scope using a 1003 oil immersion objective lens.

Hemolysis experiments. Human blood (10 ml) was centrifuged
(1,500 g, 10 min), and after three PBS washings, erythrocytes were
resuspended in 20 ml of PBS. This suspension (100 ll) was mixed with
800 ll of PBS and 100 ll of rickettsial suspension (106, 105, and 104

bacteria, respectively). In some experiments, rickettsiae were in-
cubated for 1 h at 35 8C in the presence of 2 mM DTT. Complete
hemolysis was determined by adding 900 ll of H2O to erythrocytes,
and spontaneous hemolysis corresponded to control without bac-
teria. Following 3 h of incubation at 35 8C, the samples were fixed
using paraformaldehyde (0.3% final concentration) and centrifuged.
Hemoglobin release was estimated by measurement of the optical
density of the supernatant at 545 nm. This experiment was
performed in duplicate.

Primers. The sequences of the primers for PCR and RT-PCR are
provided in Table S3.
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Supporting Information

Figure S1. Confirmation of Plasmid Topologies for pRF and pRFd by
PCR

(A) The locations of the three primer sets (pRFa–pRFb, pRFc–pRFd,
and pRFa–pRFd) used to validate the presence of the two distinct
plasmid forms are indicated.
(B) The result of the PCR assay with these primers. Two pairs of
primers (pRFa–pRFg and pRfh–pRFi) used to obtain the probes for
the Southern blot (see Figure S2), as well as another pair of primers
(pRF37F1/R1) used in plasmid detection in fleas infected by R. felis,
are also indicated in (A).

Found at DOI: 10.1371/journal.pbio.0030248.sg001 (1.5 MB TIF).

Figure S2. Characterization of R. felis Plasmids by Southern Blot

The two membranes (A and B) loaded with R. felis genomic DNA (#1/4)
and R. felis DNA digested by PvuI (#2/3) were hybridized either by the
probe pRFa–pRFg or by pRFh–pRFi.

Found at DOI: 10.1371/journal.pbio.0030248.sg002 (39 KB PDF).

Figure S3. A Model for the Conjugative Plasmid Transfer of R. felis
This model is based on gram-negative bacterial conjugation systems
involving T4SS. Homologs responsible for different steps of
conjugation were identified in the R. felis genome. DNA-processing
machinery, plasmid-encoded pRF38/39 (TraATi); the coupling pro-
tein, plasmid-encoded pRF43/44 (TraDF) or chromosomally encoded
virD4 (RF0469); Mpf apparatus, chromosomal genes for virB2
(RF1075), virB3 (RF0087), virB4 (RF0088), virB6 (RF0089, RF0090,
RF0091, RF0092, and RF0093), virB8 (RF0463 and RF0465), virB9
(RF0462 and RF0466), virB10 (RF0467), and virB11 (RF0468); priming
for DNA replication in the recipient cell, chromosomally encoded
RF0786 (TraC).

Found at DOI: 10.1371/journal.pbio.0030248.sg003 (57 KB PDF).

Figure S4. Phylogenetic Trees for the Patatin-Like Proteins,
Thymidylate Kinases, and Small Heat-Shock Proteins

Phylogenetic trees were constructed using the neighbor-joining
method with Jones-Taylor-Thornton model.

Found at DOI: 10.1371/journal.pbio.0030248.sg004 (16 KB PDF).

Figure S5. Taxonomic Distribution of BLAST Best Hits of R. felis
ORFs

R. felis ORFs were searched against the nonredundant database
(excluding rickettsial sequences). The distribution difference between
ORFs with rickettsial orthologs and ORFs lacking rickettsial orthologs
remained significant even after the removal of transposase ORFs.

Found at DOI: 10.1371/journal.pbio.0030248.sg005 (16 KB PDF).

Figure S6. Cross-Reactivity of R. felis
Western immunoblot showing the preferential cross-reactivity of
antibodies with R. felis and R. typhi in a patient with murine typhus
(lanes a–c), and with R. felis and R. conorii in a patient with
Mediterranean spotted fever (lanes d–f). Lanes a and d, R. conorii
antigen; lanes b and e, R. typhi antigen; lanes c and f, R. felis antigen;
MM, molecular mass.

Found at DOI: 10.1371/journal.pbio.0030248.sg006 (30 KB PDF).

Figure S7. Domain Structures and the Presence/Absence Patterns of
spoT Genes in Different Rickettsia
With reference to the S. dysgalactiae Relseq, four (H: 53H, 77H, 78D,
and 144D) and five (241R, 243K, 251K, 264D, and 323E) catalytic

residues were examined for the (p)ppGpp hydrolase and synthetase
domains, respectively. ORF sizes were those for R. felis genes, except
SpoT14, for which the R. prowazekii ORF size is indicated. a, absent;
Ch, conserved hydrolase catalytic residues; Cs, conserved synthetase
catalytic residues; s, split or fragmented genes.

Found at DOI: 10.1371/journal.pbio.0030248.sg007 (17 KB PDF).

Figure S8. Confocal Laser Analysis of R. felis–Infected Vero Cells

Bacteria were stained by indirect immunofluorescence using a
monoclonal anti–R. felis antibody followed by an anti-mouse-Alexa
594 antibody (red). F-actin was stained with FITC-phalloidin (green).
Arrows indicate R. felis with actin tail.

Found at DOI: 10.1371/journal.pbio.0030248.sg008 (29 KB PDF).

Table S1. Distribution of sca Genes among Rickettsia Genomes

Found at DOI: 10.1371/journal.pbio.0030248.st001 (30 KB DOC).

Table S2. Comparison of Different Features of Bacteria Infecting
Fleas with Their Close Relatives

Found at DOI: 10.1371/journal.pbio.0030248.st002 (32 KB DOC).

Table S3. Nucleotide Sequences of the Primers Used in the Present
Study

Found at DOI: 10.1371/journal.pbio.0030248.st003 (28 KB DOC).

Accession Numbers

The genome sequence of R. felis is accessible via GenBank (http://
www.ncbi.nlm.nih.gov/Genbank) under the accession numbers:
CP000053, CP000054, and CP000055. The EMBL Nucleotide Se-
quence Database (http://www.ebi.ac.uk/embl) accession number for Cl.
perfringens NagI is Q8XM09. The Pfam (http://www.sanger.ac.uk/
Software/Pfam/) accession number for ComE3 is PF03772. The
Protein Data Bank (http://www.rcsb.org/pdb/) accession number for
S. dysgalactiae Relseq is 1VJ7.
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The recently sequenced Rickettsia felis genome revealed an unexpected plasmid carrying several genes usually
associated with DNA transfer, suggesting that ancestral rickettsiae might have been endowed with a conjugation
apparatus. Here we present the genome sequence of Rickettsia bellii, the earliest diverging species of known
rickettsiae. The 1,552,076 base pair–long chromosome does not exhibit the colinearity observed between other
rickettsia genomes, and encodes a complete set of putative conjugal DNA transfer genes most similar to homologues
found in Protochlamydia amoebophila UWE25, an obligate symbiont of amoebae. The genome exhibits many other
genes highly similar to homologues in intracellular bacteria of amoebae. We sought and observed sex pili-like cell
surface appendages for R. bellii. We also found that R. bellii very efficiently multiplies in the nucleus of eukaryotic cells
and survives in the phagocytic amoeba, Acanthamoeba polyphaga. These results suggest that amoeba-like ancestral
protozoa could have served as a genetic ‘‘melting pot’’ where the ancestors of rickettsiae and other bacteria
promiscuously exchanged genes, eventually leading to their adaptation to the intracellular lifestyle within eukaryotic
cells.

Citation: Ogata H, La Scola B, Audic S, Renesto P, Blanc G, et al. (2006) Genome sequence of Rickettsia bellii illuminates the role of amoebae in gene exchanges between
intracellular pathogens. PLoS Genet 2(5): e76. DOI: 10.1371/journal.pgen.0020076

Introduction

Rickettsiae are arthropod associated obligate intracellular
Gram-negative bacteria causing mild to severe diseases in
humans. They are classified into three groups based on
phylogenetic analyses [1,2]. The typhus group (TG) includes
the louse-borne R. prowazekii (the agent of epidemic typhus)
and the flea-borne R. typhi (the agent of endemic typhus). The
spotted fever group (SFG) includes tick-borne R. rickettsii (the
agent of Rocky Mountain spotted fever), R. conorii (the agent
of Mediterranean spotted fever), R. africae (the agent of
African tick bite fever), R. sibirica (the agent of North Asian
tick-borne fever), mite-borne R. akari (the agent of rick-
ettsialpox), and flea-borne R. felis (the agent of flea-borne
spotted fever). R. bellii is the only known species representing
a third group that diverged prior to the separation of the
other two groups (Figure 1). R. bellii is the most common
rickettsia found in ticks in America, in which it is trans-
ovarially transmitted. It has been found in various hard ticks,
including species of Dermacentor and Amblyomma. It is also the
sole rickettsia found in both soft and hard ticks, therefore
exhibiting the largest arthropod host range among known
rickettsiae (Table S1). The recently sequenced genome of R.
felis revealed an unexpected plasmid carrying several genes
usually associated with DNA transfer [3]. This suggested the
existence of a fully operational conjugation system in
ancestral rickettsiae. The R. bellii genome was estimated to
be about 1.6 Mb long [4]. Given that its genome size is
comparable to R. felis and larger than other Rickettsia,

together with its early branching phylogenetic position, we
reasoned that R. bellii might have retained ancestral features
lost in other lineages, and that its genome sequence might
help reconstruct the early stage of rickettsia evolution. Here
we present the sequence of the R. bellii genome, which
suggests that numerous gene exchanges took place between
ancestral rickettsiae and amoeba-associated bacteria prob-
ably mediated by conjugation within co-infected amoebae. In
support of this hypothesis, we show that R. bellii exhibits
sexual pili and is able to survive in amoebae. In addition, we
present preliminary results indicating that R. bellii is
pathogenic to mammals.
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Results

General Features of the Genome
The genome of R. bellii consists of a single circular

chromosome of 1,522,076 base pairs (bp) with a G þ C
content of 31.7% (Figure S1). This chromosome is the largest
among those currently sequenced for species of the order
Rickettsiales. We identified 1,429 protein-coding genes (open
reading frames [ORFs]), 34 tRNA genes, one set of genes for
rRNA, and three other structural RNA genes (Table 1). Much
of the genome (85.2%) corresponds to coding regions. Of the
1,429 ORFs, 985 (69%) were annotated with putative
functions. Using RepeatFinder, we identified 217 repeated
DNA sequences (�50 bp) encompassing 3.7% of the genome.
Among other sequenced rickettsiae, only R. felis exhibits a
comparable level of repeat content (4.3%) [3]. We also
identified 526 Rickettsia palindromic elements [5,6], of which
53 are in protein-coding genes and one is inserted in the
tmRNA-coding gene. R. bellii possesses 178 putative protein-
coding genes lacking homologues detectable by BLAST (E-
value , 0.001) in the previously sequenced Rickettsia species
(i.e., R. felis, R. conorii, R. typhi, and R. prowazekii), and 146 genes
that exhibit homologues but no orthologues (defined by
reciprocal BLAST best hits) in these Rickettsia. All together,
324 R. bellii specific genes lack clear orthologues in other
Rickettsia.

Genome Structure
Previously sequenced Rickettsia genomes exhibited a high

level of colinearity with each other. The R. bellii genome is the
first to exhibit little colinearity with other Rickettsia genomes,
suggesting that it has been shuffled in the course of evolution
(Figure 2). The longest R. bellii genomic segment colinear with
the genome of R. conorii encompasses only 34 ORFs (from
RBE_1152 to RBE_1185). Repeated DNA sequences includ-
ing transposases were identified at the extremities of some of
the R. bellii genome segments that are colinear with the other
rickettsia genomes (unpublished data). This suggests the
involvement of these repeats in R. bellii genome shuffling. A
dot-plot comparison between R. bellii and R. conorii genomes
exhibits an X-shaped pattern (Figure 2), indicating that

chromosomal inversions symmetrical with respect to the
origin-terminus axis dominated the genome rearrangement
events [7,8]. It is known that such inversions tend to maintain
the nucleotide/gene frequency skew between leading and
lagging strands. Consistently, the genome exhibits a smooth
cumulative nucleotide skew (GT-excess) [9] (Figure 2).

R. bellii–Specific Genes
Remarkably, 324 R. bellii–specific genes include 14 genes

that are probably responsible for conjugative DNA transfer
(see below). The 178 genes lacking homologues in other
Rickettsia include 108 genes of unknown functions, 40 ORFs
encoding transposases, 2 genes encoding type I restriction-
modification system proteins, 1 phage-related protein gene,
ten genes involved in conjugative transfer, and 15 genes with
putative functions newly identified in rickettsia genomes
(Table S2). The 146 genes lacking orthologues in other
rickettsiae include nine ORFs encoding transposases, four
genes involved in type I restriction-modification systems, one
integrase gene, and one phage-related protein gene. Overall,
the R. bellii–specific genes are enriched in those associated to
genome plasticity (e.g., transposases, integrases, or phage-
related proteins).
Rickettsia genomes are known to harbor many split genes

(i.e., fragmented into several pieces of ORFs by internal stop
codons), a signature of progressive genome degradation
processes. As previously defined [10], a split gene corresponds
to two or more consecutive ORFs that are aligned collinearly
with longer homologues. We found that several transposase
genes of R. bellii are split into two ORFs. For the purpose of
similarity analysis, we computationally concatenated those
split genes, and obtained 39 transposase sequences. These
transposases were classified into four families (family-1 to
family-4; Figure S2) using a single linkage clustering approach
(i.e., a transposase protein was attributed to a family if its
BLASTP alignment with at least one member of the family
had an E-value , 10�5). The family-1 comprises 27 members,
including 13 split genes. The family-2 comprises nine genes,

Figure 1. Phylogenetic Relationships of R. bellii with Other Rickettsiae

The tree was built using the comparison of concatenated nucleotide
sequences of the 16S rDNA, gltA, pheS, pheT, nusA, valS, and smpB genes
using the neighbor-joining method with Kimura-2 parameter. Bootstrap
values are indicated at the nodes. The tree was rooted using the
orthologous sequences of Anaplasma marginale as an outgroup (not
shown). The scale bar corresponds to 5% divergence in nucleotide
sequences.
DOI: 10.1371/journal.pgen.0020076.g001
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Synopsis

Obligate intracellular pathogens, by their isolated way of life, are
thought to have little opportunity to exchange DNA with other
microbes, making their genome relatively immune to horizontal
gene transfer. Rickettsia bellii is the earliest diverging species of
Rickettsia, a group of obligate intracellular bacteria causing human
diseases such as epidemic typhus. Sequencing and computer
analysis of its genome now provides evidence that many genes
were transferred between the ancestors of Rickettsia and other
microbes living inside amoebae, including the human pathogen
Legionella pneumophila and the chlamydia-related symbiont Proto-
chlamydia amoebophila. Remarkably, R. bellii exhibits a complete set
of predicted genes for conjugative DNA transfer. Microscopic
analyses confirmed this prediction by revealing bacterial mating
through sex pili-like surface appendages. Furthermore, the authors
demonstrate that R. bellii can survive in an amoeba for a long period
of time. Taken together, these results suggest that amoeba-like
ancestral protozoa acted as a ‘‘breeding ground’’ for different
bacteria, promoting acquisition of the gene repertoire required to
infect the cells of higher eukaryotes.



including two split genes and a fragmented gene. The family-
3 comprises two genes, including one split gene and a
fragmented gene. The family-4 comprises a single gene in R.
bellii.Other rickettsiae also exhibit several members of family-
2, �3, and �4. Members of family-1, �2, and �3 have been
found in a wide variety of bacteria. We noticed that some of
the split transposase genes exhibit an identical pattern of
fragmentation. Due to the fragmentations of ORFs, those
split genes may not encode a functional transposase. The
identical splitting pattern in those genes may originate in the
duplication/transposition of an already split gene through
functional polypeptides encoded by full-length transposase
genes.

The Sca family is one of the largest protein families in
Rickettsia. Several members of the family, such as rOmpA [11],

rOmpB [12], and Sca4 [13], are known antigenic determinants
of SFG or TG rickettsiae. Recently, R. conorii rOmpB was
shown to be involved in the adhesion to host cells by
interacting with membrane-associated Ku70 [14]. R. bellii
exhibits serological cross-reactivities with SFG and TG
rickettsiae. In the R. bellii genome, we identified 11 genes
that belong to the sca family (Table S3): sca1 (RBE_0170),
sca2–6 (the preduplication ancestral gene of the R. akari sca2
and sca6; RBE_1280), sca3 (RBE_0761/0762), sca4
(RBE_0769), ompB/sca5 (RBE_0184), sca8 (RBE_0355/0354/
0353), sca9 (RBE_0146/0147), sca13 (RBE_0148/0149), sca14
(RBE_0384), sca15 (RBE_0918), and sca16 (RBE_0270).
Among these, sca14, sca15, and sca16 lack orthologues in
other rickettsaie, and are thus unique to R. bellii.
R. bellii possesses genes for toxin antitoxin (TA) systems

(eight for toxin and nine for antitoxin) as well as ten
paralogous genes for spoT, of which six are specific to R.
bellii. TA loci (13) were recently identified in the genome of R.
felis [3]. R. conorii also exhibits 5 ORFs for toxin and 6 ORFs
for antitoxin. TG rickettsiae exhibit no ORFs for TA systems.
Genes for TA systems were originally identified in plasmids,
but may also be found in the chromosomes of free-living
bacteria [15]. TA systems participate in the cascade of the
stringent response pathway induced by alarmones (ppGpp
and pppGpp) whose intracellular concentration is regulated
by SpoT/RelA enzymes. TA systems are rare in most obligate
intracellular bacteria, which multiply in constant environ-
ments, in which these stress response pathways are likely
dispensable [15,16]. The presence of the high number of TA
loci in R. bellii and SFG rickettsiae, as well as the ubiquitous
presence of multiple copies of spoT genes in all sequenced
rickettsiae, suggest that the stringent response pathway is still
important for those obligate intracellular bacteria. The role
of TA systems in the stringent response might have been lost
in TG rickettsiae.
Finally, we also identified 25 ORFs encoding ankyrin

repeats and nine ORFs encoding tetratricopeptide repeats.
Both motifs are associated with protein–protein interactions.
The abundance of these sequence motifs is a shared feature of
R. bellii and R. felis genomes.

Chromosome-Encoded tra Gene Cluster
The R. bellii chromosome exhibits a tra gene cluster (Figure

3), which is predicted to encode a type IV secretion system
(T4SS) for conjugal DNA transfer [17]. The tra gene cluster is
composed of an ‘‘F-like region’’ and a ‘‘Ti-like region,’’ The F-

Table 1. R. bellii Genome Features

Category R. bellii R. felis R. conorii R. prowazekii R. typhi

Genome size 1,522,076 bp 1,587,240 bp 1,268,755 bp 1,111,523 bp 1,111,496 bp

G þ C content 31.7% 32.5% 32.4% 29.0% 28.9%

Protein-coding genes 1,429 1,512 1,374 834 838

tRNA 34 33 33 33 33

rRNA 3 (1 set) 3 (1 set) 3 (1 set) 3 (1 set) 3 (1 set)

Other RNAs 3 3 3 3 3

Coding content 85.2% 83.6% 81.5% 76.2% 76.3%

Repeat content 3.7% 4.3% 0.65% 0.30% 0.29%

Rickettsia palindromic elements 526 728 559 120 121

DOI: 10.1371/journal.pgen.0020076.t001

Figure 2. Comparison of R. bellii and R. conorii Genomes, and the

Cumulative Nucleotide-Excess Curve for the R. bellii Genome

In the top panel, dots represent homologous genomic segments
detected by BLASTN (E-value , 0.001). Bottom panel shows the GT-
excess plot.
DOI: 10.1371/journal.pgen.0020076.g002

PLoS Genetics | www.plosgenetics.org May 2006 | Volume 2 | Issue 5 | e760735

Genome Sequence of Rickettsia bellii



like region exhibits a high level of homology and colinearity
with the well-characterized tra-region of Escherichia coli F
plasmid [18] and with the recently described tra-region of the
obligate amoeba-endosymbiont Protochlamydia amoebophila
UWE25 [19–21]. The Ti-like region is similar to a part of
the tra-region of Agrobacterium tumefaciens Ti plasmid [22]. The
GþC composition of the tra gene cluster is 32.7%, similar to
that of the entire genome.

The F-like region of the R. bellii tra gene cluster encodes at
least 12 putative proteins involved in conjugative DNA
transfer (Table 2). These correspond to most of the core
T4SS proteins (TraEF, TraBF, TraVF, TraCF, and TraGF [N-
terminal domain]) as well as to all the auxiliary proteins
(TraFF, TraGF [C-terminal domain], TraHF, TraNF, TraUF,
TraWF, and TrbCF) essential for pilus assembly and mating

pair stabilization [17]. The presence of these genes strongly
suggests that the R. bellii tra gene cluster encodes a functional
F-like T4SS system. The Ti-like region exhibits two ORFs
homologous to TraATi and TraDTi. TraATi is thought to carry
the nickase and helicase activities for initiating DNA transfer
[22]. The function of TraDTi is unknown. R. bellii does not
possess clear homologues of three known T4SS core proteins:
TraAF (pilin subunit, 112–128 aa), TraLF (93–105 aa), and
TraKF (299–410 aa) [17]. We noticed that the hypothetical
ORFs (RBE_0435 [110 aa], RBE_0436 [151 aa], RBE_0438
[102 aa], and RBE_0439 [594 aa]) in the R. bellii tra gene
cluster are comparable in size to the three missing tra genes.
We previously found a similar but partial tra gene cluster in
the R. felis pRF plasmid (Figure 3) [3]. The R. felis tra region
exhibits only homologues for traGF, traDF, traATi, and traDTi.

Figure 3. Alignment of the tra Gene Clusters Found in the Chromosomes of R. bellii and P. amoebophila

Homologous genes are indicated by the same color. For R. bellii, regions similar to tra genes in E. coli F plasmid, A. tumefacience Ti plasmid, and R. felis
pRF plasmid are indicated by red, blue, and green bars, respectively.
DOI: 10.1371/journal.pgen.0020076.g003

Table 2. R. bellii ORFs Putatively Involved in Conjugative DNA Transfer

ORF ID Size

(aa)

Gene Predicted

Function

BLAST

Best Hit

Species Percent Identity E-Value

RBE_0420 97 traDTi Unknown ZP_00192472.1 Mesorhizobium sp. BNC1 40% 2 3 10�9

RBE_0421 1383 traATi Nickase and helicase for DNA transfer ZP_00192471.2 Mesorhizobium sp. BNC1 31% 3 3 10�99

RBE_0422 355 Transposase or inactivated derivative AAR07850.1 Klebsiella pneumoniae 31% 2 3 10�35

RBE_0423 562 traD Coupling protein for DNA transfer YP_008440.1 Protochlamydia amoebophila 31% 5 3 10�70

RBE_0424 397 Tetratricopeptide repeat domain–containing

protein

ZP_00326891.1 Trichodesmium erythraeum IMS101 38% 1 3 10�57

RBE_0425 905 traG Pilus tip formation, pilus assembly, and mating

pair stabilization

YP_008439.1 Parachlamydia sp. UWE25 19% 2 3 10�34

RBE_0426 446 traH Pilus extension, localized in periplasm/outer

membrane

AAL23503.1 Salmonella typhimurium LT2 24% 7 3 10�32

RBE_0427 300 traF Pilus extension, disulfide bond formation, or

isomerization in the periplasm

AAW83078.1 Neisseria gonorrhoeae 26% 6 3 10�15

RBE_0428 603 traN Mating pair stabilization YP_096096.1 Legionella pneumophila Philadelphia 1 33% 3 3 10�34

RBE_0429 144 trbC Pilus extension YP_096097.1 Legionella pneumophila Philadelphia 1 31% 2 3 10�9

RBE_0430 322 traU Mating pair stabilization and conjugative

pore formation

ZP_00302728.1 Novosphingobium aromaticivorans 44% 8 3 10�77

RBE_0431 254 traW Pilus extension YP_096099.1 Legionella pneumophila Philadelphia 1 40% 3 3 10�34

RBE_0432 862 traC Pilus tip formation YP_008429.1 Protochlamydia amoebophila 30% 1 3 10�94

RBE_0433 84 traV Pilus extension

RBE_0434 472 traB Pilus extension ZP_00371874.1 Campylobacter upsaliensis 25% 3 3 10�25

RBE_0435 110 Unknown

RBE_0436 151 Unknown

RBE_0437 183 traE Pilus tip formation AAA24912.1 Escherichia coli 24% 0.81a

RBE_0438 102 Unknown

RBE_0439 594 Leucine-rich repeat protein YP_126923.1 Legionella pneumophila Lens 29% 2 3 10�21

RBE_0440 388 Integrase YP_157763.1 Azoarcus sp. EbN1 38% 5 3 10�61

RBE_0441 516 Cassette chromosome recombinase B AAV94517.1 Silicibacter pomeroyi 25% 5 3 10�27

aConvincing homology was confirmed by multiple sequence alignment.
DOI: 10.1371/journal.pgen.0020076.t002
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traGF, traDF, and traATi are split in R. felis. The newly found R.
bellii tra gene cluster thus encodes the most complete DNA
transfer machinery found so far in Rickettsia.

Sex Pili-Like Surface Appendage of R. bellii
Conjugation through a F-like T4SS system requires a

lasting physical contact between the mating pair of bacterial
cells. The contact is achieved by pili, filamentous appendages
on the bacterial cell surfaces. Transmission electron micro-
scopy revealed such filaments on the surface of R. bellii

(Figure 4A). The pili of R. bellii, which can also be observed by
immunofluorescence staining (Figure 4B), are long and
flexible, and physically connect bacteria with each other. In
contrast to short and rigid pili that are usually involved in
mating on solid surfaces, such long and flexible pili are
known to form stable mating pairs in liquid media [23]. These
filamentous appendages are likely involved in the early stages
of conjugation.

Phylogenetic Analysis of tra Genes
We conducted phylogenetic analyses for every ORF of the

F-like region (Figure S3) except TraV, for which a single P.
amoebophila homologue was identified by a BLAST search. The
analyses pointed out close evolutionary relationships between
R. bellii and P. amoebophila sequences for several components
of the F-like region. R. bellii and P. amoebophila ORFs formed
an exclusive group in four of the 11 reconstructed phyloge-
netic trees (TraGF, TraDF, TraBF, and TraHF). For TraDF and
TraHF, the grouping is supported by high bootstrap values
(i.e., 84% for TraDF, 98% for TraHF). For the remaining seven
ORFs, no significantly supported clade containing R. bellii was
obtained, except that the tree for TrbCF indicates an
evolutionary relationship between R. bellii TrbCF and its
homologues found in Serratia marcescens and Salmonella typhi
plasmids (an 81% bootstrap value). We also generated
phylogenetic trees for the two ORFs encoded in the Ti-like
region. The tree for the TraATi supports a phylogenetic
affinity of the R. bellii ORF, with homologues found in
Legionella pneumophila Paris and Vibrio vulnificus, while the
phylogeny for TraDTi is not informative regarding the
position of the R. bellii ORF.

Figure 4. Sex Pili-Like Surface Appendage of R. bellii

(A) Electron micrograph of pili observed after negative staining. R. bellii shows long and flexible pilus between 2 bacteria observed from supernatant of
XTC-2 cells infected for 48 h at 28 8C. Bacteria were fixed by addition (1:1) of 2% formaldehyde-saline and samples were applied to copper Formvar grids
(Electron Microscopy Sciences) for 2 min before negative staining with 1% phosphotungstic acid (pH 6.5) for 2 to 4 min. Samples were examined with a
Hitachi 7000 transmission electron microscope.
(B) Immunofluorescence performed on the same bacterial culture. R. bellii were probed with a rabbit polyclonal anti-R. belli antibody and with a FITC-
conjugated goat anti rabbit Ig as secondary antibody. Slides were examined with an Olympus BX 51 microscope (magnification 1003).
DOI: 10.1371/journal.pgen.0020076.g004

Figure 5. Phylogenetic Tree of the Proteins Encoded in the F-Like tra

Gene Clusters

The tree was built using a maximum likelihood method with JTT
substitution model and midpoint rooting based on the concatenated
sequence alignment of TraDF and TraGF. Plasmid encoded sequences are
indicated by asterisks. Other sequences are encoded in the chromo-
somes.
DOI: 10.1371/journal.pgen.0020076.g005
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To further examine the phylogenetic affinity between R.
bellii and P. amoebophila suggested for several ORFs of the F-
like region, we concatenated the alignments of the six longest
ORFs (TraBF, TraCF, TraDF, TraGF, TraHF, and TraNF) and
conducted phylogenetic reconstructions. The maximum like-
lihood tree supports a clustering of R. bellii and P. amoebophila
sequences with a 100% bootstrap value (Figure S4). We also
generated a maximum likelihood phylogenetic tree including
R. felis homologues based on the concatenated sequence
alignment of TraDF and TraGF, which are the two ORFs
encoded in the F-like region of the R. felis plasmid (Figure 5).
In this tree, R. bellii clusters with R. felis (a 100% bootstrap
value), suggesting a common origin for the chromosome-
encoded tra gene cluster of R. bellii and the plasmid-encoded
tra cluster of R. felis. The grouping of the rickettsial
homologues and P. amoebophila homologues was also sup-
ported by a high bootstrap value (95%). We applied three
additional tree inference approaches (the balanced minimum
evolution, the neighbor joining, and the maximum parsimony
approaches) for the two concatenated alignments. We
obtained significant bootstrap supports for the sister group-
ing of Rickettsia and P. amoebophila by all the approaches for
the two datasets, except for the TraDF/TraGF tree obtained by
the maximum parsimony method (Table S4). Overall, the
phylogenetic affinity between Rickettsia and P. amoebophila
invokes the lateral transfer of at least several tra genes
between these two distant intracellular bacteria. This does
not rule out that the evolutionary history of the entire tra
gene cluster of R. bellii could have involved a more complex
scenario than a single event of direct lateral transfer, as
suggested by the incongruent trees obtained for several genes
(e.g., TrbCF and TraATi).

Gene Exchanges between Intracellular Bacteria of
Amoebae
We noticed that many R. bellii ORFs exhibit a high level of

sequence similarity to homologues found in two intracellular
bacteria of amoebae: Legionella pneumophila, a facultative
intracellular bacterium of amoebae, and P. amoebophila.
BLAST homology searches (E-value , 10�5) against the
SWISS-PROT/TrEMBL database (excluding sequences of
Rickettsia spp.) detected 46 and 17 R. bellii ORFs best matching
to the sequences of L. pneumophila and P. amoebophila,
respectively.
To assess the significance of the enrichment of Legionella-

like or Protochlamydia-like sequences in R. bellii, we performed
BLAST searches (E-value , 10�5) against the database now
excluding all the sequences of Alphaproteobacteria, and
counted the number of best hits against Legionellaceae or
Parachlamydiaceae. Among 1,065 ORFs with database hits (E-
value , 10�5), 94 ORFs (8.8%) exhibited their highest scores
to Legionellaceae (72 ORFs) or Parachlamydiaceae (22 ORFs). We
performed the same analyses for other genomes of Alphap-
roteobacteria (Figure 6). We used eight previously sequenced
Rickettsiales (obligate intracellular bacteria; 1.1 Mb to 1.6 Mb
genomes), and four Alphaproteobacteria outside Rickettsiales:
Pelagibacter ubique (a free-living marine bacterium with a small
genome of 1.3 Mb), Brucella melitensis (a facultative intra-
cellular pathogen of mammals; 3.3 Mb), Caulobacter crescentus (a
free-living oligotrophic bacterium; 4.0 Mb), and Mesorhizobium
loti (a legume symbiont; 7.6 Mb). The latter four species were
sampled to cover the wide range of ecological niches and
lifestyles found among Alphaproteobacteria. The result
(Figure 6) shows that the enrichment of Legionella-like or
Protochlamydia-like sequences of R. bellii (8.8%) is significantly

Figure 6. Proportions of BLAST Best Hits to Different Organism Groups

The percentages are given relative to the total number of ORFs exhibiting database hits (E-value , 10�5).
DOI: 10.1371/journal.pgen.0020076.g006
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higher than those for the four Alphaproteobacteria outside
Rickettsiales (0.9% for M. loti to 2.5% for P. ubique; Fisher’s
exact test p , 10�9). For the eight Rickettsiales genomes, the
corresponding proportions of Legionellaceae or Parachlamydia-
ceae best hits are from 3.1% (Anaplasma marginale) to 8.2% (R.
felis), which are comparable to or slightly lower than that for
R. bellii.

We hypothesized that the observed abundance R. bellii
ORFs similar to homologues of the two groups of intra-
amoeba bacteria could be at least partially due to horizontal
gene transfers (HGTs) between the ancestor of R. bellii and
these amoebal parasites. In order to identify potential
candidate genes for such HGTs, we prepared a database by
removing sequences of Rickettsiales from the SWISS-PROT/
TrEMBL database and performed bidirectional BLAST
searches (E-value , 10�5). We first carried out BLAST
searches for R. bellii ORFs against this database (without
Rickettsiales sequences), and extracted the sequences of
Legionellaceae that got best matches from R. bellii ORFs. Next,
each of the Legionellaceae sequences was searched against the
same database plus all the R. bellii ORFs. When the Legion-
ellaceae sequence exhibited its best BLAST score (omitting hits
against Legionellaceae) to the R. bellii ORF that detected the
Legionellaceae sequence in the first BLAST search, we recorded
such a R. bellii–Legionellaceae ORF pair. With this approach we
identified 15 candidates for HGT between R. bellii and
Legionellaceae. We performed the same type of analysis for
the R. bellii and Parachlamydiaceae pair, and found seven
candidates for HGT between these bacteria. The list of these
22 HGT-candidate ORFs is given in Table S5. We applied the
same protocol to other Rickettsiales genomes (Table S6). The
numbers of the identified HGT candidates are higher for R.
felis (17 ORFs) and Wolbachia pipientis wMel (eight ORFs), and
less than six for other Rickettsiales. We conducted phyloge-
netic analyses for all 22 R. bellii HGT candidates. We found
nine cases of well-supported clustering (a bootstrap values
.80%) of rickettsial sequences exclusively with the sequences
of Legionellaceae (six cases) or Parachlamydiaceae (three cases)
(Figure S5). These include rickettsial Sec7 domain–containing
proteins (Figure S5H; RBE_0868 for R. bellii), which are
homologous to the L. pneumophila RalF protein. RalF is
secreted into host cytosol, and used to recruit ADP-

ribosylation factor to Legionella-containing phagosomes in
order to establish a replicative organelle [24]. Cox et al. [25]
proposed two events of horizontal transfer for these bacterial
Sec7 domain–containing proteins: the first from eukaryotes
to bacteria, and the second between Legionella and Rickettsia.
Overall, our results suggest the involvement of HGT for many
of the R. bellii genes that are most similar to their homologues
in the amoeba-parasites. Most of these HGT events are
probably ancient (i.e., before the divergence of Rickettsia
species), as Rickettsia orthologues are always clustered in the
phylogenetic trees that we analyzed. We also noted several
other groupings of phylogenetically distant organisms (Figure
S5A, S5B, S5F, and S5I), including an Entamoeba histolytica
protein clustered with bacterial proteins (Figure S5F; 98%
bootstrap), suggesting that some of the genes that we analyzed
may be prone to lateral transfer.

R. bellii Replication in Cells
R. bellii grows easily in mammalian cells such as Vero cells

as well as in Xenopus XTC-2 cells. Curiously, we found that R.
bellii is very frequently observed in the nuclei (Figure 7). R.
bellii appears to reach the nucleus by actin polymerization-
based motility. By microscopy, we observed R. bellii forming
actin tails (Figure S6). In addition, it exhibits an orthologue
(RBE_0855) for R. conorii RickA, which promotes actin
polymerization by activating the host Arp2/3 complex
[26,27]. After puncturing the nuclear membrane, the bacte-
rium probably becomes trapped inside. Although actin and
several actin-related proteins are present in the nucleus,
Arp2 and Arp3 are not [28]. R. bellii might thus become
trapped within the nucleus due to a reduced actin-based
motility caused by the local shortage of Arp2/3 complex. It
should be noted that Heinzen et al. reported irregular actin
tails of R. rickettsii within the nucleus, but observed no
forward movement for the bacteria [29]. Once in the nucleus,
R. bellii continues to multiply locally, generating a tight
colony within. Progressively, the nucleus inflates as bacteria
accumulate, while the size of the cytoplasm of the host cell
decreases. Finally, the nuclear membrane is disrupted and the
bacteria are released (unpublished data).
In an early characterization of R. bellii, Philip et al. observed

occasional intranuclear growth of the bacterium [30]. SFG,

Figure 7. R. bellii Grown in XTC-2 Cell Line

(A) Gimenez-stained bacteria observed by optic microscopy.
(B) Electronic microscopy of infected cells evidences multiplication of R. bellii within the nucleus. (A) and (B) show the intranuclear accumulation of R.
bellii.
(C) Higher-magnification image showing the intrusion of R. bellii into the nucleus.
DOI: 10.1371/journal.pgen.0020076.g007
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but not TG, rickettsiae sometimes penetrate and replicate in
the nucleus [1]. However, the formation of such an intra-
nuclear colony of bacteria in host cells as observed here for R.
bellii has not been previously reported, and appears signifi-
cantly more frequent for R. bellii than for R. conorii on both
XTC-2 and Vero cells (Table S7). The concentration of R. bellii
in the nucleus at the fifth day after inoculation was ten times
larger than that in the cytoplasm of the same cell,
demonstrating intranuclear growth (see Materials and Meth-
ods, Figure S7, and Table S8). This also suggests that R. bellii
divides more rapidly in the nucleus than in the cytoplasm,
although it is not ruled out that the apparent faster
intranuclear growth of R. bellii could be partially due to its
efficient penetration into nuclei compared to R. conorii.
Nuclei can be rich in the components of DNA and RNA. It has
also been demonstrated that small molecules such as amino
acids also accumulate faster in the nucleus than in the
cytoplasm of amphibian oocytes [31,32]. R. bellii may be
endowed with a specific ability to fully exploit this nutrient-
rich environment for its growth.

Survival of R. bellii in Acanthamoeba polyphaga
We found that R. bellii is able to survive for at least 6 wk in

Acanthamoeba polyphaga. Following the inoculation of 106

amoeba cells with 108 purified R. bellii, R. bellii DNA copies
were detected by real-time PCR at a stable level for 6 wk. RNA
was detected at a stable level for 4 wk and slightly decreased
the two following weeks. Subcultures after 2 wk of incubation
with amoebae were positive (in XTC-2 cells). In an attempt to
cultivate R. bellii in an axenic medium, we previously observed
that DNA and RNA levels decreased quickly (unpublished
data). Interestingly, we observed R. bellii appearing to form
mating pairs by conjugation at the surface of amoebae
(Figure S8).

R. bellii Pathogenicity
We examined the pathogenicity of R. bellii by bacterial

inoculation in guinea pigs and rabbits by comparing it to R.
conorii (virulent species) and R. montanensis (presumably
avirulent species). In both animals, intradermal injection of
50 R. bellii caused slight inflammatory reactions, and
inoculation of 50,000 R. bellii induced a black necrotic eschar
(Figure S9). This type of eschar is typical of rickettsial
pathogenicity and is found in many rickettsioses, including
scrub typhus, rickettsialpox, and several tick-borne rickett-
sioses [1]. Inoculation of at least 5,000 R. conorii induced a
black necrotic eschar; inoculation of 50,000 R. montanensis
only induced slight inflammatory reactions and no eschar.
The histological findings of the cutaneous inoculation area
during R. bellii infection were dominated by the presence of
inflammatory infiltrates with mainly mononuclear cells (i.e.,
lymphocytes and macrophages). The epidermis was devoid of
necrotic features. Inflammatory infiltrates were seen in the
dermis with dermal edema. No vascular injury, vascular
thrombosis, or areas of necrosis were observed in the
cutaneous tissues. R. bellii was detected in infected cutaneous
tissues by immunohistochemical analysis. Numerous rickett-
siae were observed in inflammatory cells, mainly macro-
phages (Figure S9).

The model used herein to test R. bellii pathogenicity was
developed specifically for this study. Given that inoculation of
rickettsiae occurs through arthropod bites, inoculation by

subcutaneous route is representative of the natural infection.
Characteristics of the lesions are in favor of an effect due to
multiplicating bacteria rather than the sole effect of injected
lipopolysaccharide: (1) intact bacteria may be detected after 2
wk by immunohistochemistry in the tissues; (2) an eschar is
present (albeit smaller than that observed with R. conorii); and
(3) the apparition of the inflammatory lesions and eschar are
not immediate. As a pathogenic effect is observed in two
different mammal species (i.e., guinea pig and rabbit), R. bellii
pathogenesis for humans needs to be further investigated.

Discussion

R. bellii forms a deep branching lineage within the
medically important bacterial genus Rickettsia. Sequencing
of its genome revealed the first rickettsial tra gene cluster
likely to encode a complete set of proteins required for
conjugal DNA transfer. The tra gene cluster recently
identified in the pRF plasmid of R. felis [3] is now clearly
depicted as a partial form of the R. bellii tra gene cluster. Our
observation of the sex pili-like appendage supports the
functionality of a putative conjugal DNA transfer machinery
in R. bellii. The lack of genetic transformation tools for
rickettsiae has hindered progress in the detailed molecular
characterization of the bacteria. The conjugal transfer genes
found in R. bellii will provide an additional molecular basis,
beside the R. felis plasmid, for the future development of a
genetic transformation tool for the study of rickettsiae.
Our phylogenetic analyses suggest lateral transfers of

several tra genes between the ancestors of rickettsiae and
environmental chlamydiae living in amoebae. Previous
studies also proposed lateral exchanges for several genes
between rickettsiae and chlamydiae, such as the energy
uptaking ATP/ADP translocase, a hallmark enzyme of the
intracellular parasitism of rickettsiae and chlamydiae. Five
paralogous tlc genes for ATP/ADP translocase have been
found in all sequenced rickettsiae including R. bellii, and five
paralogues were found in P. amoebophila. Phylogenetic analyses
suggest that a tlc gene has been transferred from the ancestor
of chlamydiae to the ancestor of rickettsiae [33,34]. Wolf et al.
described two additional clear cases of ancestral gene
exchanges between these distantly related bacterial clades
[35].
In this study, we observed the high frequency of R. bellii

genes exhibiting a strong sequence similarity to the homo-
logues in amoeba-associated bacteria (L. pneumophila and P.
amoebophila) relative to several Alphaproteobacteria outside
Rickettsiales. A similar but more moderate tendency was
observed for many species of Rickettsiales. Phylogenetic
reconstructions pointed out a possible lateral transfer for
many of those genes between the ancestor of Rickettsia and
the amoeba-parasites. Amoebae are major predators of
bacteria in microbial communities, ubiquitous in nature as
well as in anthropogenic ecosystems such as tap water and
air-conditioning units. However, their significant role as
reservoirs and vehicles of (facultative and obligate) intra-
cellular bacteria has been recognized only recently [36,37].
About 20% of the isolates of Acanthamoebae spp. from clinical
and environmental sources are found to contain bacterial
endosymbionts [37]. Bacteria identified in amoebae cover a
wide taxonomic range including Alphaproteobacteria, Beta-
proteobacteria, Gammaproteobacteria, Chlamydiales, and Bac-
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teroidetes, although the actual frequency of amoeba-associated
bacteria in nature is still unknown [36]. This implies that
preferred rickettsial partners for gene exchanges may not be
restricted to Legionellaceae and Parachlamydiaceae. Further
studies, including the sequencing of other amoeba-symbionts,
are required to better understand the flow of genes between
these bacteria, and to obtain clues about shared strategies for
intracellular parasitism.

The main compartment for replication within eukaryotic
cells is different between Rickettsia, Legionella, and Protochla-
mydia. Rickettsiae enter nonphagocytic cells such as intestinal
epithelial cells by inducing the formation of phagocytic
vacuole and then escape from the membrane-bound vacuole
into the host cytoplasm, where they replicate [27]. Members
of Parachlamydiaceae including P. amoebophila replicate within
membrane-bound vacuoles of amoebae [37,38], whereas
Legionella pneumophila replicates in vacuoles as well as in the
cytoplasm [37]. We speculate that phagocytic vacuoles might
have served as an important location for the ancestors of
these bacteria to encounter within amoebae. Indeed, in A.
polyphaga coinfected by R. bellii and L. pneumophila, we
observed a co-localization of these bacteria within the
vacuole of an amoeba (Figure S10), implying possible
interactions of the ancestors of these bacteria in an ancestral
amoebal host.

Since many amoeba-associated bacteria or their relatives
are pathogens of humans, amoebae have been suggested to
act as evolutionary ‘‘training grounds’’ that conferred
bacteria the ability to later infect the cells of higher
eukaryotes [37,39,40]. Given the recent identification of
several uncultured members of Rickettsiales within amoebae
[41], it is plausible that the ancestors of rickettsiae also used
amoebae (or related protozoa) as host, in which they might
have encountered other intracellular bacteria. Probably, gene
exchanges between these bacteria significantly contributed to
their evolution by conferring an immediate selective advant-
age in the adaptation to the intracellular environment of
eukaryotic cells. Such gene exchanges might have been
carried out by cross-species conjugation using surface
appendages that are similar to those identified today in R.
bellii.

Materials and Methods

Bacterial purification and DNA extraction. In this study, we used R.
bellii RML 369-C strain (Rocky Mountain Laboratory Collection,
Golden, Colorado, United States), which was isolated in embryonated
chicken eggs from a triturated pool of unfed adult Dermacentor
variabilis ticks collected from vegetation near Fayetteville, Arkansas,
in June of 1966. R. bellii was cultivated on L929 cells growing on MEM
with 4% fetal bovine serum supplemented with 5 mM L-glutamine.
The bacteria were treated in the presence of 1% trypsine in K36
buffer for 1 h at 37 8C, then centrifuged and digested by DNAseI for 1
h at 37 8C to reduce eukaryotic DNA contamination. The sample was
loaded on two renograffin gradients (26-38-45) and the bands of the
purified bacteria were washed in K36, treated again by DNAseI. After
inactivation with EDTA 50 mM, the bacteria were resuspended in TE,
dispatched in 150 ll tubes, and stored at �80 8C. Depending of this
initial concentration, one or two tubes was diluted in 1 ml TNE (10
mM Tris [Ph 7.5], 150 mM NaC1, 2 mM EDTA) and incubated for 5 h
at 37 8C in the presence of lysozyme (2 mg/ml). Lysis was performed 2
h at 37 8C by adding 1% SDS and RNAseI (25lg/ml). An overnight
treatment with 1mg/ml of proteinase K was followed at 37 8C. After 3
phenol-chloroform extractions and alcohol precipitation, the DNA
was resuspended in 30 ll TE, and its concentration was estimated by
agarose gel electrophoresis as previously reported [3].

Shotgun sequencing of R. bellii genome. Three shotgun genomic
libraries were made by mechanical shearing of the DNA using a

hydroshear device (GeneMachines, San Carlos, California, United
States). Sequence blunt ends were obtained using the T4 DNA
polymerase (New England Biolabs, Beverly, Massachusetts, United
States) to which the BstXI adaptator was linked. Fragments of 3, 5,
and 10 kb were separated on a preparative agarose gel (FMC,
Rockland, Maine, United States), extracted with Qiaquick kit (Qiagen,
Valencia, California, United States) and ligated into a high copy-
number vector pCDNA2.1 (Invitrogen-Life Technologies, Carlsbad,
California, United States), digested by BstXI and isolated on another
preparative agarose gel. Transformation was performed in the
electrocompetent Escherichia coli strain DH10B (Invitrogen-Life
Technologies). Each library was validated on 96 clones after DNA
extraction and loading on agarose gel to estimate the real insert size,
their homogeneity, and the fraction of empty vector (tolerated up to
5%). Following this quality check of the libraries, we sequenced 96
clones to determine the percentage of eukaryotic DNA contami-
nation from the host cells. Plasmid end-sequencing was carried out
using the Big Dye terminator chemistry on an automated ABI 3730
sequencer (PE-Applied Biosystems, Foster City, California, United
States). The shotgun libraries of 3, 5, and 10 kb generated 5,416, 5,481,
and 5,030 reads, respectively. 16,227 shotgun reads (103 coverage)
were analyzed and assembled using Phred, Phrap and Consed
software suite [42]. Sequences were retained as valid when a Phred
score higher than 20 was associated to at least 75% of the nucleotides.
Finishing was performed to improve the low-quality regions, and to
fill sequencing and cloning gaps. Specific primers (295) were designed
to walk on subcloned DNA and 264 worked successfully. PCR was
directly performed on genomic DNA with specific primers and
different Taq polymerases depending on the critical region of
interest. All finishing sequencing reactions were carried out using
the Big Dye chemistry on an automated ABI 3130 sequencer (PE-
Applied Biosystems).

The final genome sequence assembly was validated by comparing
the restriction patterns obtained by pulsed-field gel electrophoresis
and those deduced from the consensus sequence. We analyzed single
digests of R. bellii DNA with the following restriction enzymes: ApaI,
Afel, FspI, NruI, SbfI, and SgrAI.

Annotation. We predicted protein-coding genes (ORFs) using
SelfID as previously described [3]. Functional assignments for the
ORFs was based on the database searches using BLAST [43] against
SWISS-PROT/TrEMBL [44], NCBI/CDD [45], and SMART [46] data-
bases. In most cases, we applied an E-value threshold of 0.001 for the
database searches to retrieve homologues. Detailed analyses using
multiple sequence alignments and phylogenetic reconstructions were
carried out to assign putative functions to the ORFs, when needed.
Orthologous gene relationships between R. bellii and other Rickettsia
species were approximated using the best reciprocal BLAST match
criterion. The numbers of transposases, ankyrin/tetratricopeptide
repeat–containing genes, and integrases were computed using RPS-
BLAST with NCBI/CDD entries related to those domains with a 10�5

E-value threshold. tRNA genes were identified using tRNAscan-SE
[47]. Repeated DNA sequences were identified using RepeatFinder
[48]. To identify Rickettsia palindromic elements, we used hidden
Markov models [49] based on the previously identified Rickettsia
palindromic element sequences. ClustalW [50], T-coffee [51], and
MUSCLE [52] were used to construct multiple sequence alignments.

Phylogenetic reconstruction. For the phylogenetic analyses of the
proteins encoded by tra genes (Figure S3) and of the proteins
recognized as candidates for HGT (Figure S5), we first carried out
BLAST searches against the SWISS-PROT/TrEMBL database to
retrieve sets of homologues exhibiting high scores to R. bellii ORFs.
We used MUSCLE [52] to align the sequences and MEGA [53] to
reconstruct neighbor-joining trees with the Jones-Taylor-Thornton
(JTT) substitution model. All the gap-containing columns in the
alignments were ignored. For the phylogenetic analyses based on the
concatenated alignments of multiple proteins (Figures 5 and S4), we
chose species based on the results obtained from the analyses of
individual proteins; specifically, we included species exhibiting
phylogenetic affinities with either R. bellii or P. amoebophila in the
trees for the selected six proteins (TraB/C/D/G/H/N). Those species are
Sphingomonas aromaticivorans and Erythrobacter litoralis. In addition, the
analysis of TraN proteins suggests a phylogenetic affinity between P.
amoebophila and Azoarcus sp. EbN1. Azoarcus sp. was not included in the
multiple-protein analyses due to the lack of the gene for TraDF in this
species. Additional analyses using five genes (TraB/C/G/H/N) indicate
no specific affinity of Azoarcus sp. EbN1 with R. bellii or P. amoebophila
(unpublished data). We conducted phylogenetic analyses with the use
of Molphy/ProtML [54] for the maximum likelihood method,
FASTME [55] combined with Phylip/Protdist [56] for the balanced
minimum evolution method, MEGA for the neighbor-joining method,
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and the maximum parsimony method. For the distance-based
methods and the maximum likelihood method, we used the JTT
model of substitution.

Growth in Acanthamoeba polyphaga. Acanthamoeba polyphaga Linc AP-
1 strain was grown in peptone-yeast extract-glucose medium under
previously described conditions [57]. A 108 pellet of purified R. bellii
was suspended in 10 ml of Acanthamoeba starvation medium (Page’s
amoebal saline [57] with 20 g/l glucose and 2g/l yeast extract). This
suspension was then filtered through a 5-lm pore size filter in order
to removeremaining cells andput ina25-cm2 cell-cultureflask.Apellet
containing 107 A. polyphaga previously rinsed twice in Page’s amoebal
saline was added to this suspension. This test was repeated twice. In the
first experiment, the day of inoculation and every 3 d for 2wk, amoebae
were resuspended in the culturemediumand 500 ll of suspensionwere
removed. This suspension was titrated byR. bellii quantitative PCR and
serially diluted before inoculation into shell-vials with XTC-2 cells (a
Xenopus cell line) growing at 28 8C. Viability was also tested by RNA
detection using RT-PCR targeting 16S rRNA and rompB. The second
experiment was performed identically but coculture of R. belli with
Acanthamoeba was observed for 6 wk and samples for quantitative PCR
and RT-PCR were taken every week.

Detection of actin comet tails generated by R. bellii. Vero cells
grown to semiconfluence on glass coverslips were infected with R.
bellii for 6 h at 32 8C in humidified CO2 incubator (5% CO2). Infected
cells were then fixed for 1 h at 4 8C with paraformaldehyde (3% w/v in
phosphate-buffered saline (PBS) supplemented with 1 mM MgCl2 and
1mM CaCl2), washed three times with PBS, and then permeabilized
with 0.1% Triton X-100 in PBS for 30 s. After three washings in PBS,
coverslips were incubated for 45 min at room temperature with a
rabbit polyclonal anti-R. bellii Ab (1:1000). Labeling was then revealed
with Alexa Fluor 546 goat anti-rabbit IgG (1:300; Invitrogen-Life
Technologies) as secondary Ab and actin was stained with FITC-
phalloidin (1:250). Both Alexa dye and phalloidin were diluted in
DAPI (49,69-diamidino-2-phenylindole; Molecular Probes, Eugene,
Oregon, United States). After washings, the coverslips were mounted
using fluoprep and were examined with a fluorescent microscope
using a 1003 oil immersion, objective lens.

Measurement of intranuclear rickettsiae. We compared the
presence of rickettsiae at the fifth day after inoculation using a 10:1
Rickettsia–cell ratio. Using transmission electronic microscopy, we
found that a higher proportion of XTC-2 cells infected by R. bellii
contained bacteria in the nuclei than XTC-2 cells infected by R.
conorii (Table S7). These results were confirmed by numerating
clusters of Gimenez-stained rickettsiae in both XTC-2 and Vero cells
(Table S7). Significantly more R. bellii than R. conorii were found in the
nuclei. The pictures of heavily infected XTC-2 cells were analyzed to
evaluate the ratio of nuclear to cytoplasmic infections by determining
the surface occupied by bacteria in each compartment. Eight and 11
cells infected by R. bellii and R. conorii, respectively, were tested. The
mean occupation of the nucleus was 23% for R. bellii and 0.4% for R.
conorii. In contrast, the cytoplasmic occupation was 1.97 % for R. bellii
and 6.7 % for R. conorii (Table S8). This result confirms the
intranuclear growth of R. bellii, which appears to be faster than the
growth within the cytoplasm, and suggests that the intranuclear
growth of R. bellii might be more efficient than that of R. conorii in
XTC-2 cells.

Identification of R. bellii pilus by transmission electron microscopy
and immunofluorescence assay. For electron microscopy analysis,
supernatant of XTC-2 cells infected for 48 h at 28 8C with R. bellii was
carefully collected to minimize the possible shearing of pili. Bacteria
were fixed by addition (1:1) of 2% formaldehyde-saline. Samples were
applied to copper Formvar grids (Electron Microscopy Sciences, Fort
Washington, Pennsylvania, United States) for 2 min and negatively
stained with 1% phosphotungstic acid (pH 6.5) for 2–4 min. Samples
were examined with a Hitachi 7000 transmission electron microscope
(Hitachi, Tokyo, Japan).

Immunofluorescence was performed on 200 ll of similar cultures
previously cytocentrifuged on glass slides and fixed by 10 min of
incubation with methanol. Staining of bacteria was achieved by
incubating slides with a rabbit polyclonal anti–R. belli antibody and
with a FITC-conjugated goat anti rabbit Ig diluted in 0.2% Evans blue
as secondary antibody. After three washes with PBS, the slides were
covered with 5 lM DAPI and observed using an Olympus BX 51
microscope as described above.

Evaluation of pathogenicity in animals. All animal experiments
were performed in conformity with the laws and regulations
controlling experiments with live animals in France and were
approved by the French Ministry of Agriculture. The effect of R.
bellii inoculation was compared to those of the well-known pathogen
R. conorii and to the presumably avirulent R. montanensis. Purified

suspensions of R. conorii, R. montanensis grown in L929 cells, and R.
bellii grown in XTC-2 cells titrated at 53 105 bacteria/ml were diluted
from 10�1 to 10�3. Suspensions containing 106 XTC-2 or L929 cells/
ml were also prepared and diluted from 10�1 to 10�3. The backs of
male Hartley guinea pigs and of a New Zealand rabbit were shaved.
Intradermic inoculations were performed in separate areas with 100
ll of the suspensions of bacteria (5 3 104 to 5 3 10 bacteria
inoculated) and with 100 ll of the suspensions of cells used for
culture of bacteria and 100 ll of culture medium as controls. All
bacteria were inoculated in two guinea pigs. Rabbit was inoculated
with R. belli only. Animals were inspected daily to record the aspect of
skin at the site of inoculation. A biopsy of eschar was performed at
day 5 on guinea pigs and day 10 on rabbit inoculated with R. bellii. At
day 14, animals were humanely killed. Areas with eschar or macro-
scopic inflammation were dissected and put in 10% formalin for
histologic study. Formalin-fixed, paraffin-embedded skin biopsy
specimens of the cutaneous inoculation area were cut to a thickness
of 3 lm and stained with hematoxylin-eosin saffron by use of routine
staining methods. Serial sections were also obtained for immunohis-
tochemical investigations. Immunohistochemical analysis was per-
formed by use of a polyclonal mouse antibody directed against R.
bellii at a working dilution of 1:500. An immunoperoxidase kit
(HistoStain plus kit; Zymed, Montrouge, France) was used in the
immunohistological procedure. A negative control was performed
using an irrelevant monoclonal mouse antibody.

Colocalization of R. bellii and Legionella pneumophila in the vacuola
of A. polyphaga. A. polyphaga cells were inoculated with R. belli as
described above. After 24 h of incubation, 200 ll of a suspension
containing 106/ml Legionella pneumophila was added to the amoeba
culture flask. After 48 h of additional incubation, infected amoebae
were resuspended and 200 ll was used for cytocentrifugation. Slides
were fixed for 10 min with methanol. A suspension containing rabbit
polyclonal anti–R. belli antibody and mouse polyclonal anti–L.
pneumophila antibody diluted 1:200 in PBS with 3% (w/v) nonfat dry
milk (100 ll) was added to the slides and incubated in a moist
chamber at 37 8C for 30 min. After three washes in PBS, the slides
were incubated for 30 min at 37 8C with 100 ll of suspension
containing FITC-conjugated goat anti rabbit Ig and Alexa 543–
conjugated goat anti mouse Ig diluted 1:100 in PBS containing 0.2%
Evans blue. After three washes with PBS, the slides were covered with
5 lM DAPI and the ready-to-use solution ‘‘ProLong Gold antifade
reagent’’ (Molecular Probes) and stained for 10 min in the dark.

Cells were observed using an Olympus BX 51 microscope equipped
with a 403 UplanFL 1.3 oil lens. Images were acquired using a DS1-
QM (Nikon, Melville, New York, United States) cooled (�30 8C) black-
and-white camera driven by ‘‘Lucia G’’ software (Nikon and
Laboratory Imaging Ltd., Praga, Czech Republic). DAPI-fluorescence
images were taken with an excitation cube unit with a single-band–
pass (360/55 nm) excitation filter and a band-pass (460/50 nm) barrier
filter. Images of FITC–monoclonal antibody were taken with an
excitation cube with a single-band–pass (480/20 nm) excitation filter
and a band-pass (535/40) barrier filter. Images of Alexa 543 polyclonal
antibody were taken with an excitation cube with a single-band–pass
(565/30 nm) excitation filter and a high-pass (610 nm) barrier filter.
Image analysis was performed using ‘‘Lucia G’’ and ImageJ software
(Rasband WS, ImageJ, US National Institutes of Health, Bethesda,
Maryland, United States; http://rsb.info.nih.gov/ij). Images were
recorded in 12-bit depth with the same exposition parameters.

Supporting Information

Figure S1. Circular Representation of the R. bellii Genome

Circles represent the following from outside to inside: (1) the position
along the genome; (2) genes (color-coded according to Cluster of
Orthologous Groups categories) along both strands of the genome; (3)
tRNAs; (4) rRNA and other RNAs; (5) repeated elements; and (6) GC
skew [(G – C) / (Gþ C)] curve.

Found at DOI: 10.1371/journal.pgen.0020076.sg001 (1.1 MB PPT).

Figure S2. Evolutionary Relationships of the Four Transposase
Families Found in R. bellii
The phylogenetic trees were generated using the neighbor-joining
method and the JTT substitution matrix. Proteins homologous to the
R. bellii transposases were searched in other bacteria by screening the
Genpept database using BLAST. Multiple alignments were carried
out using the MUSCLE program. (A), (B), (C), and (D) correspond to
families 1, 2, 3, and 4 in the text. Some rickettsial fragmented
transposases were not included in the trees.
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Found at DOI: 10.1371/journal.pgen.0020076.sg002 (80 KB PPT).

Figure S3. Phylogenetic Trees of the Individual Proteins Encoded in
the tra Gene Clusters

(A) TraGF, (B) TraCF, (C) TraNF, (D) TraDF, (E) TraBF, (F) TraHF, (G)
TraUF, (H) TraFF, (I) TraWF, (J) TraEF, (K) TrbCF, (L) TraATi, (M)
TraDTi. The tree was generated using the neighbor-joining method
with the JTT model and midpoint rooting.

Found at DOI: 10.1371/journal.pgen.0020076.sg003 (149 KB PPT).

Figure S4. Phylogenetic Tree of the Proteins Encoded in the F-Like
tra Gene Clusters

The tree was built using a maximum likelihood method with JTT
model and midpoint rooting from the concatenated sequence
alignment of TraBF, TraCF, TraDF, TraGF, TraHF, and TraNF.
Plasmid-encoded sequences are indicated by asterisks. Other sequen-
ces are encoded in chromosomes.

Found at DOI: 10.1371/journal.pgen.0020076.sg004 (34 KB PPT).

Figure S5. Phylogenetic Trees of the HGT Candidate Proteins

(A) RBE_0090, (B) RBE_0387, (C) RBE_0461, (D) RBE_0462, (E)
RBE_0486, (F) RBE_0692, (G) RBE_0860, (H) RBE_0868, (I)
RBE_1344. The trees were generated using the neighbor-joining
method with the JTT model and midpoint rooting.

Found at DOI: 10.1371/journal.pgen.0020076.sg005 (153 KB PPT).

Figure S6. Actin Comet Tails of R. bellii

Vero cells infected for 6 h with R. bellii showing actin (phaloidine-
FITC staining, in green) and bacteria (polyclonal anti–R. bellii revealed
with Alexa Fluor 546 goat anti-rabbit IgG, in red). Nucleic acids were
stained with DAPI (blue). White arrowheads point to actin tails.

Found at DOI: 10.1371/journal.pgen.0020076.sg006 (1.6 MB PPT).

Figure S7. Detection of R. belli in Vero Cell Nucleus

Bacteria were detected within Vero cells infected for 5 d with R. bellii
and gently permeabilized with Triton before incubation with a rabbit
polyclonal anti–R. bellii Ab (1:1,000) revealed by an Alexa 546–
coupled anti-rabbit (1:300) as secondary Ab. Magnification 1003.

Found at DOI: 10.1371/journal.pgen.0020076.sg007 (896 KB PPT).

Figure S8. Immunofluorescence Detection Using Coupled FITC-
Specific Polyclonal Antibodies of R. bellii (Stained Green) Shows Two
R. bellii Cells Apparently in a Conjugation Process at the Surface of an
Acanthamoeba

Amoeba nucleotides (mostly in the nucleus) are stained blue by DAPI,
and L. pneumophila are stained red (immunofluorescence detection
with Alexa 543 coupled–specific polyclonal antibodies).

Found at DOI: 10.1371/journal.pgen.0020076.sg008 (1.3 MB PPT).

Figure S9. Pathogenicity of R. bellii on a Guinea Pig

(A) Inoculation eschars on a guinea pig injected intradermally with
increasing dilutions of R. bellii (small central eschar) and R. conorii
(large eschar) suspensions. The same dilutions of R. montanensis
induced a slight inflammation only with the highest dose. This picture
was taken 6 d after inoculation. The numbers of inoculated bacteria
are indicated. (B) Immunohistochemistry of the escarotic lesion using
anti–R. bellii antibodies.

Found at DOI: 10.1371/journal.pgen.0020076.sg009 (8.0 MB PDF).

Figure S10. Colocalization of R. bellii and L. pneumophila in A. polyphaga
Immunofluorescence detection using specific rabbit polyclonal anti-
bodies against R. bellii (FITC-coupled antibodies, stained green) and
specific mouse polyclonal antibodies against L. pneumophila (Alexa
543–coupled antibodies, stained red) shows colocalization within a
vacuole of A. polyphaga. Amoeba nucleotides (mostly in the nucleus)
are stained blue by DAPI.

Found at DOI: 10.1371/journal.pgen.0020076.sg010 (1.8 MB PPT).

Table S1. Tick Hosts of R. bellii
Found at DOI: 10.1371/journal.pgen.0020076.st001 (39 KB DOC).

Table S2. R. bellii–Specific Genes with Putative Functional Assign-
ments

Found at DOI: 10.1371/journal.pgen.0020076.st002 (22 KB DOC).

Table S3. Distribution of sca Genes among Rickettsia Genomes

Found at DOI: 10.1371/journal.pgen.0020076.st003 (45 KB DOC).

Table S4. Bootstrap Supports for the Clustering of Rickettsia and P.
amoebophila by Different Tree Inference Methods Applied to the
Concatenated Sequence Alignments

Found at DOI: 10.1371/journal.pgen.0020076.st004 (23 KB DOC).

Table S5. Candidate R. bellii ORFs for HGT

Found at DOI: 10.1371/journal.pgen.0020076.st005 (25 KB DOC).

Table S6. Number of HGT Candidates Identified by Reciprocal
BLAST Searches

Found at DOI: 10.1371/journal.pgen.0020076.st006 (25 KB DOC).

Table S7. Statistical Analysis of the Association of Rickettsiae with the
Nucleus of Infected Cells

Found at DOI: 10.1371/journal.pgen.0020076.st007 (27 KB DOC).

Table S8. Nucleus versus Cytoplasm Surface Occupation by Rickettsia

Found at DOI: 10.1371/journal.pgen.0020076.st008 (26 KB DOC).

Accession Number

The GenBank (http://www.ncbi.nlm.nih.gov/Genbank) accession
number for the R. bellii genome is CP000087.
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ABSTRACT

Metagrowth is a new type of knowledge base
developed to guide the experimental studies of cul-
ture conditions of obligate parasitic bacteria. We
have gathered biological evidences giving possible
clues to the development of the axenic (i.e. ‘cell-
free’) growth of obligate parasites from various
sources including published literature, genomic
sequence information, metabolic databases and
transporter databases. The database entries are com-
posed of those evidences and specific hypotheses
derived from them. Currently, 200 entries are
available forRickettsia prowazekii,Rickettsia conorii,
Tropheryma whipplei, Treponema pallidum, Myco-
bacterium tuberculosis and Coxiella burnetii. The
web interface of Metagrowth helps users to design
new axenic culture media eventually suitable for
those bacteria. Metagrowth is accessible at http://
igs-server.cnrs-mrs.fr/axenic/.

INTRODUCTION

A number of bacteria resist axenic (i.e. ‘cell-free’) culture in
the laboratory. Those include obligate parasites causing serious
human diseases, such as Rickettsia (1,2) and Mycobacterium
leprae (3). They adapt to a limited environment that provides
appropriate physical conditions, nutriments and other factors
required for their replication and growth. Current culture sys-
tems of obligate parasitic bacteria depend on eukaryotic cells
(e.g. for Rickettsia) or even entire living animals (e.g. for
M.leprae). The lack of cell-free culture media poses a critical
problem in studying these bacteria. Without cell-free culture, it
is impossible to use modern experimental approaches (e.g.
transcriptomics, proteomics) that depend on non-contaminated
RNA or protein extractions. Thus, the establishments of axenic
culture media for those pathogens would have a significant
impact on the medical and biological research communities
working on these diseases. In a more fundamental way, this

type of study might help to unraveling various type of signals
involved in their host–parasite relationships.

With the recent development of metabolic databases (4,5),
genome-based metabolic reconstruction has become an effi-
cient approach to tackle this problem (6,7). By examining the
metabolic pathways predicted from genomic sequence ana-
lyses, one can generate testable hypotheses for the improve-
ment of bacterial culture conditions. We recently analyzed the
complete genome sequence of a human pathogen, Tropheryma
whipplei strain Twist, and identified significant deficiencies in
the biosynthesis of nine amino acids (8). Remarkably, this
knowledge effectively guided the development of the first
axenic culture medium to grow this fastidious microorganism
(7) that had been previously cultured only in association with a
fibroblast cell line (HEL) (9). We believe that this type of
approach should be generalized and could allow more obligate
parasitic bacteria to be grown in a cell-free culture medium.

It is clear that explicit hypotheses (e.g. ‘required nutri-
ments’) and supporting evidences (e.g. ‘deficiencies of the
de novo synthesis’) are determinants for this type of study.
However, such a biological knowledge is usually dispersed in
literature and various biological databases. Till date, no exist-
ing database exhaustively collects and systematically provides
biological knowledge about the cultivation of obligate para-
sites. This prompted us to gather evidences and hypotheses
that are relevant to the improvement of the culture conditions
of obligate parasites and make them available in a knowledge-
base named Metagrowth (http://igs-server.cnrs-mrs.fr/axenic/).
In this paper, we describe the source of the data accessible in
Metagrowth as well as its web interface guiding the user to
design new cell-free culture media of obligate parasites.

DATA IN METAGROWTH

Metagrowth is gathering ‘evidences’ and derived ‘hypotheses’
relevant to the improvement of the culture conditions of para-
sitic bacteria as follows:

Example 1. Evidence: ‘The genome does not encode
enzymes for the biosynthesis of compound X, but encodes a
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transporter for X’.! Hypothesis: ‘Adding X may improve the
growth’.

Example 2. Evidence: ‘The genome encodes enzymes requir-
ing cofactor Y, but does not encode genes for the biosynthesis of
cofactor Y’. ! Hypothesis: ‘Adding Y may improve the
growth’.

These kinds of information are collected from the published
literature, genomic sequence databases (4), metabolic data-
bases (4,5,10,11) and transporter databases (12). Table 1
shows a tentative Metagrowth entry describing the supple-
mentation of S-adenosyl-L-methionine for the improvement of
Rickettsia culture conditions. The ‘Evidence’ and ‘Hypoth-
esis’ records are the two main components of the database
entry. The evidence record is a free text describing experi-
mentally validated facts or predicted metabolic features.
Associated hypotheses for the improvement of the culture
condition are stored in the hypothesis record. In the hypoth-
esis record, we currently describe the supplementation of
organic or inorganic compounds in the medium, or appropri-
ate physical conditions such as oxygen concentration. A pre-
fix ‘IN=’ in the hypothesis record designates a preferential
input (a compound or a physical condition) to the culture
medium that could be experimentally tested. Hyperlinks to
relevant genes, pathways and literature in the source

databases are provided to direct the users to the original
data. Currently, we have accumulated 220 Metagrowth entries
for 6 species of bacteria (5 genera): Rickettsia prowazekii and
Rickettsia conorii (agents of typhus and spotted fever, respec-
tively; 40 entries), T.whipplei (Whipple’s disease; 38 entries),
Treponema pallidum (13) (syphilis; 42 entries), M.leprae
(leprosy; 63 entries) and Coxiella burnetii (14) (Q-fever;
37 entries).

Rating of the reliability of collected scientific evidences is
an important issue in constructing a database of biological
hypotheses (15). In Metagrowth, the relationships between
evidences and hypotheses were classified into several cate-
gories. We refer to the relationships as ‘evidence types’ in
Metagrowth. The evidence types could be used for the prior-
itization of different hypotheses supported by different kinds
of evidences. We defined four major classes of evidence types.
Class I evidences describe the inability to synthesize a com-
pound, either by metabolic deficiencies or by general incap-
ability of biosynthesis (e.g. inorganic molecules such as metal
ions). Class II evidences refer to the importing capability of a
compound, either by active transporters or by passive mem-
brane permeability. Class III evidences refer to the require-
ment or utilization of a compound by the bacteria. Those
include cofactors required for known or predicted enzymatic
reactions in the cell, and basic building blocks of macromo-
lecules such as the 20 amino acids. Class IV evidences refer to
the other type of evidences, mostly experimentally validated
facts. Each class was further divided, leading to a total of 10
subclasses. The precise definitions of these evidence classes
and subclasses are provided in the Supplementary Material
(Table S1). The evidence subclasses are identified in the
hypothesis record of Metagrowth entries with a ‘ET=’ prefix
(Table 1). Figure 1 shows the current status of the number of
hypotheses supported by different types of evidences.

DESIGN OF A NEW CELL-FREE CULTURE MEDIUM

Browsing Metagrowth entries, users can easily obtain a list of
nutriment compounds and the corresponding list of evidences

Table 1. A Metagrowth entry

Entry E0435

Organism R.prowazekii (TAX:782 Bacteria; Proteobacteria;
Alphaproteobacteria; Rickettsiales; Rickettsiaceae;
Rickettsieae; Rickettsia; typhus group)
R.conorii (TAX:781 Bacteria; Proteobacteria;
Alphaproteobacteria; Rickettsiales; Rickettsiaceae;
Rickettsieae; Rickettsia; spotted fever group)

Evidence Presence of transporters for S-adenosylmethionine
(AdoMet) (24), and the lack (pseudogene status) of AdoMet
synthetase, MetK, in Rickettsia (25–27). AdoMet is an
important substrate for methyltransferase reaction in the cell.

Hypothesis IN = S-Adenosyl-L-methionine cpd:C00019, (ET = DT)
Gene RP076

RC0106

Class I: “Cannot-make evidence”
Metabolic deficiencies

Inorganic molecules not biosynthesized

Class II: “Can-up-take evidence”
Presence of transporters

Spontaneous membrane permeation

Class III: “Utilizing evidence”
Molecules generally utilized (e.g. amino acids)

Cofactors required for enzymes
Initial substrate molecules in metabolic pathways

Class IV:
“Other evidences”53

29

20 5425

89 36

79

- - --

Figure 1. Number of the hypotheses in Metagrowth supported by different classes of evidences.
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suggesting the supplementation of the medium by these com-
pounds. An important practical issue is the determination of
the concentrations of those supplemented molecules. To help
the users with this respect, Metagrowth proposes a range of
concentrations for different compounds. The ranges were
determined according to the roles of molecules in bacterial
cells and the concentrations of the molecules of the same role
in several reference culture media. As reference culture media,
we selected two complex culture media for fastidious (i.e.
‘difficult to grow’) bacteria: BSK-H medium designed to
support the growth of the Lyme disease spirochete Borrelia
burgdorferi (16), and TWH medium supporting the growth of
T.whipplei (7). The concentrations of the components in the
two media and the upper and lower limits of the concentrations
within each compound category are provided in the Supple-
mentary Material (Figure S1).

The users may specify one or more values within the sug-
gested range of concentration of each molecule. If the users
specify more than one concentration in the range, the combina-
tion of different concentrations for different molecules could
lead to a huge number of experiments even if the number of
molecules remains relatively small. The full combinatorial
testing of 20 different nutriments, at two concentrations
each, corresponds to 220� 106. Such a large number of screen-
ing experiments can be avoided by the use of the incomplete
factorial design approach. Incomplete factorial design is a
mathematical method to effectively reduce the number of
experiments required by a full combinatorial-screening of para-
meters (17). SAmBA is an implementation of the incomplete
factorial design, which has been extensively used for the deter-
mination of protein crystallization conditions (18), and more
recently for optimizing recombinant protein experiments (19).
Metagrowth outputs the list of molecules and their concentra-
tions in a format compatible with the SAmBA program (http://
igs-server.cnrs-mrs.fr/samba/). In the above example with
20 compounds, 40 representative experimental protocols are
proposed using SAmBA. In theory, the incomplete factorial
design provides a minimal set of experiments in which
the influence of each parameter can be examined rationally
by statistical methods such as a multiple linear regression
analysis.

FUTURE DIRECTIONS AND CONCLUSIONS

Many evidences in Metagrowth originate in metabolic ana-
lyses described in the literature such as whole genome sequen-
cing papers. They are usually based on the visual inspection of
predicted metabolic pathways. The use of in silico simulation
studies with more sophisticated mathematical metabolic
models (20–23) than those available in the current metabolic
databases (4,5) is clearly the next improvement in the genera-
tion of metabolic hypotheses. With these approaches, one may,
more precisely, examine Metagrowth evidences and derived
hypotheses such as ‘a metabolic pathway from X to Y lacks an
enzyme, thus the addition of Y in the medium may improve the
culture of bacteria’. In silico simulation studies may reveal an
alternative pathway to the metabolite Y bypassing the missing
reaction steps.

In the current Metagrowth, we only present predictions
for preferential inputs to the culture conditions (designated

by the ‘IN=’ prefix). We plan to incorporate other kinds of
information such as an ‘unnecessary’ or ‘toxic’ in association
with a compound. Compound nomenclature in Metagrowth is
based on LIGAND (10), in which hierarchical relationships
between individual and generic compound names are not well
treated. Standardization of the compound name in Metagrowth
will be required to facilitate data update and to automatically
detect data redundancies.

Genome sequence analysis and metabolic reconstruction of
T.whipplei led to the establishment of the first cell-free culture
medium allowing this fastidious bacteria to grow outside its
cellular host. Further improvement of the culture condition
using Metagrowth may lead to an even faster growth,
which would further facilitate the manipulation and study
of this microorganism. The development of an axenic culture
medium for other bacteria could be more challenging. For
M.leprae and T.pallidum, a large body of research has been
carried out to explore the possibility of axenic cultivation as
can be seen in Metagrowth. The study of bacterial culture
conditions offers new testable and valuable challenges for
the whole cell metabolic modeling and simulation studies.
It helps in improving genomic annotation by identifying defi-
cient or alternative metabolic pathways. It helps better char-
acterization of host–parasite relationships, eventually giving
us clues about new therapeutic targets. We hope to help the
scientific community working on those pathogens by provid-
ing comprehensive information about their culture conditions
through Metagrowth.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online. Table S1
gives the definition of the classes and the subclasses of the
relationships between evidences and hypotheses. Figure S1
gives the concentrations of the components in existing com-
plex culture medium.
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Response to Comment on
‘‘The 1.2-Megabase Genome

Sequence of Mimivirus’’
Although alternative viewpoints are now in-

creasingly voiced (1–4), the tradition is to

deny viruses the status of bona fide living

organisms and to a priori doubt the capacity

of phylogenetic analyses to investigate their

deepest origin. From this viewpoint, viruses

are merely seen as rapidly evolving Bbags of

genes,[ more or less indiscrimi-

nately acquired from their hosts,

and thus cannot be attributed a

genealogy of their own. The com-

ment by Moreira and LFpez-

Garc<a (5) defends this traditional

view by arguing that Mimivirus

tyrosyl-tRNA synthetase (TyrRS)

was acquired from its amoebal

host Acanthamoeba polyphaga

and generalizes this conclusion to

the whole viral genome.

The problems arising from the

propensity of aminoacyl-tRNA

synthetase (aaRS) to exhibit hori-

zontal gene transfer (HGT) (5)

were addressed in our study (1).

Removing aaRS sequences from

the phylogenetic analysis had no

influence on the position of Mimi-

virus in the tree of life. Mimivirus

TyrRS does exhibit closer simi-

larity to the Entamoeba histo-

lytica homolog (54% identical

residues) than to other eukaryot-

ic homologs (Oryza sativa, 45%

identity), making it a likely can-

didate for HGT. However, the

tree built with TyrRS sequences

Efigure 1 in (5)^ is inconsistent

with the accepted species classi-

fication of amoeboid eukaryotes

(compare, for example, the rel-

ative positions of plasmodium,

dictyostelium, and cryptosporid-

ium) (6). Thus, the direction of

this putative gene transfer (virus to

amoeba or the converse) remains

uncertain. Mimivirus TyrRS has

now been characterized and found functional.

It is tyrosine specific (7) and optimally active

on eukaryotic-type tRNATyr. The TyrRS gene

is not a piece of junk DNA.

To further examine whether, as a whole,

the Mimivirus genome exhibits similarity with

amoeba, we took advantage of the recently

released E. histolytica HM-1:IMSS complete

genomic sequence (8). The corresponding

9722 predicted protein sequences were down-

loaded through the National Center for Bio-

technology Information Entrez system. We

determined 87 reciprocal best matching open

reading frame (ORF) pairs between Mimivirus

and E. histolytica protein sequence data sets.

The 87 Mimivirus ORFs were then searched

against a database containing all the current-

ly available sequences from metazoa, plants,

and fungi. The distribution of the similarity

scores is shown in Fig. 1. This graph clearly

demonstrates that only a handful of Mimivirus

genes (four besides TyrRS) are more similar

to their E. histolytica homologs than to homo-

logs from other eukaryotic kingdoms. Thus, if

one considers that E. histolytica is a good rep-

resentative of all amoeba, our results clearly

indicate that putatively host-acquired genes con-

stitute a negligible part of the Mimivirus genome.

Furthermore, comparing the Mimivirus-predicted

proteome to 13,624 expressed sequence tags (9)

generated from Acanthamoeba castellani (closer

to A. polyphaga) has not yet provided any strong

evidence for additional HGT (10).

To settle this matter further, we then es-

timated the total fraction of Mimivirus genes

that could have been horizontally acquired

from any source. We applied the method pro-

posed by Nakamura et al. (11) to the 363

Mimivirus ORFs that exhibit rec-

ognizable homologs in other or-

ganisms and found that 8.3% of

them (30 ORFs) likely originated

from recent HGT. For compari-

son, Nakamura et al. (11) reported

that an average of 15% of the ORFs

in prokaryotic genomes are asso-

ciated with recent HGT, ranging

from 0.5% for Buchnera to 25%

for Methanosarcina acetivorans.

More generally, a common char-

acteristic of viral genomes, when

compared with cellular organisms,

is their much larger fraction of

ORFs exhibiting no similarity in

protein databases (60% for Mimivi-

rus, 30% for E. histolytica). This is

contrary to what is expected from

genomes mostly built through

HGT. Proponents of the Bbag of

genes[ viewpoint would argue that

all traces of similarity have been

erased as a result of accelerated

evolution in viruses. Yet, many vi-

ral genes (including those for DNA

and RNA polymerases, various nu-

cleases, and capsid proteins) have

maintained easily recognizable se-

quence similarities. Overall, the hy-

pothesis that viral genomes are

mostly built from randomly stolen

genes is not the most parsimonious.

Our alternative view is that an-

cestral DNA viruses may have

originated prior to the Darwinian

threshold (12), eventually partici-

pating in the mixing of bacterial

and archaeal genes that led to the

emergence of the eukaryotic cell. In that con-

text, we do not expect viral genes to exhibit

perfectly identical phylogenies. Nevertheless,

they should all appear of ancient origin and

be globally equidistant from the extant major

eukaryotic kingdoms, as we observed (1).

HGT probably happened but was not a ma-

jor force in shaping the complexity of the

TECHNICAL COMMENT

Fig. 1. Distribution of BLAST scores for 87 Mimivirus ORFs that exhibit
reciprocal best matching ORFs in the protein sequence data of E. histolytica
HM-1:IMSS. The horizontal and vertical axes represent best BLASTP scores
against E. histolytica and a nonredundant sequence data set for metazoa,
plants, and fungi, respectively. A regression line is highlighted in red. The
black dotted line corresponds to equal scores along both axes. Ank, ankyrin-
containing protein L863; ArgRS, arginyl-tRNA synthetase; dTDP4DR, dTDP-
4-dehydrorhamnose reductase; EF-Tu, guanosine triphosphate–binding
elongation factor eF-Tu; GF6PA, glucosamine-fructose-6-phosphate ami-
notransferase; HSP70, 70-kD heat-shock protein; MetRS, methionyl-
tRNA synthetase; MutS, DNA mismatch repair adenosine triphosphatase
MutS; Oxired, putative oxidoreductase R665; PolyNPK, polynucleotide
phosphatase/kinase; RpbL, RNA polymerase II largest subunit; RpbS,
RNA polymerase II second largest subunit; RecQ, helicase RecQ; TopoI,
bacterial type topoisomerase I; TopoII, topoisomerase II; TyrRS, tyrosyl-
tRNA synthetase; ZnAD, Zn-dependent alcohol dehydrogenase; Un-
known, R521.
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Mimivirus genome. The currently available

data all suggest deep evolutionary origins for

Mimivirus and other large DNA viruses.
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Unique genes in giant viruses: Regular substitution
pattern and anomalously short size
Hiroyuki Ogata1 and Jean-Michel Claverie
Structural and Genomic Information Laboratory CNRS-UPR 2589, IBSM Parc Scientifique de Luminy, Case 934
13288 Marseille Cedex 9, France

Large DNA viruses, including giant mimivirus with a 1.2-Mb genome, exhibit numerous orphan genes possessing no
database homologs or genes with homologs solely in close members of the same viral family. Due to their solitary
nature, the functions and evolutionary origins of those genes remain obscure. We examined sequence features and
evolutionary rates of viral family-specific genes in three nucleo-cytoplasmic large DNA virus (NCLDV) lineages. First,
we showed that the proportion of family-specific genes does not correlate with sequence divergence rate. Second,
position-dependent nucleotide statistics were similar between family-specific genes and the remaining genes in the
genome. Third, we showed that the synonymous-to-nonsynonymous substitution ratios in those viruses are at levels
comparable to those estimated for vertebrate proteomes. Thus, the vast majority of family-specific genes do not
exhibit an accelerated evolutionary rate, and are thus likely to specify functional polypeptides. On the other hand,
these family-specific proteins exhibit several distinct properties: (1) they are shorter, (2) they include a larger fraction
of predicted transmembrane proteins, and (3) they are enriched in low-complexity sequences. These results suggest
that family-specific genes do not correspond to recent horizontal gene transfer. We propose that their characteristic
features are the consequences of the specific evolutionary forces shaping the viral gene repertoires in the context of
their parasitic lifestyles.

[Supplemental material is available online at www.genome.org.]

Following the historical achievement in sequencing the 230-kb
genome of human cytomegalovirus as early as 1990 (Chee et al.
1990), a number of large DNA viral genomes have been deter-
mined (see http://www.giantvirus.org/). Each of those viral ge-
nomes encodes hundreds of predicted protein-coding genes,
which approach or even exceed in number those of some uni-
cellular genomes. This undoubtedly points to the complexity of
molecular mechanisms underlying their parasitic life cycles, at
variance with those of small viruses only exhibiting a handful of
genes (e.g., RNA viruses or DNA papillomaviruses). However, the
molecular basis of the lifecycles of large DNA viruses is mostly
uncharacterized due to a large number of putative genes with no
predicted functions in their genomes. About half of the predicted
genes in the 1.2-Mb Acanthamoeba polyphaga mimivirus genome
are ORFans (coined by Fischer and Eisenberg 1999) exhibiting no
detectable homologs in the databases (Raoult et al. 2004). Some
of those ORFans might originate in over-predictions of genes.
However, a recent proteomics study identified 45 ORFan-derived
proteins in its viral particle and suggested a minor contribution
of gene prediction errors to the large number of ORFans in mi-
mivirus (Renesto et al. 2006).

The existence of numerous unique genes in large DNA vi-
ruses is puzzling, given that many of the remaining genes exhibit
readily identifiable sequence similarities spanning entire se-
quences in distantly related organisms (e.g., DNA polymerases,
ribonucleotide reductases, etc.). According to a classical view of
viral evolution, the abundance of unique genes in a virus or a
group of viruses can be seen as a consequence of fast sequence

evolution due to a high mutation rate and relaxed functional
constraints (McGeoch and Cook 1994; Sakaoka et al. 1994; Mc-
Geoch et al. 2000; Hughes 2002). However, there have been no
studies appraising this scenario for diverse large DNA viral ge-
nomes. In addition, this “fast-evolution” view somewhat con-
flicts with another classical view that sees viruses as “gene pick-
pockets” (Moreira and Lopez-Garcia 2005), frequently stealing
genes from their hosts; if their genomes are mostly made of lat-
erally transferred host genes, then homology should be detected
for most of the encoded genes (Ogata et al. 2005). An ad hoc
combination of these two factors is required to explain the prop-
erty of the current viral gene repertoires. More recent studies
(Daubin et al. 2003; Daubin and Ochman 2004; Forterre 2006)
suggested that viruses are rather sources (than recipients or ve-
hicles) of genes for cellular organisms (in contrast, see Yin and
Fischer 2006). Thus, a large viral genome may act as an invention
factory for new genes. With an increasing body of available se-
quence data of large DNA viruses, it now becomes possible to
scrutinize different aspects of the gene repertoires of large DNA
viruses to understand their functions and origins.

Large DNA viruses with a genome exceeding 100 kb have
been identified in different families of eukaryotic viruses (herpes-
viruses, baculoviruses, ascoviruses, nimaviruses, and five others
described below) as well as in tailed viruses infecting bacteria
(myoviruses and siphoviruses). Genomics has been potent in
clarifying evolution patterns within respective viral families
(Herniou et al. 2001; McLysaght et al. 2003), though establishing
the evolutionary relationships between viral families is a greater
challenge due to the scarcity of homologous sequences con-
served across viral families (Shackelton and Holmes 2004). Re-
cent structural studies begin to reveal possible common ances-
tries between several eukaryotic and prokaryotic virus lineages
(Benson et al. 2004; Baker et al. 2005; Khayat et al. 2005).

1Corresponding author.
E-mail Hiroyuki.Ogata@igs.cnrs-mrs.fr; fax 33-491-825421.
Article published online before print. Article and publication date are at http://
www.genome.org/cgi/doi/10.1101/gr.6358607. Freely available online
through the Genome Research Open Access option.
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Five eukaryotic viral families (poxviruses, phycodnaviruses,
iridoviruses, asfarviruses, and mimiviruses), however, share a
relatively large number of conserved core genes, pointing to their
ancestral relationships (Iyer et al. 2001, 2006). Furthermore, the
genomes of mimivirus and phycodnaviruses are the largest ones
among the sequenced viral genomes. Thus, these viruses are of
particular interest to study evolutionary patterns of giant DNA
viral genomes. These viruses are collectively called as nucleo-
cytoplasmic large DNA viruses (NCLDVs). NCLDVs infect a wide
range of hosts. They parasitize freshwater amoebae, diverse uni-
cellular and multi-cellular algae, insects, fishes, amphibians,
birds, and mammals. NCLDVs exhibit different morphological
features in their viral particles. Their genomes vary 10-fold in size
(100 kbp to 1.2 Mbp) and exhibit different topologies (i.e., linear
versus circular). Some NCLDVs are known to integrate their ge-
nome into the host genome but others are not. Thus one can
expect a large molecular diversity in their parasitic life cycles.
However, the nature of the diversity is largely unknown. Several
authors consider that the origin of NCLDVs is relatively recent
among other DNA viruses (Koonin 2005; Claverie 2006), though
they probably arose before the divergence of major eukaryotic
kingdoms (Villarreal and DeFilippis 2000; Raoult et al. 2004). The
genetic richness of NCLDVs is revealed by the large proportion
(50%–80%) of the predicted genes specific to respective viral
families (BLAST E-value < 10�3; Fig. 1). Those genes are either
ORFans or sequences exhibiting similarity only in the members
of the same viral family. On the other hand, most (75%–100%) of
the remaining genes exhibit recognizable similarities to genes
from cellular organisms.

In this study, we investigate sequence features and evolu-
tionary rates of viral family-specific genes using three NCLDV
lineages: Paramecium bursaria chlorella virus 1 (PBCV-1; the Phy-
codnaviridae family; database accession no. NC_000852), Myxoma
virus (MYX; the Poxviridae family; NC_001132), and variola vi-
rus (VAR; the Poxviridae family; NC_001611). For each of these
three viruses, closely related genome sequences are available:
Paramecium bursaria chlorella virus NY2A (NY2A; DQ491002),
Rabbit fibroma virus (Shope fibroma virus, SFV; NC_001266),
and Vaccinia virus (VV; NC_006998), respectively. The availabil-

ity of these close genomes allowed the estimation of evolutionary
parameters. Our study demonstrates that the family-specific
genes do not differ from other genes in terms of evolutionary
rates and nucleotide compositions. However, they exhibit
marked differences in size, the predicted capacity to encode
transmembrane proteins, and low-complexity sequences.

Results

Lack of correlation between the identification of homologs
and the rate of sequence divergence

Some protein sequences evolve faster than others. Fast-evolving
protein sequences can rapidly enter the twilight zone of similar-
ity assessment and thus contribute to the abundance of unique
genes in NCLDVs. Thus, we first investigated the dependence of
similarity detection upon the rate of protein sequence divergence.

We prepared sets of putative orthologs for three viral lin-
eages (PBCV-1/NY2A, MYX/SFV, and VAR/VV) and computed
nonsynonymous substitution rate, Ka, for each ortholog pair. Re-
liable estimation of Ka requires a moderate level of sequence dif-
ference between protein coding genes under comparison. Our
analysis on the evolutionary rates was restricted to 192 ortholog
pairs for PBCV-1/NY2A, 122 for MYX/SFV, and 76 for VAR/VV
(see Methods). The average nucleotide sequence identities of the
orthologs were 79%, 86%, and 96% for PBCV-1/NY2A, MYX/SFV,
and VAR/VV lineages, respectively. We also performed BLAST
(Altschul et al. 1997) searches for the open reading frames (ORFs)
of PBCV-1, MYX, and VAR against the UniProt protein sequence
database (Wu et al. 2006), and defined viral family-specific ORFs,
that is, those exhibiting no significant database hit (E-
value < 10�3) outside the viral family of the query virus. Other
ORFs exhibited significant database hits to proteins from cellular
organisms or distantly related viruses. We denote the former as
“NORFs” (with a prefix “N” for a Narrow taxonomic distribution)
and the latter as “WORFs” (with a prefix “W” for a Wide taxo-
nomic distribution). If sequence divergence rate is a major factor
governing the detection of sequence similarity in distant organ-
isms, we should observe fewer NORFs for the class of proteins
with lower Ka values. We acknowledge that, due to a relatively
high level of sequence divergence between PBCV-1 and NY2A,
conclusions derived from the PBCV-1/NY2A comparison should
be corroborated with the data from the MYX/SFV and VAR/VV
comparisons.

We divided each of the ortholog sets into four classes ac-
cording to the computed Ka values, so that each class contains
one-fourth of the orthologs. We also computed the proportions
of NORFs in each ortholog class. Contrary to the expectation, we
found no coherent association between the NORF proportions
and Ka values. For two viral lineages (MYX/SFV and VAR/VV), we
observed no statistically significant correlation between NORF
proportions and Ka ranges. For PBCV-1/NY2A orthologs, the
NORF proportions were statistically significantly dependent on
the Ka ranges (Fisher’s exact test, P < 0.05; Fig. 2). However, the
dependence was feeble; when we removed the first Ka category
(i.e., most slowly evolving genes), the dependence became no
more significant. It is also notable that the numbers of NORFs in
the most slowly evolving classes are not negligible (16 for PBCV-
1/NY2A, 22 for MYX/SFV, eight for VAR/VV) for all of the three
viral lineages. These results suggest that the protein sequence
divergence rate estimated by closely related species has little ex-
planatory power for the abundance of family-specific genes in
these NCLDVs.

Figure 1. BLAST similarity search results for the predicted proteomes of
NCLDVs. Species abbreviations are as follows: LDV, Lymphocystis disease
virus; ASFV, African swine fever virus; MYX, Myxoma virus; VAR, Variola
virus; IIV6, Invertebrate iridescent virus 6; MsE, Melanoplus sanguinipes
entomopoxvirus; AmE, Amsacta moorei entomopoxvirus; EsV1, Ectocarpus
siliculosus virus 1; CPV, Canarypox virus; PBCV-1, Paramecium bursaria
Chlorella virus 1; EhV-86, Emiliania huxleyi virus 86; Mimivirus, Acanth-
amoeba polyphaga mimivirus.
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Selective strength: Family-specific proteins (NORFs) versus
proteins with remote homologs (WORFs)

The heterogeneity in the sequence divergence rate within a pro-
teome is mainly due to variable mutation rates across different
genomic loci and variable strength of selection acting on pro-
teins possessing various biochemical/biophysical properties (Li
1997; Rocha 2006). The nonsynonymous-to-synonymous substi-
tution ratio (i.e., � = Ka/Ks, termed as the “acceptance rate”) is a
widely employed estimator of selective strength at the protein
level (Miyata and Yasunaga 1980; Nei and Gojobori 1986; Yang
et al. 2000), where Ks is thought to correlate with the nonsyn-
onymous “mutation” rate (but see Akashi 1995). Because amino
acid replacements in a protein can be detrimental for an organ-
ism, ORFs specifying functional polypeptides tend to exhibit �

below one as a result of counter selection against a fraction of
nonsynonymous mutations. In contrast, ORFs under a weak se-
lection or those lacking functions (e.g., pseudogenes) tend to
exhibit � values close to one, and ORFs under diversifying posi-
tive selection can occasionally exhibit � values above one.

For all the examined orthologs, the � values were below one,
with most orthologs with � statistically significantly smaller than
one (likelihood ratio test, P < 0.01; Table 1). We found no sig-
nificant differences in Ka, Ks, and � between the two ORF classes,
except that NORFs showed a larger average Ka than WORFs in the
PBCV-1/NY2A comparison (Table 2). More importantly, NORFs
exhibited Ka and Ks ranges that largely overlap with those of
WORFs, revealing numerous NORFs evolving at the rate (in both
synonymous and nonsynonymous sites) comparable to many
WORFs (Supplemental Fig. S1).

We compared G+C content between NORFs and WORFs
with the use of all the ORFs identified in the PBCV-1, MYX, and
VAR genomes. G+C content was slightly different between the
two ORF classes; NORFs were 1%∼2% less G+C rich than WORFs
(P < 0.05; Fig. 3). However, NORFs were markedly different in
G+C composition compared with intergenic sequences (9%∼16%
differences; P < 0.01). It is notable that the variation in G+C com-
position across different codon positions is very similar between
NORFs and WORFs (Fig. 3). The similar nucleotide composition
patterns and sequence divergence rates between the two classes
of ORF suggest that the vast majority of NORFs specify bona fide
functional proteins evolving under similar levels of purifying se-
lection as WORFs.

Selective strength: Viral proteomes versus vertebrate
proteomes

Do NCLDVs differ from cellular organisms in terms of the
strength of selection acting on their proteomes? To address this
issue, we gathered published genome-scale � values for several
vertebrate genome pairs (Hasegawa et al. 1998; International

Chicken Genome Sequencing Consor-
tium 2004; Jaillon et al. 2004; Rat Ge-
nome Sequencing Project Consortium
2004; The Chimpanzee Sequencing and
Analysis Consortium 2005) and com-
pared them with those estimated for the
three viral lineages. Recently, it has be-
come recognized that � values tend to be
larger for closely related genomes than
distantly related ones due to a lag in the
removal of slightly deleterious muta-
tions from the population (Ho et al.

2005; Penny 2005; Rocha et al. 2006). To take this effect into
account, we plotted medians of � against medians of Ks (Fig. 4).
As expected, � increased with decreasing Ks. After recognizing
this dependence of � on Ks, however, there was no marked dif-
ference in � between the NCLDVs and vertebrates. Thus on the
average, the viral proteomes are under comparable levels of se-
lection pressure as the vertebrate proteomes.

As selective strength varies across proteins depending on
their functions, it is of interest to compare � between viruses and
vertebrates using genes encoding similar functions. We took
genes for B-type DNA polymerases, ribonucleotide reductase
small and large subunits, TFII-like transcription factors, mRNA
capping enzymes, dUTPases from the three NCLDV lineages, and
their homologs from human, mouse, and rat (Fig. 5). There was
no recognizable systematic difference in � between the viral
genes and their cellular homologs. However, the � values vary
across proteins as well as among different organism pairs. A no-
table example is the case for the B-type DNA polymerases. The �

values of the poxvirus DNA polymerases (MYX/SFV and VAR/VV)
are three times larger than the � value of the phycodnavirus
lineage (PBCV-1/NY2A). Interestingly, eukaryotic DNA polymer-
ase � catalytic subunits (replication initiation) exhibit larger �

values than � catalytic subunits (replication elongation). Accord-
ing to a published phylogenetic tree (Villarreal and DeFilippis
2000), poxvirus DNA polymerases are more closely related to
eukaryotic � catalytic subunits than to �, while phycodnavirus
DNA polymerases are located at the root of eukaryotic � subunits.
Thus, in this case, the variation in � may mainly be due to dif-
ferent functional requirements for the subgroups of the ho-
mologs (i.e., �-like and �-like DNA polymerases).

Overall the traditional view that viral proteomes evolve un-
der more relaxed constraints than cellular organisms does not
hold for the three analyzed NCLDV lineages and is probably not
true also for other NCLDVs.

Characteristics of NORFs

We compared several sequence features between NORFs and
WORFs with the use of all the ORFs identified in the PBCV-1,
MYX, and VAR genomes. The most prominent feature that was

Figure 2. Lack of correlation between the proportions of family-specific genes and Ka.

Table 1. Number of orthologs exhibiting � not significantly
differing from one

NORFs WORFs

PBCV-1/NY2A 1 (1%) 2 (2%)
MYX/SFV 4 (5%) 0 (0%)
VAR/VV 8 (19%) 3 (9%)

Proportions to the total number of examined orthologs are indicated in
parentheses.
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different between the two ORF classes was their sizes. For all the
three NCLDV viruses, NORFs were significantly smaller than
WORFs (P < 0.01; Fig. 6). On the average, NORFs were 45%∼50%
smaller than WORFs. Over-predictions of genes may contribute
to the difference, though the above analyses on evolutionary
rates and nucleotide compositions suggested minor proportions
of over gene predictions. If we consider ORFs longer than 140
codons, over-predicted genes theoretically represent <1% (see
Methods). For those ORFs, NORFs were still significantly smaller
(28%∼35%) than WORFs (P < 0.01).

Low-complexity (i.e., repetitive) sequences were more abun-
dant in the protein sequences derived from NORFs than those
from WORFs (Supplemental Fig. S2). For PBCV-1, the average
proportion of low-complexity sequences for WORF-derived pro-
teins was 4%, while it was 10% for NORF-derived sequences. The
difference was statistically significant (P < 0.01). NORFs of MYX
and VAR exhibited the same tendency, albeit statistically non-
significant in these cases.

NORFs were more likely to encode predicted transmem-
brane proteins than WORFs (Supplemental Fig. S3). In the case of
PBCV-1, 21% of the NORFs were predicted to encode transmem-
brane proteins, while the proportion was 10% for the WORFs.
This enrichment in predicted transmembrane proteins is statis-
tically significant for PBCV-1 and MYX (Fisher’s exact test;
P < 0.05), but nonsignificant for VAR. The enrichment of pre-
dicted transmembrane proteins in the NORF-derived sequences
appears a characteristic independent of the small NORF sizes, as
the predicted transmembrane proteins do not significantly differ
in size from other predicted proteins (data not shown).

The proportions of predicted secondary structures showed
no virtual differences between the NORF- and WORF-encoded
proteins (Supplemental Fig. S4). Though not salient, however,
the helical property of the NORF-encoded proteins was slightly
larger than the WORF-derived proteins
(P < 0.05 for MYX and VAR). The com-
position of the predicted extended struc-
tures showed a reversed trend (P < 0.05
for MYX). This tendency remained even
if we removed the predicted transmem-
brane proteins and low-complexity se-
quence segments from the data set (data
not shown). Amino acid compositions
were also similar between proteins from
NORFs and WORFs (Supplemental Fig.
S5). Consistently, we could observe no

significant difference in predicted isoelec-
tric points between the proteins from
NORFs and those from WORFs (data not
shown). These results reinforce our convic-
tion that most NORFs encode real proteins.

Thus, in PBCV-1, MYX, and VAR,
NORFs are shorter and likely to encode
more predicted transmembrane proteins
and low-complexity sequences than
WORFs. We confirmed the same trend in all
the other nine NCLDV genomes listed in
Figure 1, except that no enrichment of pre-
dicted transmembrane proteins in the
NORF class was observed in two viruses
(Lymphocystis disease virus and Ectocarpus
siliculosus virus 1).

Size does not totally account for the lack of detectable
homologs for the NORFs

The NORFs that we defined by BLAST were markedly shorter than
the WORFs on the average. Thus, some of the NORFs may have
homologs in the current databases at evolutionary distances
comparable with the distances from the WORFs to their database
homologs. Such homologs might have been missed by BLAST
due to its methodological limits. BLAST E-value is related to
alignment score by an exponential function (Karlin and Altschul
1990; Altschul et al. 1997). Alignment score has a tendency to
decrease with the size of query sequence. Therefore the signifi-
cance of BLAST E-value dramatically decreases for smaller query
sequences at a given evolutionary distance (measured by a sub-
stitution matrix).

We performed a simulation to assess this size effect on our
data set, by simultaneously taking into account the abundance of
low-complexity sequences in proteins derived from the NORFs.
The simulation estimates the proportion of NORFs whose ho-
mologs are unrecognizable (due to the size effect plus the abun-
dance of low-complexity sequences) even under the assumption
that, for all of the NORFs, homologs are present in the database.
This corresponds to the maximal proportion of the NORFs pos-
sibly having “hidden” homologs in the current database. On the
other hand, the size effect and the low-complexity sequence
composition will not be able to explain the lack of detectable
homologs for the residual proportion of the NORFs.

First, we prepared a list of the sizes of PBCV-1 NORFs (<400
codons) and a list of positions of the low-complexity sequences
in the proteins derived from these NORFs. Then, we randomly
extracted parts of protein sequences derived from the PBCV-1
WORFs in a way that their size distribution and low-complexity
sequence compositions are exactly the same as those for the

Figure 3. Average G+C compositions of WORFs (filled circles), NORFs (open circles), and intergenic
sequences (crosses). For WORFs and NORFs, the G+C compositions at the first and second positions
(1,2) and the third positions (3) are separately computed. Bars correspond to a standard deviation. For
intergenic sequences, those �20 nt were analyzed.

Table 2. Ka, Ks, and � values for three NCLDV lineages

Viral lineages Parameters

WORFs NORFs

Na 25% Median 75% Na 25% Median 75%

PBCV-1/NY2A Ka
b 94 0.045 0.083 0.121 98 0.071 0.103 0.149

Ks 0.766 1.301 1.937 1.011 1.433 2.037
� 0.045 0.066 0.114 0.051 0.076 0.121

MYX/SFV Ka 38 0.034 0.054 0.099 84 0.030 0.056 0.088
Ks 0.421 0.490 0.619 0.385 0.459 0.558
� 0.062 0.109 0.200 0.071 0.121 0.175

VAR/VV Ka 33 0.008 0.012 0.027 43 0.011 0.019 0.029
Ks 0.072 0.089 0.111 0.066 0.085 0.115
� 0.089 0.125 0.304 0.112 0.210 0.351

aThe number of analyzed orthologs.
bThe distributions of Ka were significantly different between WORFs and NORFs (U-test; P < 0.01).
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NORFs (see Methods for details). These artificial amino acid se-
quences were searched against the database using BLAST. On the
average, homologs were unrecognizable by BLAST for 41% of the
artificial sequences outside Phycodnaviridae (Fig. 7). These fail-
ures of homology detection are primarily attributable to their size
and low-complexity sequence content. Thus, at the maximum,
41% of the PBCV-1 NORFs may have “hidden” homologs in the
current database. In fact, when we used a profile method for the
240 PBCV-1 NORFs, 15 (6%) exhibited significant database hits
(i.e., RPS-BLAST searches against the NCBI/CDD database
[Wheeler et al. 2006]; E-value < 10�3). The FUGUE program (Shi
et al. 2001), a method for recognizing homology between se-
quences and known protein structures, could reveal nine (4%)
additional hits (Z-score > 6) between NORFs and structural pro-
files. We obtained similar results for MYX (42% failure) and VAR
(39%) through the same kind of simulations (Fig. 7). Thus ho-
mologous sequences could be present in the current databases
but remain undetected for up to 40% of the NORFs due to the
difficulty in assessing the statistical significance of short BLAST
alignments.

On the other hand, the lack of detectable remote homologs
for the remaining NORFs (>60%) probably originates in other
factors than their sizes and low-complexity sequence contents
(see Discussion). For instance, the analyzed genomes exhibit a
considerable amount of long NORFs (Fig. 6), for which the aver-
age sequence characteristics do not appear to account for the lack
of detectable homologs. One of the PBCV-1 ORFs (A505L) corre-
sponds to a 484-aa protein sequence. This sequence exhibits no
predicted transmembrane region, only 3% of low-complexity se-
quence content, and regular evolutionary rates (� = 0.08,
Ka = 0.10 for the comparison with NY2A).

Discussion

The vast majority of the NORFs in the three NCLDV lineages
most likely specify functional polypeptides as they exhibit regu-

lar sequence divergence rates (i.e., Ka/Ks < 1). The lack of detect-
able remote homologs of the NORFs is thus attributable to poor
sampling in the current databases, to the limits in sequence simi-
larity detection methods, and to their bona fide narrow taxo-
nomic distributions.

Given the huge diversity of viral sequences revealed by
metagenomics studies (Angly et al. 2006; Yooseph et al. 2007),
inadequate sampling of viral genes in the current databases is
likely to be a significant factor leading to the high fraction of
unique genes in the NCLDV genomes. NORFs may also have
homologs in cellular host genomes that are not sequenced. How-
ever, this does not apply to poxviruses, whose multicellular eu-
karyotic hosts (or close relatives) are well represented in the cur-
rent databases. For protist-infecting NCLDVs, such a possibility
cannot be ruled out, although their proteomes do not exhibit a
noticeable enrichment in sequences similar to those of their host
(Claverie et al. 2006).

Methodological limits in sequence homology recognition
arise from different factors. These include sequence divergence
rate, gene size, sequence complexity, and the presence/absence
of evolutionary stable sequence motifs. Through computer simu-
lations, we showed that at most 40% of the absence of detectable
NORF homologs by BLAST could be due to their short sizes com-
bined with the abundance of low-complexity sequences. In con-
trast, we established that the lack of recognizable homologs for
the NCLDV NORFs are not due to especially high sequence di-
vergence rates usually attributed to viruses. In fact, those genes
were found to exhibit evolutionary rates similar to those associ-
ated with genes with remote homologs (WORFs). This is at odds
with bacterial ORFans. Daubin and Ochman found that bacterial

Figure 4. Proteome-scale Ka/Ks for the three NCLDV lineages and sev-
eral vertebrate pairs with complete genomes. For the NCLDVs, (N) and
(W) denote those for NORFs and WORFs, respectively.

Figure 5. Comparisons of Ka/Ks values between NCLDV genes and ver-
tebrate homologs.
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ORFans evolve faster and exhibit much lower G+C contents than
other genes, and suggested recent exogenous (i.e., viral) origins
for bacterial ORFans (Daubin and Ochman 2004). Such an expla-
nation does not hold for the viral NORFs as they exhibit normal
nucleotide compositions and standard sequence divergence
rates. Therefore, the NORFs might be much older than bacterial
ORFans.

Finally, given the large evolutionary distances between virus
families (for example, measured on conserved proteins such as
DNA polymerases; Villarreal and DeFilippis 2000), some of the
NORFs may be truly specific to a virus family, in a sense that their
homologs are absent or drastically different in other (cellular or
viral) organisms.

Whatever the reasons for the present uniqueness of the
NCLDV NORFs, they correspond to the most uncharacterized
parts of their genomes, likely to encode virus-specific molecular
strategies to take advantages of their hosts. The three NORF se-
quence features (smallness, repetitiveness, and predicted mem-
brane association) thus might be tied with yet uncharacterized
evolutionary forces acting on viral genomes. Repetitiveness
could endow particular functional properties to the encoded
amino acid sequences as repetitive sequences are often found in
nucleic acid-interacting proteins and cytoskeleton components
of eukaryotes. Repetitiveness may also be a consequence of the
mechanisms (e.g., DNA replication slippage) randomly generat-
ing long open reading frames from scratch (Ohno 1987). Short-
ness could be the result of gene optimization processes, such as
the minimization of existing genes. It is also possible that short-
ness helps encoded proteins to act as functionally specialized
compact modules that can be recruited in different contexts
(Lupas et al. 2001). Membrane environment may be an impor-
tant niche for viral proteins as the surface area to volume ratio is
small for virus factories compared to cells. Virus factories are
special intracellular compartments for genome replication and
assembly of viruses, and are surrounded by membranous struc-
tures such as the endoplasmic reticulum and mitochondria (No-
voa et al. 2005). Viral membrane proteins may function espe-
cially at the stages when virus factories have to promote inten-
sive exchanges of metabolites and cofactors through the
membranes. Interestingly, recent studies revealed thus far the
smallest known functional potassium ion channel encoded in
the PBCV-1 genome (Kang et al. 2004), and the smallest func-
tional mitochondrial carrier encoded in the mimivirus genome
(Monne et al. 2007).

Genomics has been focusing on cellular life forms, until we

recently realized that viruses are prob-
ably the most diverse and abundant life
form on our planet (Suttle 2005). Most
of what we know on genes has been de-
rived from thorough functional studies
using a handful of model organisms
such as Escherichia coli, yeast, and more
recently animal and plant models. Be-
cause of their lack of cellular homologs,
the functional characterization of viral
genes (i.e., NORFs) will now require the
same efforts to be specifically directed to
viral organisms. These studies may even-
tually reveal original metabolic path-
ways, unexpected regulatory mecha-
nisms, and other unanticipated proper-
ties of these “virus only” genes.

Methods

Genome data
NCLDV genome sequence data were downloaded from the viral
section of the NCBI Reference Sequence (RefSeq) database
(Wheeler et al. 2006) as of January 16, 2006, except for the
genome sequence of Paramecium bursaria chlorella virus
NY2A. NY2A infects the same host Chlorella-NC64A as PBCV-1.
Its complete genome sequence (GenBank accession no.
DQ491002; 368,683 bp) has been recently determined (Fitzgerald
et al. 2007).

Figure 6. Size distributions of NORFs (white) and WORFs (black) for PBCV-1, MYX, and VAR.

Figure 7. Homology search results for the simulated amino acid se-
quences that mimic the size distribution and low-complexity proportions
of NORFs. Bars correspond to standard deviations obtained after 10 times
simulations.
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ORF identification
We built ORF sets (�40 codons) for the NCLDV genomes using
Glimmer (Delcher et al. 1999). The standard genetic code was
used in this search. Genes containing introns, albeit being rare in
NCLDVs, were annotated as in the original annotations in RefSeq
except for NY2A. Homologous genes in PBCV-1 were used to
annotate intron-containing genes of NY2A using GeneWise
(Birney et al. 2004) available at the Wise2 server (http://
www.ebi.ac.uk/Wise2/). The analyses presented in this study
were based on these ORF sets. Total number of the ORFs identi-
fied in the genomes of PBCV-1, MYX, and VAR were 389, 170,
and 192, respectively. We also performed the same analyses on
the original RefSeq annotations, which also generated essentially
the same results (data not shown).

We used a simple model to quantify over-predictions of
genes. We generated 100 artificial genome sequences for each of
PBCV-1, MYX, and VAR, through random shuffling of genomic
sequences that keeps their nucleotide frequencies. We counted
ORFs (�40 codons) occurring in these artificial sequences by the
EMBOSS/getorf program (Rice et al. 2000). The size distributions
of ORFs for the artificial sequences were compared with those
identified by Glimmer for the real genomic sequences. This
analysis suggests that potential over-predictions of genes will be
<1% for ORFs >140 codons for all the three genomes. We con-
sider that this estimate is very conservative due to the simplicity
of the model, and that the true over-prediction rate should be
much lower even for ORFs <140 codons.

Homology search
The predicted NCLDV protein sequences were searched against
the entire UniProt sequence database (Wu et al. 2006) release 7.4
as of April 2006 to identify homologous sequences using BLAST
(Altschul et al. 1997) with an E-value threshold of 10�3 and with
the default SEG (Wootton 1994) filtering. BLAST matches against
sequences from environmental samples were excluded because of
the potential uncertainty in their taxonomic origins. Each
NCLDV proteome was divided into two classes: WORFs with de-
tectable homologs outside the viral family to which they belong,
and NORFs, which are viral family-specific ORFs, possessing no
detectable homologs outside the viral family. The proportions of
NORFs were 62% (240 ORFs) for PBCV-1, 69% (118) for MYX,
and 71% (137) for VAR.

Definition of orthology
An initial list of orthologs for each of three pairs of genomes
(PBCV-1/NY2A, MYX/SFV, and VAR/VV) was defined by recipro-
cal BLAST best hits, with at least 40% amino acid sequence iden-
tity and <50% size difference. We refined the ortholog list by
retaining only those exhibiting gene order colinearity. For pox-
viruses (MYX/SFV, VAR/VV), putative orthologs within the ter-
minal inverted repeat regions were excluded.

Estimation of evolutionary rates
The orthologous protein sequences were aligned by MUSCLE
(Edgar 2004) and then back-translated into codon alignments.
We removed ambiguously aligned regions (due to short repeats
or high divergence) by visual inspection of the pairwise sequence
alignments. The synonymous (Ks) and nonsynonymous (Ka) sub-
stitution rates and their ratio (� = Ka/Ks) were computed using
the maximum likelihood method implemented in the codeml
program in the PAML package (Yang 1997), using constant � for
all sites and the codon frequency model F3�4. For some or-
thologs, these evolutionary parameters could not be estimated
due to saturation of nucleotide substitutions or extremely low

level of sequence divergence. Those orthologs were discarded
from the analyses. Using the remaining orthologs, we prepared
three data sets (I, II, and III) based on the percent standard errors
(p-SEs) of the estimations of Ka, Ks, and �. Data set I and II were
composed of all the orthologs that exhibited p-SE(Ka), p-SE(Ks),
and p-SE(�) <100% and 50%, respectively. Data set III was de-
rived from the data set II by retaining only the orthologs, of
which the codon alignments were �150 codons. The analyses of
sequence divergence rates were performed for all the three data
sets (I, II, and III), which generated essentially the same results. In
this manuscript, we only show the results from the data set II
(i.e., p-SEs < 50%). To test if an estimated � significantly differs
from one, we employed the likelihood ratio test (using a �2-
distribution with one degree of freedom, P < 0.01) without cor-
rections for multiple tests.

Vertebrate data
The genome-scale Ks and � data for vertebrate genomes were
obtained from published literature. These correspond to the
nuclear genome-encoded 13,454 human/chimpanzee orthologs
(The Chimpanzee Sequencing and Analysis Consortium 2005),
10,066–11,503 human/mouse/rat orthologs (Rat Genome Se-
quencing Project Consortium 2004), 7529 human/chicken or-
thologs (International Chicken Genome Sequencing Consortium
2004), 5787 Tetraodon/Takifugu orthologs (Jaillon et al. 2004),
and the mitochondrial genome-encoded 12 human/
chimpanzee/gorilla orthologs (Hasegawa et al. 1998). For the
nuclear genome data, we used median values. For the mitochon-
drial data, we used the data obtained from the concatenated
alignment of 12 genes. In their original works, the data for the
nuclear genome-encoded human/mouse/rat orthologs were com-
puted by the yn00 program in PAML. The data for the Tetraodon/
Takifugu orthologs were computed by the PBL method (Li et al.
1985; Pamilo and Bianchi 1993). For other vertebrate genome
pairs, Ks and � were computed by codeml as in our study. All the
� values for individual ortholog pairs were recomputed by
codeml. Vertebrate homologs were obtained from the NCBI/
HomoloGene database (Wheeler et al. 2006): DNA polymerase �

(HomoloGene ID 2014), DNA polymerase � (6802), ribonucleo-
tide reductase M1 (806), ribonucleotide reductase M2 (20277)
and TP53 inducible M2 B (56723), TFIIS (TCEA1: 55984, TCEA2:
68304, TCEA3: 20684), mRNA capping enzyme (37851), dUTPase
(31475).

Protein sequence analysis
The SEG program was used to define low-complexity sequences.
We used the Phobius program for the prediction of transmem-
brane proteins (Kall et al. 2004). Protein secondary structures and
isoelectric points (pI) were predicted using the garnier and pep-
stats programs in EMBOSS (Rice et al. 2000). The sequence-
structure homology recognition was performed using FUGUE
(Shi et al. 2001) against HOMSTRAD (de Bakker et al. 2001) as of
July 2006.

Simulation
The following is the procedure to generate a set of partial protein
sequences derived from WORFs, that imitate the size distribution
and low-complexity sequence compositions of NORF-derived
proteins (<400 resides). We first prepared “source” sequences
from the WORF-derived protein sequences, by removing low-
complexity sequences and by splitting the sequences into pieces
(when applicable) at the locations of their low-complexity re-
gions. We also generated a list of the low-complexity regions
identified in the proteins derived from NORFs <400 codons. For
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each of the NORFs with L codons, we selected one sequence (or
occasionally two) from the source set, and randomly extracted a
partial segment of L-residues from the source sequence. The
choice of the source sequence was randomly made from those
>2L. When no such source sequence was available due to a long
size of the NORF, we concatenated two source sequences ran-
domly chosen so that the sum of their sizes became >2L. This
source sequence selection process ensures that the extracted L-
residues segment corresponds to no more than 50% of the source
sequence. Finally, the regions in the L-residues segment that
match to the low-complexity regions identified in the original
L-residues protein sequence from the NORF were masked, by
replacing amino acid letters with “X,” to imitate the low-
complexity sequence property of the NORF. This procedure gen-
erates a set of amino acid sequences exhibiting the same size
distribution and low-complexity sequence compositions as the
NORFs. For each viral species (PBCV-1, MYX, VAR), we generated
10 such sets to obtain the average of the number of BLAST hits
against the UniProt database.

Statistical tests
We used the nonparametric Mann-Whitney U statistic to test the
differences in the distributions of G+C compositions, protein se-
quence identities, evolutionary parameters (Ks, Ka, �), and the
compositions of low-complexity sequences and predicted sec-
ondary structures. Other statistics that we used in this study were
explicitly noted in the manuscript.
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