Genome Degradation is an Ongoing Process in Rickettsia
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To study reductive evolutionary processes in bacterial genomes, we examine sequences in the Rickettsia genomes
which are unconstrained by selection and evolve as pseudogenes, one of which is the metK gene, which codes for
AdoMet synthetase. Here, we sequenced the metK gene and three surrounding genes in eight different species of
the genus Rickettsia. The metK gene was found to contain a high incidence of deletions in six lineages, while the
three genes in its surroundings were functionally conserved in al eight lineages. A more drastic example of gene
degradation was identified in the metK downstream region, which contained an open reading frame in Rickettsia
felis. Remnants of this open reading frame could be reconstructed in five additional species by eliminating sites of
frameshift mutations and termination codons. A detailed examination of the two reconstructed genes reveaed that
deletions strongly predominate over insertions and that there is a strong transition bias for point mutations which
is coupled to an excess of GC-to-AT substitutions. Since the molecular evolution of these inactive genes should
reflect the rates and patterns of neutral mutations, our results strongly suggest that there is a high spontaneous rate
of deletions as well as a strong mutation bias toward AT pairs in the Rickettsia genomes. This may explain the low
genomic G+C content (29%), the small genome size (1.1 Mb), and the high noncoding content (24%), as well as

the presence of several pseudogenes in the Rickettsia prowazekii genome.

Introduction

In order to understand the evolution of genome siz-
€s, it is necessary to determine the rates at which DNA
rearrangement and insertion/del etion events occur. In eu-
karyotes, studies of neutrally evolving sequences, such
as pseudogenes and non-LTR retrotransposable ele-
ments, have proved to be very valuable for our under-
standing of the way in which deletions and insertions
accumulate (Ophir and Graur 1997; Petrov and Hartl
1997, 1998). Unfortunately, bacterial genomes typically
have only 10% noncoding DNA, and until recently, very
few nonfunctional genes had been identified (Delorme
et a. 1993; Godon et a. 1993). The complete genome
sequence of Rickettsia prowazekii has reveded an as-
tonishingly high content of noncoding DNA (24%) and
has led to the identification of about a dozen pseudo-
genes (Andersson et al. 1998). It is important to estab-
lish the properties of such pseudogenes in order to un-
derstand the evolutionary processes whereby bacterial
genomes deteriorate.

The Rickettsia belong to the a-proteobacteria, and
they are obligate intracellular parasites, normally asso-
ciated with arthropods but often pathogenic for humans
(Raoult and Roux 1997). The genus Rickettsia can be
divided into two major groups; the typhus group (TG),
which includes the etiologic agents of epidemic and mu-
rine typhus, R. prowazekii and Rickettsia typhi, and the
spotted fever group (SFG), which includes the etiologic
agent of Rocky Mountain spotted fever, Rickettsia rick-
ettsii.

Epidemic typhus was once a very common infec-
tious disease, widely distributed among both civilians
and soldiers. The infection is acquired and transmitted
among humans through the body louse Pediculus hu-
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manus corporis (Brezina et a. 1973; Weiss 1982). To-
day, its transmission is limited due to the reduced level
of body louse infestations, although infections caused
by R. prowazekii are still considered to have a potential
epidemic danger throughout the world. Murine typhus,
which is caused by R. typhi, is clinically similar to, but
milder than, epidemic typhus. Rodents are the principle
reservoirs for this species, and the rat flea is the chief
vector (Traub, Wisseman, and Farhang-Azad 1978;
Azad 1988).

The SFG Rickettsia are established in hard body
ticks and their animal hosts. Humans are considered
only an incidental host, although as many as 10 isolates
are known to be human pathogens. The SFG Rickettsia
normally multiply in the cytoplasm, but some species
are also capable of penetrating the host cell nucleus
(Wisseman et al. 1976). Rickettsia felis has been clas-
sified with the SFG Rickettsia based on molecular se-
quence data, although this species causes a murine ty-
phus-like disease in humans and is stable in insect hosts
like R. prowazekii and R. typhi (Adams, Schmidtmann,
and Azad 1990; Williams et a. 1992).

The Rickettsia are characterized by very small ge-
nomes, in the range of 1.1-1.4 Mb (table 2). These are
thought to have evolved from an ancestral genome of
larger size by reductive evolutionary processes (An-
dersson and Kurland 1995, 1998). The size of a bacterial
genome reflects a balance between the rate at which
genes are being lost and the rate at which novel genes
are being acquired. The loss of genes in R. prowazekii
has been shown to be highly biased, such that the pro-
portion of genes responsible for the biosynthesis of com-
pounds that are also present in the host cell cytoplasm
is much lower than expected from free-living bacteria
(Andersson et al. 1996, 1998). We have speculated that
the high fraction of noncoding DNA in the R. prowa-
zekii genome may be degraded gene remnants, caught
in the final stages of elimination (Andersson et al. 1998).

Genome degradation has previously been described
for the chloroplast genome of Epifagus virigiana, a plant
which lives as a parasite on the roots of beech trees
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(Wolfe, Morden, and Palmer 1992). This organism has
lost its photosynthetic capacity along with its functional
genes for photosynthesis and chlororespiration. The ge-
nome contains a multitude of pseudogenes, including six
highly truncated photosynthetic genes. However, the ge-
nome seems to be functional, since ribosomal RNA
genes and several ribosomal protein genes, as well as a
few genes coding for other functions, are intact (Wolfe,
Morden, and Palmer 1992).

Photosynthesis appears to have been lost many
times independently in this group of parasitic plants
(dePamphilis, Young, and Wolfe 1997). Among the non-
photosynthetic lineages, the photosynthetic gene rbcL
has been retained in some lineages, while it has been
mutationally degraded or completely eliminated in other
lineages (dePamphilis, Young, and Wolfe 1997). In con-
trast, the translational gene rps2 has been retained in all
lineages, although it has been subjected to accelerated
mutation rates in severa of these (dePamphilis, Young,
and Wolfe 1997). Thus, the transitions to parasitic, non-
photosynthetic lifestyles appear to be associated with
drastic increases in the fixation rates for deletion and
substitution mutations in these chloroplast genomes.

Accelerated rates of nucleotide substitution have
also been observed in Buchnera, which are obligate in-
tracellular symbionts of aphids (Baumann et al. 1995;
Moran 1996). Species of the genus Buchnera are phy-
logenetically affiliated with the ~y-proteobacteria, but
they evolve more than 10 times as fast as their free-
living relatives Escherichia coli and Salmonella typhi-
murium (Brynnel et al. 1998). This substitution rate en-
hancement appears not to be caused by differences in
the intrinsic mutation rate, but to be due to an increased
rate of fixation of mutations (Brynnel et a. 1998). This
has been explained by Muller’s ratchet, which postul ates
that small populations with low levels of recombination
will gradually accumulate deleterious mutations, which
may lead to the loss of the most fit class of genomesin
the population by genetic drift (Muller 1964; Felsenstein
1974).

We have previously shown that the gene metK,
which codes for AdoMet synthetase, contains an internal
termination codon (TAG) in the Madrid E strain of R.
prowazekii (Andersson and Andersson 1997). The gene
is otherwise very well conserved and exhibits the sta-
tistical nucleotide properties expected for a gene that is
functional (Andersson and Andersson 1997). AdoMet
synthetase, which catalyzes the synthesis of AdoMet
from methionine and ATR, is an essential enzyme in bac-
teria as well as in eukaryotes. This is not surprising,
since AdoMet is used as methyl donor in alarge number
of cellular reactions such as DNA and RNA methyla-
tions, protein side-chain modifications, and biosynthesis
of amines, creatine, and carnitine (Poirier, Zapisek, and
Lyn-Cook 1990; Fujioka 1992). The metK gene is a
multicopy gene in most eukaryotes, while it is present
as a single-copy gene in bacterial genomes. Indeed,
there is aso only one single copy of the metK gene in
R. prowazekii (Andersson and Andersson 1997).

In order to backtrack through the evolutionary his-
tory of the metK gene and identify the point at which
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the termination codon originated, we sequenced the
metK gene and its surrounding genes in several Rickett-
sia species. Here, we present a detailed analysis of the
patterns of deletion, insertion, and substitution mutations
in the metK gene and in another nearby pseudogene in
several members of the TG and SFG Rickettsia.

Materials and Methods
DNA Preparation

Propagation of R. prowazekii strain Madrid E in the
yolk sacs of embryonated hen eggs and preparation of
genomic DNA were done according to standard proce-
dures (Winkler 1976). Genomic DNA from R. prowa-
zekii strain B, R. typhi strain Wilmington, R. rickettsii
strain 84-21C, Rickettsia sibirica, Rickettsia montana,
Rickettsia rhipicephali, Rickettsia helvetica, and R. felis,
which were generous gifts from D. Stothard, A. Azad,
and N. Balayeva, were prepared as previously described
(Pretzman et al. 1987).

PCR and Sequencing

Genomic DNA was amplified with PCR. Degen-
erate primers were designed against conserved gene re-
gionsin R. prowazekii and other rickettsial species (table
1). Each PCR product was first sequenced (see below)
with the degenerate primers. The sequence produced al-
lowed the design of species-specific primers, and the
whole region was then sequenced by primer walking
with the PCR products used as templates. In a typical
PCR reaction, the following were used: thermophilic
DNA polymerase buffer (Promega), 1.5 mM MgCl,, 0.2
mM each of dATR, dCTP, dGTPR, and dTTP (Pharmacia
Biotech), 1-2 wM of each primer, 1 U of Taq DNA
polymerase (Promega), and 1-5 ng of genomic DNA.
Amplification was performed in a thermal cycler begin-
ning with 5 min at 95°C, then 30 cycles of 94°C for 1
min, 52°C for 1 min, and 72°C for 2 min. For those
degenerate primers not yielding a PCR product when an
annealing temperature of 52°C was used, the annealing
temperature was gradually lowered until the desired
product was obtained.

After thermocycling, aliquots of the PCR reactions
were run on an 1% agarose gel. If a single band was
seen, the PCR product was purified using the QIAquick
PCR Purification Kit (Qiagen). If additional bands were
seen, the whole PCR reaction was loaded on a new 1%
agarose gel, and the correct bands were excised and pu-
rified with the QIAquick Gel Extraction kit (Qiagen).

The purified PCR products were sequenced using
the ABI PRISM Dye Terminator Cycle Sequencing
Ready Reaction Kit (Perkin-Elmer). The sequencing re-
actions were purified using Centi-Sep columns (Prince-
ton Separations) and analyzed on an ABI PRISM 377
DNA Sequencer (Perkin-Elmer).

The PCR product from the intergenic region up-
stream of dnaE in R. helvetica was sequenced using the
Thermo Sequenase Fluorescent Labeled Primer Cycle
Sequencing Kit (Amersham) and analyzed on an A.L.F
Sequencer (Pharmacia Biotech) due to failure of the Dye
Terminator chemistry, probably caused by a strong sec-
ondary structure in the region.
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Table 1
Degenerate Primers Used for PCR Amplification of the metK Gene and Flanking Sequences in Rickettsia Species
Primer Sequence? Direction® Gene Position©
ftsyfor ....... GC(A' T) (G T)GT GAT AC(A,C,T) TTT AGA GC + ftsY 406-425
polAforB ..... GGT TAT GAA GC(A, C T) GAT GAT AT + polA 325-344
polArevB ..... ACT TCA CGT AAT TTA TCA G - polA 512-530
polAfor ....... AGA CT(A, T) AT(A T) (C T)T(A T) CAA ATT CAT GAT GA + polA 2440-2465
polArev ....... ATT TC(A, G T) GIT ATA AT(A,C, T) GGT AC - polA 2551-2570
metXfor ...... TC(G T) GIT TC(C, T) GAA GE G T) CAT CC + metk 28-47
metXrev ...... CAA TC(C, G T) GC(A T) ACA GGA CC(A, T) CC - metK 700-719
metXrevB .. ... TTC (A G CG ACC (A G AA ATG (A T)CC GTA - metk 1072-1092
Lerev7l ...... GCT AAA GCT ACA ATC TAT TTA C - dnaE 3427-3448
dErevC ....... TGC A(A, Q(C, T) TCA TCA AA(A,G CA(A C,GT) CC + dnakE 2761-2780
dErev ........ GIC ACA CC(C, T) TT(A, G T) AT(A T) G(A,C,GT) CC + dnakE 2611-2630
dEforB ....... TTA G A C G T) GCT ATT AAG G A C GT) GT - dnakE 2608-2627
dnaE ......... GT(A' T) GCO(A T) AAA TTT GC(A T) G A T) TAT GG - dnakE 2239-2261

aThe degenerate nucleotides are given in parentheses.

b Primers of the sense orientation are indicated with ““ +,” and primers of the antisense orientation are indicated with *“—.”

¢ Nucleotide position in the R. prowazekii genes.

Sequence Analysis

The analyzed sequenced reactions were collected
for each species and assembled using the Staden Pack-
age (Staden 1996). Searches for open reading frames
(ORFs) were performed using XBBTOOLS (T. Sicher-
itz-Pontén, personal communication), and homology
searches within the data set were performed using the
BLAST program, version 2.0al7 (Altschul et al. 1990),
within the XBBTOOLS interface. Sequence alignments
were performed using CLUSTAL W (Thompson, Hig-
gins, and Gibson 1994). Base frequencies and codon
usage statistics were calculated using CODONW (Lloyd
and Sharp 1992). Percentages of amino acid identity
were calculated using ALIGN (Myers and Miller 1988).
Synonymous and nonsynonymous distances were cal-
culated using Li’s (1993) method and the program MAT-
DISLI.

In order to facilitate analysis of the metK regions
in species that contained deletions, insertions, or in-
frame stop codons, the alignments were corrected for
the species-specific mutations in the following way: The
metK genes were aligned using CLUSTAL W, with the

Table 2

complete ORF in R. typhi used as a template for the
aignment. All codons in the alignment that were af-
fected by deletions or in-frame stop codons in one or
more species were deleted from all species in the data
set using the interface program SEAVIEW (Gdltier,
Gouy, and Gautier 1996). Insertions were deleted in
those species that contained them. The resulting data set
was used for calculations of G+C statistics, amino acid
identity values, synonymous and nonsynonymous sub-
stitution rates and for mutational pattern analysis.

The reconstruction of the second inactivated gene
(the fossil gene) was performed in a similar manner,
with the ORF in R. felis used as a representative of the
intact gene.

Phylogenetic Analysis

Due to ambiguous alignments, one region of polA
and one region of dnaE were excluded from the phy-
logenetic analysis. They corresponded to amino acids
430-435 of polA and amino acids 828-865 of the full-
length dnaE of R. prowazekii.

The neighbor-joining method (Saitou and Nei
1987) was used with Poisson corrections for amino acid

Sizes, Nucleotide Frequencies, and Coding Contents of the Amplified metK Gene Fragments in Rickettsia Species

GeNnomic DNA FRAGMENT CobpING DNA FossiL GENE DNA NoncobiNG DNA

SPECIES Lg? GCgP L. GCd Lt GCH  Fee Le© GCH Fee LnC GC\? Fp¢
R. prowazekii, E ... 1.10 29.3 6,040 303 4,101 301 0.68 1,143 359 0.19 796 234 013
R. prowazekii, B ... 1.10 29.0 6,040 303 5244 313 0.87 — — — 796 234 013
R typhi .......... 1.13 29.0 7,235 298 5259 313 0.73 — — — 1,976 257 0.27
R. rickettsii ....... 1.27 32.6 6,865 334 4,122 332 0.60 2060 331 0.30 683 354 0.10
R. sihirica ........ 124 325 6,895 337 4,122 333 0.60 2,084 335 0.30 689 36.1 0.10
R montana ....... 1.25 NDf 8,174 331 4,122 333 050 3422 317 042 630 38.7 0.08
R. rhipicephali .... 1.26 32.2 7,988 328 4,125 333 052 3306 314 041 560 375 0.07
R. helvetica ....... 1.40 NDf 8,033 319 4593 329 057 2640 321 033 800 300 0.10
R felis ........... NDf NDf 9,007 337 7014 325 0.78 1,143 388 0.12 875 36.6 0.10

2l = estimated genome size in Mb (Eremeeva, Roux, and Raoult 1993; Roux and Raoult 1993).

b GCg = estimated genomic G+C content (Tyeryar et al. 1973; Schramek 1974).

¢Ly, L, Lg, Ly = sizes (in nucleotides) of whole fragment, coding DNA, fossil gene DNA, and noncoding DNA, respectively.
dGC;, GCc, GCg, GCy = G+C contents of whole fragment, coding DNA, fossil gene DNA, and noncoding DNA, respectively.
eF¢, Fg, Fy = fractions of coding DNA, fossil gene DNA, and noncoding DNA, respectively.

f Data not available.
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distances within the PHYLO_WIN program (Galtier,
Gouy, and Gautier 1996). Maximum parsimony analysis
was performed within the same program. The level of
statistical support for the trees was estimated by per-
forming 500 bootstrap replicates for each method. Max-
imum likelihood analysis was performed using the PUZ-
ZLE program (Strimmer and von Haeseler 1997), with
500 puzzling steps. Global gap removal was used in all
methods.

The Replacement Pattern for Universally Conserved
Amino Acids

The ftsY, polA, and dnaE amino acid sequences
from E. coli, Haemophilus influenzae, Helicobacter py-
lori, Synechocystis sp., Bacillus subtilis, and Mycobac-
terium tuberculosis were aligned and treated as a ref-
erence data set. The amino acid sequences of ftsY, polA,
and dnak from this study were added to this alignment,
and the numbers of amino acids that were conserved
within the non-Rickettsia species and varied in one or
more of the Rickettsia species were counted and placed
in the phylogenetic tree. The same calculation was done
for metK, for which the disrupted Rickettsia sequences
were made trandlatable by removal of all insertions and
al nucleotides in codons affected by deletions or in-
frame stop codons in the individual species.

Accession Numbers

The SwissProt accession numbers or GenPept se-
guence ID numbers for the amino acid sequences used
in amino acid conservation and phylogenetic analyses
are: for ftsY— E. coli, P10121; H. influenzae, P44870;
H. pylori, 2313887; Synechocystis sp., 1653079; B. sub-
tilis, P51835; M. tuberculosis, Q10969; for polA—E.
coli, PO0582; H. influenzae, P42741; H. pylori, P56105;
Synechocystis sp., 1006595; B. subtilis, 2293272; M. tu-
berculosis, Q07700; for hicB—H. influenzae strain
R3001, 3603326; for dnaE—E. coli, P10443; H. influen-
zae, PA3743; H. pylori, P56157; Synechocystis sp.,
1653960; B. subtilis, 2293260; M. tuberculosis,
Q10779; and for metK—E. coli, P04384; H. influenzae,
P43763; H. pylori, 2313288; Synechocystis sp.,
1651961; B. subtilis, 2293164; M. tuberculosis, P77899;
Saphylococcus aureus, P50307; Treponema pallidum,
3233100; Pisum sativum, P49613; Homo sapiens,
P31153; Saccharomyces cerevisiae, P19358.

The EMBL accession numbers for the sequences
reported in this paper are: R. prowazekii strain Madrid
E, AJ238755; R. prowazekii strain B, AJ238756; R. rick-
ettsii, AJ238758; R. sihirica, AJ238759; R. montana,
AJ238760; R. rhipicephali, AJ238761; R. helvetica,
AJ238762; R. felis, AJ23875863; R. typhi, AJ238757.

Results
The metK Gene and Flanking Sequences in Rickettsia

The metK gene has been identified in al bacterial
genomes sequenced so far, with the exception of Chla-
mydia trachomatis (Stephens et al. 1998). We have pre-
viously shown that the metK gene in the Madrid E strain
of R prowazekii contains a termination codon in a re-
gion of the gene that is otherwise very highly conserved
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among bacterial species (Andersson and Andersson
1997). In order to study the occurrence of mutations in
the metK genes of other Rickettsia species, we se-
guenced the metK gene and its surrounding genes in one
other strain of R. prowazekii and in seven additional
rickettsial species. We have identified the gene polA,
which codes for DNA polymerase |, immediately up-
stream of metK in the R. prowazekii genome (Andersson
and Andersson 1997). These two genes are flanked by
the genes ftsY and dnakE, which we used as anchors for
PCR reactions designed to amplify the ftsY-pol A-metK-
dnaE segment in other species of the genus Rickettsia
(table 1).

When genomic DNA from the B and Madrid E
strains of R. prowazekii was used in the PCR reactions,
a region of 6,040 bp was amplified. Successful PCR
amplifications were also obtained with genomic DNA
from R. typhi, R. rickettsii, R. sibirica, R. montana, R.
rhipicephali, R. helvetica, and R. felis. However, there
was a marked size variation of the amplified PCR frag-
ments, ranging from 6,040 bp in R. prowazekii to 9,007
bp in R. felis (table 2). The overal G+C content values
of these regions span from 29.8% in R. typhi to 33.7%
in R sibirica and R. felis. These values are in good
agreement with previous estimates of the genomic G+C
contents for these species (table 2).

Homologs to ftsY, pol A, metK, and dnak were iden-
tified in al species, and these are arranged in the same
order and direction as in R. prowazekii (fig. 1). In ad-
dition, homologs to hicB, which is located within the
major pilus gene cluster of H. influenzae (Mhlanga-Mu-
tangadura et al. 1998), were observed in R. felis and R.
helvetica. The reading frames for the genes ftsY, polA,
hicB, and dnaE were open, while the metK genes were
found to be trandlationally disrupted in all but two spe-
cies (see below). Finaly, an ORF (orf) with no similar-
ity to genes in the public databases was observed in R.
felis (fig. 1). Base composition patterns for ftsY, polA,
hicB, dnaE, and the ORF in R. felis were similar to those
of genes that are known to be functionally constrained,
i.e., the overall genic G+C content was significantly
higher than the G+ C content at third synonymous codon
positions (table 3) (Andersson and Sharp 1996; Anders-
son and Andersson 1997). We observed small but
marked differences between members of the TG Rick-
ettsia and the SFG Rickettsia with respect to nucleotide
frequencies at synonymous third codon positions
(GC3y). Within the TG Rickettsia, the genes ftsY, polA,
and dnakE have GC35 a mean value of 17.3%, whereas
the mean GC3g value of the same genes within the SFG
Rickettsia is 23.8% (table 3).

Mutational Degradation of the metK Genes

Alignments of the metK gene sequences showed
that R. typhi and the B strain of R. prowazekii contained
complete ORFs with no observable defects, while the
metK genes in all other species contained in-frame ter-
mination codons and/or frameshift mutations (fig. 2B).
Two species, R. sibirica and R. rhipicephali, contained
termination codons in the middle region of the metK
gene. For these and other members of the SFG Rickett-
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Fic. 1.—Schematic representations of the organization of the metK gene region in Rickettsia. Thin lines indicate noncoding regions, open
boxes indicate coding regions, and shaded boxes indicate pseudogenes. The open boxes with shaded margins represent regions that are inferred

to exist but were not sequenced.

sia, numerous short insertion/deletion events were ob-
served, ranging in size from 1 to 96 bp (fig. 2B). The
metK gene sequences of the B and Madrid E strains of
R. prowazekii were found to be identical, with the ex-
ception of a single nucleotide that creates a termination
codon in the metK gene of the Madrid E strain.

To facilitate further detailed analysis, we recon-
structed the original ORFs by combining the regions
surrounding the frameshift mutations in the metkK genes
of the SFG Rickettsia. These reconstructed metK genes
were found to have GC3g values that were indistinguish-
able from the values of those with no mutational defects
(26.0% vs. 23.9% on average) (tables 3 and 4). The
reconstructed proteins showed their highest levels of se-
quence similarity to AdoMet synthetase from E. cali,
with identity values ranging from 63.2% for R. rickettsii
to 68.1% for R. helvetica (table 4).

Fossil Genes Near Extinction

We observed a surprisingly large size variation of
the intergenic sequences between the genes metK and
dnaE, ranging from 366 bp in R. prowazekii to 3,018

bp in R. felis. The 10-fold longer intergenic sequencein
R. felis is partially explained by a 2,331-bp-long ORF
with no sequence similarity to genes present in the pub-
lic databases (fig. 1). Furthermore, the other members
of the SFG Rickettsia were found to contain fragmented
remnants of the ORF identified in R. felis. However, in
these species, numerous insertion, deletion, and point
mutations have blurred the traces of the original gene.
Nevertheless, trandatable ORFs could be restored also
in these species by assuming totals of 6, 6, 7, 9, and 12
mutational events for R. sibirica, R. montana, R. hel-
vetica, R. rickettsii, and R. rhipicephali, respectively
(fig. 2C). The reconstructed fossil genes have GC3g val-
ues similar to those of the complete ORF in R. felis
(16.8% on the average vs. 19.3% for R. felis) (table 4),
suggesting that these sequences indeed once represented
functional genes. Below, we will refer to these inacti-
vated genes in the SFG Rickettsia as the fossil genes.
No obvious homology could be seen between the
DNA sequences of the metK-dnaE intergenic region of
R. felis and the metK-dnaE intergenic regions of R. typhi
and R. prowazekii. However, when the putative gene
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Table 3
Nucleotide Frequency Statistics of the ftsY, polA, hicB,
and dnakE Genes in Rickettsia Species

Gene Species Codons GCc2 GC3s>  %IDe
ftsyY .... R prowazekii 136 0.299 0.141 47.8
R. typhi 136 0.306 0.163 49.3

R. rickettsii 136 0.358 0.306 48.6

R. sibirica 136 0.363 0.321 49.3

R. montana 136 0.365 0.308 49.3

R. rhipicephali 136 0.355 0.299 49.3

R. helvetica 136 0.368 0.328 49.3

R. felis 136 0.365 0.306 49.3

polA ... R. prowazekii 867 0.298 0.168 351
R. typhi 872 0.299 0.180 35.1

R. rickettsii 875 0.323 0.215 36.2

R. sibirica 875 0.325 0.213 355

R. montana 875 0.324 0.217 36.6

R. rhipicephali 875 0.325 0.218 36.1

R. helvetica 921 0.329 0.212 353

R. felis 922 0.345 0.250 35.9

hicB ... R helvetica 113 0.280 0.162 417
R. felis 113 0.277 0.145 429

dnak ... R prowazekii 361 0.308 0.184 214
R. typhi 359 0.300 0.174 21.3

R. rickettsii 360 0.343 0.251 233

R. sibirica 360 0.344 0.257 225

R. montana 360 0.344 0.254 225

R. rhipicephali 360 0.346 0.257 22.8

R. helvetica 357 0.334 0.237 21.6

R. felis 386 0.351 0.259 22.6

aGene G+C content.
b G+C content at silent third codon positions.
¢ Percentage of identity to the homologous genes in Escherichia coli.

product of the ORF in R. felis was used to search for
sequence similarities with the tBLASTx algorithm, sev-
eral weak homologies to the intergenic regions of R.
typhi and R. prowazekii were observed.

Patterns of Deletions and Insertions

In order to place the mutational degradation of the
metK gene and the fossil genes in an evolutionary con-
text, we performed a phylogenetic analysis based on the
combined sequences of the surrounding ftsY, polA, and
dnaE genes. Neighbor-joining, maximum parsimony and
maximum likelihood methods produced trees with iden-
tical topologies, although with slightly different degrees
of statistical support for the internal nodes (fig. 2A). This
topology was in good agreement with previous phylo-
genetic reconstructions based on the 16S and 23S rRNA
and the citrate synthase gene sequences (Stothard 1995;
Raoult and Roux 1997; Roux et al. 1997; Andersson et
al. 1999). For example, R. rickettsii and R. sibirica were
found to form a very tight cluster within the SFG Rick-
ettsia, as previously observed. Similarly, we identified
R. felis as an early- diverging species within the SFG
Rickettsia, in accordance with previous phylogenetic an-
alyses (Stothard 1995).

Insertions can be distinguished from deletions by
superimposing the observed mutations onto the recon-
structed phylogeny and assuming that the mutational
events which correspond to the smallest number of
changes represent the actual events. This method has
successfully placed all frameshift mutations in the metK
gene and the fossil gene on the individual branches of
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the phylogenetic tree and unambiguously identified them
as either deletions or insertions (fig. 2B and C).

A closer inspection of the patterns of changes
showed that deletions heavily dominate over insertion
events. In total, we identified 32 deletion events from 1
to 1,354 bp, and only 9 insertion events of 1-2 bp each
(fig. 2B and C). Two deletions, of 1 and 10 bp, in the
metK gene were located at identical positionsin R. rick-
ettsii and R. sibirica, suggesting that these deletions oc-
curred prior to the divergence of the two species. All
other deletions in the metK gene were unique for each
individual lineage, suggesting that mutational degrada-
tion of the metK gene has proceeded independently in
most lineages.

A larger fraction of deletions were found to be
shared by two or more species in the fossil gene se-
quences, including a 23- bp deletion in R. rickettsii, R.
sibirica, and R. rhipicephali, as well as a termination
codon and a deletion of 1,354 bp in R. rickettsii and R.
sibirica. Also for this pseudogene, the patterns of de-
letions and insertions indicate that gene deterioration is
an ongoing process. The shared 1-bp deletion in R. rick-
ettsii, R sihirica, R. montana, and R. rhipicephali is
likely to represent one of the earliest mutational events
in the fossil gene.

The unique 24-bp deletion in the fossil gene of R.
rhipicephali was found to be flanked by a perfect 8-bp
direct repeat in al other species examined (data not
shown), suggesting that the deletion has been generated
by replication slippage. For the other 31 deletion events,
no obvious patterns in the surrounding sequences could
be detected (data not shown).

Synonymous and Nonsynonymous Substitutions

Since insertion/deletions and nucleotide substitu-
tions are expected to start accumulating in a random
manner upon gene inactivation, we expected to find a
correlation between the fixation rate for deletion/inser-
tion mutations and that for nucleotide substitutions. In
order to compare these rates, we estimated the relative
fixation rate for mutations at different codon sites by
dividing the fraction of substitutions that cause amino
acid replacements (K,) with the fraction of substitutions
at synonymous sites (K). Provided that a gene has the
same function in al species and that there are no selec-
tive constraints acting on synonymous sites, this ratio
should be a constant factor for each pair of genes that
are compared.

Indeed, the estimated K /K ratios for genes such
as polA and dnakE were approximately similar for all
pairwise comparisons within the TG and the SFG Rick-
ettsia (0.24 vs. 0.19 on average) (fig. 3). The metK gene,
on the other hand, yielded a twofold higher ratio for
members within the SFG Rickettsia (0.18) than for
members within the TG Rickettsia (0.08) (fig. 3). How-
ever, the frequency of nonsynonymous substitutions was
very small for closely related pairs, so these ratios may
be affected by statistical fluctuations. Nevertheless, the
results indicate that the metK gene was inactivated more
recently in the TG Rickettsia than in the SFG Rickettsia,
which is aso consistent with the higher frequency of
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Fic. 2—A, Phylogenetic relationship of Rickettsia species based on the combined amino acid sequences of the ftsY, polA, and dnak gene
products. Neighbor-joining, maximum parsimony and maximum likelihood methods gave identical tree topologies. Values in the boxes indicate
the percentages of 500 bootstraps in which the taxa to the right were clustered (neighbor joining in boldface, maximum parsimony in italic, and
puzzling support for maximum likelihood in normal text). Numbers above the branches are the numbers of amino acid substitutions at conserved
sites in the metK gene products. Numbers below the branches are the total humbers of amino acid substitutions at conserved sites in the ftsY,
polA, and dnaE gene products. Numbers in brackets are the numbers of conserved amino acids removed by insertions and/or deletions. B,
Patterns of deletions and insertions in the metK gene. C, Patterns of deletions and insertions in the fossil gene sequences. Triangles indicate
sites of deletion and insertion mutations. Numbers above the triangles are the estimated sizes of the deletions or insertions in base pairs. Vertica
lines show the positions of in-frame termination codons, with the identity of the stop codon indicated.

deletion mutations in the metK genes of the SFG Rick-
ettsia.

For inactivated genes, the fixation rate for nonsy-
nonymous substitution should approach the fixation rate
for synonymous substitutions. Indeed, the K /K ratios
were close to one in several pairwise comparisons of
substitution rates based on the reconstructed fossil gene
sequences (fig. 3). For a few closely related taxa, such
as, for example, R. rickettsi and R. sibirica, the total
numbers of substitutions were too few to allow accurate
measurements of substitution rates, and we therefore
combined the data for some of these species. Taken to-
gether, our data suggest that the metK genes as well as
the fossil genes have experienced an enhanced rate of
nonsynonymous substitution in addition to the accu-
mulation of termination codons and frameshift muta-
tions.

Replacements of Universally Conserved Amino Acids

A limitation of the analysis presented above is that
it does not distinguish nonsynonymous substitutions

with potentially harmful effects from amino acid re-
placements that are potentially neutral. To roughly es-
timate the fraction of potentially deleterious mutations
that have accumulated in the metK gene since its inac-
tivation, we calculated the fraction of substitutions at
sites that are otherwise universally conserved.

Multiple alignment of AdoMet synthetases from a
variety of bacteria species identified a total of 141 po-
sitions as universally conserved positions (data not
shown). Forty-nine of these positions differed in one or
more of the Rickettsia species. Single substitution or de-
letion events were observed at 34 positions. Multiple
substitution and/or deletion events were observed at 15
positions, 3 of which were excluded from the analysis
since they had changed both prior and subsequent to the
divergence of the TG and SFG Rickettsia. The remain-
ing 16 deletions and 44 substitutions could be assigned
to single branches in the phylogenetic tree (fig. 2A).
Members of the SFG Rickettsia have accumulated a total
of 3-12 substitutions at universally conserved sites since
they diverged from their nearest neighboring species. In
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Table 4
Nucleotide Frequency Statistics of the Reconstructed metK
and orf Genes in Rickettsia Species

Gene? Species Codons GCP  GC3¢ %lDd
metKk ... R prowazekii, B 329 0354 0199 64.1
f-metK .. R. prowazekii, Madrid E 329 0.354 0199 64.1
metKk ... R typhi 329 0.355 0.193 64.1
f-metk .. R rickettsii 329 0.381 0.259 62.9

R. sibirica 329 0.382 0.255 635
R. montana 329 0.382 0.268 635
R. rhipicephali 329 0.383 0.268 64.7
R. helvetica 329 0.384 0.243 675
R. felis 329 0.385 0.265 65.3
f-orf .... R rickettsii 289 0.270 0158 —
R. sibirica 289 0.272 0161 —
R. rhipicephali 289 0283 0158 —
R. montana 289 0.287 0172 —
R. helvetica 289 0283 0193 —
of ..... R. felis 289 0.287 0.193 —

aFossil genes (indicated by “‘f-"") were reconstructed as described in Mate-
rials and Methods.

b Gene G+C content.

¢G+C content at silent third codon positions.

d Percentage of identity to the homologous genes in Escherichia coli.

contrast, only one such substitution was observed in R.
prowazekii and R. typhi since their divergence from the
SFG Rickettsia.

We performed a similar analysis based on the ftsY,
polA, and dnaE genes. For these genes, 32 positions out
of 186 conserved sites in the reference alignment were
changed in one or more of the Rickettsia species (data
not shown). All changes were substitutions; five of these
were located in regions with ambiguous alignment, and
three sites had multiple substitutions. The remaining 24
substitutions were assigned to branches in the phylo-
genetic tree (fig. 2A). A large mgjority of these changes
(21) occurred prior to the divergence of the TG and SFG
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Rickettsia, and only two could be assigned to individual
branches within the Rickettsia lineage.

In summary, our analysis suggests that there is a
significant overrepresentation of amino acid substitu-
tions with potentially deleterious effects in members of
the SFG Rickettsia as compared with such substitutions
in other genes and other species. This is most likely a
reflection of relaxed selective constraints acting on the
metK gene products.

Patterns of Nucleotide Substitutions

We estimated the patterns of point substitutions in
the two pseudogenes by first reconstructing the putative
ancestral sequences for the SFG Rickettsia and then
mapping all of the changes to the individual lineages.
In total, 158 out of 987 positions were found to be var-
iable in the metK gene sequences, of which 7 sites had
accumulated 2 independent mutations. Similarly, 138
out of 867 positions were found to be variable in the
fossil gene sequences, 6 of which were associated with
multiple hits. A total of 3 sites were excluded from the
analysis because the ancestral states could not be un-
ambiguously resolved due to multiple substitutions. The
sequence data for the two pseudogenes were combined,
yielding a final data set consisting of 306 mapped mu-
tations, for which no corrections for multiple hits were
performed.

The profile of point substitutions at the individual
branches is shown in figure 4. Here, it can be seen that
transitions are by far the most prevalent type of substi-
tutions and that these are biased toward A and T nucle-
otides. The ORF in R. felis has a significantly higher
fraction of substitutions at third codon positions than at
the other two positions, as expected for an actively tran-
scribed and translated gene. Codon-specific variationsin
substitution rates were also observed for the reconstruct-

O fisY
K./K 0,80 - /
polA
0,70 W metK
0,60 4 B dnaE
Sf-orf
0,50 + .
O hicB
0,40 4
0,30 9
0,20
0,10 4
0,00 t
R. typhi SFG R. helvetica R. felis R. felis
R. prowazekii TG SFG-core SFG-core R. helvetica

Fic. 3—Ratios of nonsynonymous and synonymous substitutions (K/K) for functional genes and reconstructed pseudogenes. Specieswere
in some cases grouped together, and, for these, the average ratios of al pairwise comparisons are shown. The following Rickettsia species are
included: TG—R. prowazekii and R. typhi; SFG—R. rickettsii, R. sibirica, R. montana, R. rhipicephali, R. helvetica, and R. felis;, SFG-core—

R. rickettsii, R. sibirica, R. montana, and R. rhipicephali.
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Fic. 4—Patterns of point mutations in the metK and fossil gene sequences. The phylogenetic tree has been taken from figure 3A. Numbers
above the branches show the frequencies of substitutions at the three codon positions in the metk gene. Numbers below the branches show the
frequencies of substitutions at the three codon positions in the fossil gene sequences. The patterns of nucleotide substitutions have been estimated
from the total number of changes at all codon positions in the metK and fossil gene sequences. The frequencies of transitions (black bars) and
transversions (gray bars), as well as the fractions of GC-to-AT transitions (hatched bars) and AT-to-GC transitions (open bars), are shown.

ed metK genes in R. felis and R. helvetica, indicating
that the metK genes in these two species have been un-
der selective constraints for some time since their di-
vergence from the other SFG Rickettsia. In contrast, no
variations in substitution rates at the three codon posi-
tions for the reconstructed metK and fossil gene se-
quences could be observed for the branches leading to
R. rickettsii, R. sibirica, R. montana, and R. rhipice-
phali. This provides evidence to suggest that the metK
and fossil gene sequences in these species have been
completely inactive since their divergence. For these lin-
eages, we expect the rates and patterns of substitutions
to correspond to the rates and patterns of mutations.
To study these mutational patterns in more detail,
we estimated the rates of individual nucleotide changes
by normalizing the numbers of mutations for the un-
equal frequencies of nucleotides in the reconstructed
metK and fossil gene sequences (table 5). Here, it can
be seen that the transition from a GC pair to an AT pair
is amost 10-fold higher in frequency than the corre-
sponding transversion (0.317 vs. 0.035 on average). The

mutation pattern is strongly biased toward A and T nu-
cleotides, since the transition from a GC pair to an AT
pair is amost fivefold higher than that from AT to GC
(0.317 vs. 0.062 on average). Based on these frequen-
cies, we estimate that the expected G+C content of un-
constrained DNA sequences from the SFG Rickettsia
would be roughly 25% at equilibrium.

Short Repeated Sequences in Spacer Regions

Finally, we examined the remaining spacer regions
for nucleotide frequencies and the presence of short re-
peated sequences. Intergenic sequences have here been
defined as regions that are flanked by genes and/or pseu-
dogenes. The typica length of the intergenic regions
spanned from 32 bp, for the metK-fossil gene spacer in
R. felis, to 367 bp, for the polA-orf spacer region in R.
helvetica (table 6). In the absence of selective con-
straints, the G+ C content values for spacersin R. prow-
azekii are expected to be lower than the overall genomic
G+C content values. Indeed, intergenic regions of R.
prowazekii have G+C content values in the range of
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Table 5
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Relative Substitution Frequencies in Pseudogenes in Rickettsia

RELATIVE SUBSTITUTION FREQUENCIES?

From/To A T C G ToraLP
A, — 0.004 (1) 0.080 (19) 0.080 (19) 739
T o 0.013 (2) — 0.044 (7) 0.025 (4) 489
Covrrnn 0.042 (4) 0.293 (28) — 0.021 (2) 296
< 0.341 (36) 0.028 (3) 0.028 (3) — 327

2The rate estimates were based on 128 mapped mutations in the metK and fossil gene sequences in R. rickettsii, R. sibirica, R. montana, and R. rhipicephali.
The rate estimates were normalized for the unequal frequencies of nucleotides in the reconstructed genes. Numbers in parentheses are the numbers of individua

nucleotide changes.
b The total number of nucleotides in the reconstructed genes.

12%—31%, with a mean of 23% (Andersson and Sharp
1996; Andersson and Andersson 1997; Andersson et al.
1998). We note that the spacer sequences of the metK
gene region in R. prowazekii have G+C content values
within the expected range (23.4% on average) (table 2).
However, some intergenic regions in the SFG Rickettsia
showed the expected low G+C content values, while

others were associated with G+C content values signif-
icantly higher than the genomic G+C content values
(tables 2 and 5).

We also observed that the intergenic regions of the
SFG Rickettsia showed a much higher level of diversity
than expected. For example, the spacer sequence down-
stream of polA and upstream of the short ORF have

Table 6
Intergenic Regions: Sizes, Nucleotide Frequencies, and Inverted Repeats in Rickettsia Species
Intergenic
Regions Species La GCP IRe Loop Homology Species Matches
ftsY-polA .... R prowazekii 153 30.7 — — — — —
R. typhi 166 31.9 — — — — —
R. rickettsii 163 36.8 8/84 78 f-orf—dnakE R. rickettsii 94/115
R. sibirica 163 38.0 13/13d 78 f-orf—-dnak R. sibirica 95/115
R. montana 162 383 11/1294, 11/11 79, 13 f-orf—dnakE R. montana 94/110
R. rhipicephali 162 37.0 10/10d 83 f-orf—-dnak R. rickettsii 89/114
R. helvetica 134 34.3 33/34 45 orf—dnaE R. felis 58/77
dnakE R. helvetica 29/35
R. felis 145 39.3 — — f-orf-dnakE R. rickettsii 89/129
polA-metK ... R. prowazekii 277 24.9 — — — — —
R. typhi 286 245 — — — — —
R. rickettsii 175 30.3 8/8¢° 4 dnaE R. felis 30/32
R. sibirica 179 30.7 7/8° 4 dnaE R. felis 29/32
R. montana 124 37.1 8/8e 4 dnakE R. felis 30/32
R. rhipicephali 120 35.8 15/15¢ 4 dnakE R. felis 56/79
polA-orf ..... R. helvetica 367 245 — — — — —
R. felis 303 36.0 29/29¢ 44 dnaE R. felis 77/107
orf-metk .. ... R. helvetica 32 31.2 — — — — —
R. felis 40 30.0 — — — — —
metK-polA ... R. prowazekii 366 191 — — — — —
R. typhi 1,524 25.3 — — — — —
metK—f-orf ... R rickettsii 67 224 — — — — —
R. sibirica 67 254 — — — — —
R. montana 71 21.1 — — — — —
R. rhipicephali 70 21.4 — — — — —
R. helvetica 71 18.3 — — — — —
metK-orf .. ... R. felis 119 24.4 — — — — —
f-orf-dnak ... R rickettsii 278 41.0 17/19 144 ftsY-polA R. rickettsii 94/115
R. sihirica 280 41.1 19/21f 144 ftsY-pol A R. sihirica 95/115
R. montana 273 44.3 19/21f, 11/12d 146, 80 ftsY-polA R. sibirica 100/116
R. rhipicephali 208 4.2 18/21, 18/184 81, 3 — — —
R. helvetica 196 40.8 37/384, 16/17 96, 23 ftsY-pol A R. rhipicephali 42/43
orf-dnak .. ... R. felis 268 42.2 20/20f 147 ftsY-pol A R. sihirica 64/95
ftsY-polA R. helvetica 58/72
dnak ........ R. felis 1,161 35.1 12/12, 8/8¢ 103, 4 polA-orf R. felis 771107

aSize of intergenic region (in nucleotides).
b G+C content of intergenic region.
¢ Inverted repeat.

dInverted repeat contains two copies of CGTCATTGCGAG with at most one mismatch.
¢ |Inverted repeat contains a perfect copy of the RS3 sequence 5'-ATTCCC-3’ and 5'-GGGAAT-3' (Haas and Meyer 1986).
f Intergenic region contains at least one copy of the sequence CGTCATTGCGAG with at most one mismatch not associated with the inverted repeat.
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G+C content values of 24.5% and 36.0% in R. helvetica
and R. felis, respectively (table 6). Further analysis
showed that this striking difference is explained by the
presence of short inverted repeats in some intergenic
regions but not in others (table 6). Although the posi-
tions and sequences of the inverted repeats were not
generaly conserved among species, some notable sim-
ilarities were detected.

For example, a core sequence (5'-CGTTCA-
TTGCGAG-3') was part of the inverted repeat located
within the ftsY-polA spacer regions in R. rickettsii, R.
sibirica, R. montana, and R. rhipicephali as well as of
the inverted repeat in the fossil-gene—dnaE spacer region
in R. montana and R. rhipicephali (table 6). This core
sequence was also detected as a single-copy sequence
in the fossil-gene—dnaE spacer region in R. rickettsii, R.
sibirica, and R. helvetica (table 6). However, the overall
sequence similarity between the ftsY-pol A intergenic re-
gion and the fossil-gene—dnaE spacer region could not
be explained solely by the presence of inverted repeats,
nor was the similarity particularly strong for spacer se-
quences within the same genome. For example, 58 out
of 77 residues in the ftsY-polA intergenic region of R.
helvetica were found to be identical to those in the
downstream region of dnak in R. felis but not to the
corresponding region in R. helvetica (table 6).

Another motif identified in several species was the
RS3 core sequence (5'-ATTCCC-3' and 5'-GGGAAT-
3") which has been extensively studied in Neisseria spe-
cies (Haas and Meyer 1986). RS3 repeats are common
in noncoding regions of Neisseria species, where they
may be involved in the shuffling of genetic information
within and between genomes so as to create antigenic
variation (Haas and Meyer 1986; Seiler et al. 1996). The
RS3-like sequence motif was perfectly conserved in the
pol A-metK spacer regions of R. rickettsii, R. sibirica, R.
montana, R. rhipicephali, and R. felis (table 6). Surpris-
ingly, an RS3-like sequence could also be identified
within the dnak gene of R. felis, in a region in which
77 out of 107 nucleotides were identical to those in the
pol A-metK spacer region of R. felis (table 6). Thisregion
of the dnak geneisuniqueto R. felis, and no similarities
were detected in the dnaE genes of the other rickettsial
species. Close inspection of the 29/29 hairpin in the
polA-metK spacer revealed that each arm consisted of
an inverted repeat similar to the inverted repeats ob-
served in the pol A-metK spacer regions of R. rickettsii,
R. sibirica, R. montana, and R. rhipicephali.

In contrast to the apparent abundance of short re-
peated sequences in the genomes of the SFG Rickettsia,
no such repeats were detected in the TG Rickettsia in
this region. Searches against the entire R. prowazekii
genome sequence using the inverted repeats failed to
reveal any significant similarities, indicating that the ab-
sence of short repeats may be a general characteristic of
the TG Rickettsia genomes.

Discussion

Bacterial transitions to intracellular environments
are thought to be associated with massive losses of ge-

netic information (Andersson and Kurland 1995, 1998).
This is because many otherwise essential genes become
redundant under the influence of the host genome and
the enzymatic activities of the host cytoplasm. Provided
that the loss of genes such as those encoding biosyn-
thetic functions can be compensated for by an increased
repertoire of transport functions, these losses may not
be deleterious for the organism. Not surprisingly, epi-
or intracellular parasites tend to have much lower frac-
tions of genes coding for biosynthetic functions than do
free-living bacteria (Fraser et a. 1995, 1997; Andersson
et al. 1998).

In addition, small population sizes in combination
with low recombination frequencies and recurrent bot-
tlenecks during transmission between hosts may support
the accumulation of irreversible genomic defects by a
process commonly referred to as Muller’s ratchet (Mull-
er 1964; Felsenstein 1974). Whereas a duplication event
can in principle be restored by a matching deletion
event, the removal of a sequence may be irreversible in
small bacterial populations with low recombination fre-
quencies. Increased fixation rates for deletions may
therefore be expected in small, asexual bacterial popu-
lations (Andersson and Kurland 1995, 1998).

In short, there may be a variety of explanations for
gene loss in intracellular parasites, including (1) alocal
relaxation of selection for a subset of genes caused by
the exploitation of the corresponding gene products
from the host; (2) a reduced efficiency of selection
caused by small population sizes, bottlenecks, and low
recombination frequencies; and (3) direct selection for
small genomes and small bacterial cell volumes to en-
sure rapid replication and large burst sizes (Andersson
and Kurland 1995, 1998). In this study, we have pre-
sented evidence to suggest that the metK gene, which
codes for AdoMet synthetase, is gradually decaying in
a number of Rickettsia species.

Given the variety of possible reasons for gene loss,
we may wonder: why is the metK gene being degraded?
A trivial explanation would be that AdoMet, the product
of the reaction catalyzed by AdoMet synthetase is no
longer needed by the cell. This seems unlikely, since
many genes coding for enzymes that utilize AdoMet
have been identified in the R. prowazekii genome, such
as, for example genes involved in ubiquinone biosyn-
thesis (Andersson et al. 1996, 1998). Another trivial ex-
planation would be that the metK gene function is re-
dundant. However, only one single copy of the metK
gene was identified in the complete genome sequence
(Andersson et al. 1998), as also supported by a Southern
blot analysis (Andersson and Andersson 1997). A more
likely explanation is that the Rickettsia have rather re-
cently invented an import system for AdoMet. If so, the
metK gene would have been free to start accumulating
mutations as soon as the intracellular concentration of
imported AdoMet reached acceptable concentrations.
Uptake of AdoMet has previously been demonstrated in
American Leishmania promastigotes, as well as in mi-
tochondria (Avila and Polegre 1993; Horne, Holloway,
and Eagner 1997). Thus, the observed degradation of
the metK genes is most likely explained by a local re-
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laxation of selection caused by the invention of transport
systems for AdoMet, rather than an overall reduced ef-
ficiency of selection related to Muller’s ratchet.

We detected remnants of a second gene immedi-
ately downstream of the metK genesin R. rickettsii, R.
sibirica, R. montana, R. rhipicephali, and R. helvetica.
However, the same thorough analysis could not be done
for this gene because of the lack of protein homologs
with known functions. Nevertheless, the codon usage
patterns of the reconstructed fossil genes suggest that
this gene was also once an actively transcribed and
translated gene (table 4). However, the ratios of nonsy-
nonymous to synonymous substitutions for the recon-
structed fossil genes were found to be very high, in the
range of 0.6-0.7, suggesting that nonsynonymous sub-
stitutions are approaching neutrality. Since there are no
similarities to genes in the public databases, we have no
clues as to what the function of this gene might have
been or why it is currently being eliminated. However,
it is conceivable that one or more promoter mutations
upstream of the metK gene simultaneously inactivated
both the metK and the fossil genes. If so, the silencing
of the fossil gene may be best viewed as a side effect
of the metK gene inactivation.

We have shown that the metK gene has been de-
stroyed by mutations in at least seven different species
of the genus Rickettsia. The positions of the observed
insertion/deletion mutations were not conserved except
for a few deletions that were shared between the two
most closely related species, R. rickettsii and R. sibirica.
The extensive decay of the metK gene in the SFG Rick-
ettsia suggests that the inactivation of the metK gene
occurred much earlier in this group than in the TG Rick-
ettsia. In fact, the sole in-frame termination codon in the
metK gene in the Madrid E strain of R. prowazekii is
the first obvious sign of degradation in the TG Rickett-
sia. Since the termination codon is not present in the B
strain of R. prowazekii, it was probably created as re-
cently as within the last few million years in the Madrid
E strain.

The patterns of amino acid substitution along the
branches with deletions in the metK genes al'so support
an earlier inactivation within the SFG Rickettsia. Where-
as five universally conserved amino acids on average
have been substituted within each member of the SFG
Rickettsia, only one such replacement mutation could be
detected in the TG Rickettsia. Furthermore, at least one
universally conserved amino acid has been lost by de-
letion in each lineage within the SFG Rickettsia. Again,
no such deletions could be detected in the TG Rickettsia.
Finaly, alower ratio of nonsynonymous to synonymous
substitutions also indicates that the inactivation of the
metK gene occurred more recently in the TG Rickettsia
than in the SFG Rickettsia.

An alternative interpretation is that the metK gene
was inactivated only once, but that the rates of deletion
and substitution mutations have differed among the
Rickettsia species, perhaps because of differences in
lifestyles. One such difference between the two groups
of Rickettsia is the vector system used for transmission;
whereas R. felis and the TG Rickettsia are established
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in insects, hard body ticks are the principle vectors for
the SFG Rickettsia. Unfortunately, parameters such as
growth properties, population sizes, and occurrence of
bottlenecks in the different vectors and hosts are not
very well known, but it seems unlikely that the average
generation time would have differed widely for the lin-
eages giving rise to the TG and SFG Rickettsia. The
most likely scenario may be that an uptake system for
AdoMet was acquired or invented only once, presum-
ably prior to the divergence of the TG and the SFG
Rickettsia. However, the time elapsed from the acqui-
sition of an import system for AdoMet until fixation of
the first inactivation mutation in the metK gene may
have varied among the different lineages.

Nevertheless, the patterns of changes in the inac-
tivated genes were found to be very similar in the dif-
ferent species. In particular, the frequency of deletions
was much higher than the frequency of insertions for
both pseudogenes in all lineages. One of the deletions
in the fossil gene sequence in R. rhipicephali was
flanked by aregion containing a direct repeat in al other
rickettsial species, suggesting that the repeat may have
been the site of slippage replication. Similarly, several
sites of deletions/insertions in the spacer region of the
fmt and 23S rRNA genes were found to be flanked by
short direct repeat sequences (Andersson et al. 1999).
The strong predominance of deletion mutations implies
that there is a general trend toward genomic shrinkage
in Rickettsia under neutral conditions.

The data presented in this study may aso be used
to estimate spontaneous mutation frequencies, which are
not very well known for bacteria. The analysis of the
metK and fossil genes in the SFG Rickettsia indicate that
the frequencies of different nucleotide substitutions are
far from equal. The greatest biasisin the high frequency
of transitions from GC to AT, which are on average
twice as frequent as transitions from AT to GC. Thisis
consistent with our expectations that the elevated A+T
content of noncoding DNA and the characteristic gra-
dient in G+C content at the three codon positions in R.
prowazekii genes are primarily caused by a strong mu-
tational bias (Andersson and Sharp 1996; Andersson and
Andersson 1997; Andersson et al. 1998). However, it is
notable that transversions from A to C occur as fre-
quently as transitions from A to G and twice as often at
transitions from T to C. Since the genomic locations of
the pseudogenes in the SFG Rickettsia are at present
unknown, we do not know the extent to which the pat-
terns of substitutions may be accounted for by strand-
specific mutation biases.

The pattern of point mutations in Rickettsia is sim-
ilar to that in Drosophila and mammals to the extent
that transitions occur on average more frequently than
do transversions (Li, Wu, and Luo 1984; Petrov and
Hartl 1999). Furthermore, the highest proportion of nu-
cleotide changesisfor Cto T and G to A in Rickettsia
as well as in Drosophila and mammals (Li, Wu, and
Luo 1984; Petrov and Hartl 1999). However, thisis most
likely attributable to sheer coincidence due to the selec-
tion of genomes for anaysis, rather than to any con-
served pattern of point mutations in diverse organisms.
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From this perspective, it would be particularly interest-
ing to examine the patterns of point mutationsin G+C-
biased microbial genomes.

We expect sequence similarities between the TG
and SFG Rickettsia to be recognizable in the intergenic
regions, provided these regions have evolved solely by
single-base changes as well as small deletion/insertion
events and given that the frequency of synonymous sub-
stitutions is typically less than 0.30 in pairwise com-
parisons across the two groups. Indeed, for a short in-
tergenic region downstream of the metK gene, we ob-
served the expected sequence similarity. However, other
intergenic regions seem to have evolved in a more com-
plex way. For example, G+C-rich inverted repeats are
common in the intergenic regions of the SFG Rickettsia
but not in the TG Rickettsia. We also identified short
sequences that are identical to the so-called RS3 repeats
of Neisseria species, which have been associated with
DNA mobility (Haas and Meyer 1986; Seiler et al.
1996). An RS3-like sequence has been inserted into the
dnakE gene of R. felis, suggesting that inverted repeats
with RS3-like sequences might be mobile in the Rick-
ettsia genome. Transpositions and/or differential loss of
longer sequence segments could provide an explanation
for the apparent lack of sequence similarity in many
intergenic regions of the TG and the SFG Rickettsia.
Inverted repeats were found to be very rare in the com-
plete R. prowazekii genome (Andersson et al. 1998),
suggesting that the lack of repeated sequences may be
a general feature of the TG Rickettsia.

Elimination of gene sequences is likely to be ini-
tiated upon transitions to intracellular environments.
Differences in genome sizes of intracellular parasites
may reflect the time elapsed since the transition to the
intracellular lifestyle and the efficiency with which nov-
el transport systems have been invented, as well as dif-
ferences in rates and patterns of deletion and insertion
events. Systematic comparisons of the rates and patterns
of gene degradation in obligate intracellular parasites of
different phylogenetic affiliations are required in order
to fully understand the evolutionary factors responsible
for converting large genomes of free-living organisms
into small genomes of intracellular parasites. In this
way, the rates and patterns of point mutations, deletion
as well as other mechanisms leading to genomic decay
may be quantified.
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