
International Journal of Systematic and Evolutionary Microbiology (2001), 51, 203–220 Printed in Great Britain

Molecular evolution of the Chlamydiaceae

Robin M. Bush1 and Karin D. E. Everett2

Author for correspondence: Karin D. E. Everett. Tel : 1 706 583 0237. Fax: 1 706 542 5771.
e-mail : keverett!calc.vet.uga.edu or kdeeverett!hotmail.com

1 Department of Ecology
and Evolutionary Biology,
University of California,
Irvine, CA 92697, USA

2 Department of Medical
Microbiology and
Parasitology, College of
Veterinary Medicine,
University of Georgia,
Athens, GA 30602, USA

Phylogenetic analyses of surface antigens and other chlamydial proteins were

used to reconstruct the evolution of the Chlamydiaceae. Trees for all five

coding genes [the major outer-membrane protein (MOMP), GroEL chaperonin,

KDO-transferase, small cysteine-rich lipoprotein and 60 kDa cysteine-rich

protein] supported the current organization of the family Chlamydiaceae,

which is based on ribosomal, biochemical, serological, ecological and

DNA–DNA hybridization data. Genetic distances between some species were

quite large, so phylogenies were evaluated for robustness by comparing

analyses of both nucleotide and protein sequences using a variety of

algorithms (neighbour-joining, maximum-likelihood, maximum-parsimony

with bootstrapping, and quartet puzzling). Saturation plots identified areas of

the trees in which factors other than relatedness may have determined branch

attachments. All nine species were clearly differentiated by distinctness ratios

calculated for each gene. The distribution of virulence traits such as host and

tissue tropism were mapped onto the consensus phylogeny. Closely related

species were no more likely to share virulence characters than were more

distantly related species. This phylogenetically disjunct distribution of

virulence traits could not be explained by lateral transfer of the genes we

studied, since we found no evidence for lateral gene transfer above the species

level. One interpretation of this observation is that when chlamydiae gain

access to a new niche, such as a new host or tissue, significant adaptation

ensues and the virulence phenotype of the new species reflects adaptation to

its environment more strongly than it reflects its ancestry.

Keywords : Chlamydia, Chlamydophila, Chlamydiales, phylogeny, intracellular
bacteria

INTRODUCTION

Bacteria in the family Chlamydiaceae are obligately
intracellular parasites that infect a diverse array of
vertebrates. Chlamydiae cause a wide variety of health
problems, including spontaneous abortion in live-
stock, systemic disease in birds and both endemic and
zoonotic infection of humans (Herring, 1993; Everett
& Andersen, 1997). In humans, chlamydiae are the
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This paper is dedicated to the late Jan Ursing, Associate Editor of IJSB,

who was extraordinarily helpful with our paper on reclassification of

Chlamydiales.

Abbreviations: INDELs, insertions and deletions; LGT, lateral gene trans-

fer ; ML, maximum-likelihood; MOMP, major outer-membrane protein;

MP, maximum-parsimony; NJ, neighbour-joining; QP, quartet puzzling.

The GenBank accession numbers for the scanned and new data produced in

this study are AF269256–AF269282 and AF240773.

leading cause of preventable blindness and sexually
transmitted disease and have suspected links to cardio-
vascular disease (Campbell et al., 1998; Schachter,
1999). The evolutionary processes responsible for this
diverse array of virulence phenotypes have long been
of interest. Previous evolutionary studies of the
Chlamydiaceae involved phylogenetic reconstruction
using rRNA genes (Fig. 1a) (Everett et al., 1999a) and
the gene for the major outer-membrane protein
(MOMP) (Fitch et al., 1993). Examinations of chla-
mydial mechanisms of disease, virulence determinants
and genome structure have produced a rich set of
sequence data for additional coding genes (reviewed
by Stephens, 1999; also Kalman et al., 1999; Read et
al., 2000). We have used the available data to study the
extent to which the evolutionary history of genes in
the family Chlamydiaceae explains the distribution of
virulence phenotypes among chlamydial species.
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Fig. 1. Genetic structure of the order Chlamydiales. The tree on the left (a) depicts the recent taxonomic revision of the
Chlamydiales (Everett et al., 1999a; Rurangirwa et al., 1999). Horizontal distances are roughly proportional to genetic
distances as measured by 16S rRNA sequence data and DNA–DNA hybridization. A list of typical hosts illustrates the
ecological heterogeneity of Chlamydiaceae species. Parachlamydiaceae are found in amoebae, and a second genus in this
family, Neochlamydia, has recently been described (Horn et al., 2000). Host ranges of strains outside the Chlamydiaceae
are not yet well resolved. Curved nodes show where the order of divergence is still unresolved. (b) Taxonomy of the
Chlamydiales prior to revision.

Prior to the availability of molecular and genetic
phylogenies, our ability to study virulence within an
evolutionary context was severely limited. The in-
tracellular lifestyle of chlamydiae obscures phenotypic
characters and causes difficulties in isolation, culture
and identification. In the absence of genetic analysis,
only a small set of biochemical, physiological, mor-
phological, serological and DNA–DNA hybridization
data can be used to distinguish chlamydial species
(reviewed by Everett et al., 1999a). Those characters
allowed the identification of only four chlamydial
species (Fig. 1b). However, several of the four species
clearly encompassed clusters of biologically and eco-
logically differentiated strains (Herring, 1993), a prob-
lem corrected by our recent taxonomic revision
(Fig. 1a, Table 1) (Everett et al., 1999a).

Previous efforts to correlate genetic sequence variation
with virulence phenotype among serotypically dis-
tinguishable chlamydiae were primarily undertaken
through analysis of the MOMP gene, a surface antigen
(Baehr et al., 1988; Carter et al., 1991; Fitch et al.,
1993; Kaltenboeck et al., 1993; Stephens et al., 1987;
Zhang et al., 1993). According to Stothard et al.
(1998), MOMP sequence variation appears to be a
microevolutionary response to immune pressure. Vari-
ation in a few Chlamydia trachomatis MOMP
sequences has also been explained by invoking lateral
gene transfer (LGT) (Fitch et al., 1993; Hayes et al.,
1994). Recent studies showing that a large number of
sequences in the genomes of both Chlamydia tracho-
matis and Chlamydophila pneumoniae appear to be

distantly related to genes in plants and other organisms
has encouraged such hypotheses (Stephens et al., 1998;
Wolf et al., 1999). Doolittle (1999) suggests that lateral
transfer is a frequently observed method for trans-
ferring virulence traits among free-living bacterial
species. However, Stiller & Hall (1999) caution that
apparent LGT can also be readily inferred from an
erroneous phylogeny. The potential for making such
an error is great in the chlamydiae, as homoplasy and
the lack of appropriate outgroups make chlamydial
phylogenetics problematic (Everett et al., 1999a;
Herrmann et al., 2000; Pettersson et al., 1997). Thus,
one goal of this work is to examine the hypothesis of
lateral transfer within the Chlamydiaceae.

The molecular genetic analyses that contributed to the
phylogenetic revision illustrated in Fig. 1(a) were
limited to the 16S and 23S full-length ribosomal genes.
Our current investigation focuses on coding genes for
which multiple sequences are available from diverse
chlamydial species. These include MOMP, the small
cysteine-rich lipoprotein, and the 60 kDa cysteine-rich
protein, all components of the bacterial envelope. We
have also studied the GroEL chaperonin, which is
involved in the stimulation of host inflammatory
responses and scarring (LaVerda et al., 1999), KDO-
transferase, which is required for synthesis of LPS, a
surface-exposed lipopolysaccharide, and an expanded
ribosomal dataset. We examine the evolution of these
six genetic loci with respect to the distribution of
virulence traits in the Chlamydiaceae. We examine the
genetic isolation of the newly described chlamydial
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Table 1. Virulence traits associated with natural infections by Chlamydiaceae
......................................................................................................................................................................................................................................................................................................................................................................................................................

These data do not include cross-species experimental studies or cases of disease in immunocompromised hosts. Cases were excluded when the species of infecting
chlamydiae was not conclusively confirmed by genetic or other analysis (e.g. Moazed et al., 1998; Hemsley & Canfield, 1996, 1997; Page, 1966, 1967; Saikku et al., 1998;
Batta et al., 1999; Kik et al., 1997; Cotter et al., 1997; Amin & Wilsmore, 1995; Yang et al., 1983). References : Chlamydia trachomatis (Branigan et al., 1996; Gerard et
al., 1998; Koehler et al., 1997; de la Monte & Hutchins, 1985; Stagg et al., 1996; Stephens, 1999; Wilkinson et al., 1998; Zollner et al., 1993) ; Chlamydia suis (Carrasco et
al., 2000; Chae et al., 1999; Nietfeld et al., 1997; Rogers et al., 1996; Rogers & Andersen, 1996; Sharma et al., 1999) ; Chlamydia muridarum (Fox et al., 1993, 1994;
Hildebrandt, 1982; Lindsey et al., 1982; Nigg, 1942; Perry & Hughes, 1999) ; Chlamydophila psittaci (Grimes, 1985; Storz et al., 1963; Takahashi et al., 1988a, b;
Vanrompay et al., 1995) ; Chlamydophila pneumoniae (Balin et al., 1998; Forsey & Darougar, 1984; Glassick et al., 1996; Jackson et al., 1997; McChesney et al., 1982;
Mair & Wills, 1992; Moazed et al., 1998; Wardrop et al., 1999; Wilkinson et al., 1998) ; Chlamydophila pecorum (Glassick et al., 1996; Hemsley & Canfield, 1996; Jones et
al., 1998; Page, 1966; Philips & Clarkson, 1998; Rodolakis & Souriau, 1992; Takahashi et al., 1988b); Chlamydophila felis (Gaillard et al., 1984; TerWee et al., 1998) ;
Chlamydophila caviae (Gordon et al., 1966; Murray, 1964; Patterson & Rank, 1996; Prain & Pearce, 1989; Rank et al., 1981, 1985, 1993; Rank & Sanders, 1992) ;
Chlamydophila abortus (Amin & Wilsmore, 1995; Andersen, 1991; Clarkson & Philips, 1997; Denamur et al., 1991; Guscetti et al., 1998; Jones et al., 1998; Page, 1966,
1967; Rodolakis et al., 1989; Storz et al., 1960). , Published; blank, unpublished or unknown; dissemination in blood, published or inferred from publication.
Information may be incomplete due to limited data for some species.

Chlamydia Chlamydophila

trachomatis suis muridarum psittaci pneumoniae pecorum felis caviae abortus

Route of entry Pharynx, eye,

genital, rectal

Pharynx Pharynx,

genital

Pharynx,

eye,

genital

Pharynx, eye Oral Pharynx,

eye,

genital

Pharynx,

eye,

genital,

urethral

Oral,

genital

Disseminated in

bloodstream

     

Asymptomatic

persistence in host

      

Typical host (s) Humans Swine Mice,

hamsters

Birds* Humans,

koalas*,

horses

Cattle,

sheep, goats,

pigs, koalas

House cats* Guinea pigs Sheep,

mammals*

Infected tissues Eye†, genital, joints,

neonate lung, prostate

Eye†,

intestine,

lung

Genital,

intestine,

liver, lung,

kidney,

spleen

Brain,

eye†,

genital, intestine,

liver, lung,

spleen

Arteries,

brain,

joints,

lung

Bladder,

brain,

eye†,

intestine, lymph,

joints,

prostate

Eye†,

genital,

joints,

lung

Bladder,

eye†,

genital,

lung

Intestine,

placenta,

spleen,

fetal liver

* Strains or biovars of these chlamydial species are occasionally found in alternate hosts. For example, Chlamydophila psittaci, Chlamydophila abortus and Chlamydophila felis
have been found in humans (Schachter et al., 1969; CDC, 1998; Herring, 1993; Jorgensen, 1997), with mortality particularly associated with Chlamydophila psittaci pneumonitis
and Chlamydophila abortus abortion. Chlamydophila psittaci has been found in dying tortoises (Vanrompay et al., 1994), a cat (Lipman et al., 1994) and cattle (Cox et al., 1998;
Page, 1967) ; Chlamydophila pneumoniae was associated with disease in a dying giant barred frog in Australia (Berger et al., 1999) and in frogs imported to the USA from Africa
(Reed et al., 2000).

†Conjunctiva of the eye.
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species and look for evidence that LGT might have
influenced the distribution of virulence traits among
chlamydial species. Our ultimate goal is to use studies
of the molecular evolution of genes involved in
immunity and disease to better understand how
virulence and survival strategies have evolved among
chlamydial species.

METHODS

Sequence acquisition and alignment. Several sequences
were provided prior to release by R. J. Birtles, B. Herrmann,
B. Kaltenboeck and F. R. Ruringawa. Sequences available
in GenBank as of December 1999 were obtained for the
ribosomal operon, GroEL chaperonin, KDO-transferase,
the cysteine-rich lipoprotein, the 60 kDa cysteine-rich pro-
tein and MOMP. Use of Chlamydia trachomatis MOMP
sequences (from the 55 in GenBank) was limited to selected
serotypes. Additional MOMP sequences for FP Baker, FP
Cello, GPIC and MN Zhang were scanned from the original
publications (May et al., 1996; Zhang et al., 1989). Re-
sequencing of the FP Cello and FP Baker MOMP genes
showed them to be identical to one another. Portions of the
16S rRNA gene from N16 and all of the 16S rRNA gene
from SFPD were resequenced. The lipoprotein genes from
B}TW-5}OT and L2}434}BU were also resequenced and
minor corrections were made as necessary (see Figures).
New MOMP sequences were determined by W. A. Hambly;
new lipoprotein, 60 kDa, and some additional MOMP
sequences, were determined by K. D. E. Everett. Sequences
were assembled using Sequencher data analysis software
(Gene Codes). All new sequences were double-stranded data
obtained directly from PCR products using automated
DNA cycle sequencing and fluorescent dye terminators
(Rosenblum et al., 1997). Sequencing and oligonucleotide
primer synthesis were performed by the Iowa State Uni-
versity DNA Sequencing and Synthesis Facility, Ames, IA,
USA. Bacterial strains and GenBank accession numbers
(including multiple strains with identical sequences)
are noted in the Figures and documented in GenBank
and in original publications. Scanned and new data pro-
duced in this study have GenBank accession numbers
AF269256–AF269282 and AF240773.

Sequences were aligned using   (Thompson et al.,
1994) and corrected by eye. Outgroups were identified by
using  searches (http:}}www.ncbi.nlm.nih.gov). Satu-
ration plots (see below) were used to identify appropriate
outgroup sequences. Excessive homoplasy prevented the use
of outgroups, except for rRNA and GroEL. The analyses of
three genes (the GroEL chaperonin, the 60 kDa cysteine-
rich protein and KDO-transferase) each included a small
number of sequences that were substantially shorter than the
rest of the sequences in those datasets. These short sequences
were included because they were representative of poorly
sampled species. Short sequences were used only if their
inclusion did not alter the structure of the tree produced
using full-length sequences. Sequence alignments can be
obtained from R. M. Bush (rmbush!uci.edu) or as supple-
mentary data in IJSEM Online (http:}}ijs.sgmjournals.
org}).

MOMP (ompA, omp*). MOMP is a surface-exposed porin
that, upon reduction in the host cell, permits the entry of
essential molecules and nutrients and may permit the exit of
virulence factors. Genetic variation in the four hypervariable
MOMP segments suggests that these are under intense
selective pressure by host immune systems (Brunham et al.,

1994; Stothard et al., 1998). The aligned ompA dataset of
1236 nucleotides (412 residues) contained 58 sequences
representing all nine species in the Chlamydiaceae. We
analysed sequences starting with the N-terminus of the post-
translationally processed protein because the 22}23-residue
signal sequence data can sometimes include PCR ampli-
fication primer sequences. N-terminal data were missing
from LW508 (14 residues), LW613 (16 residues), and 66p130
(22 residues), and 12 residues were missing at their C-
termini. Skua R54 was missing 30 N-terminal residues and
11 C-terminal residues. Chlamydia suis and Chlamydophila
abortus sequences numbered AJ004873–AJ005617 were
missing 37 C-terminal residues. The aligned protein dataset
was analysed both with and without the four hypervariable
segments (Fitch et al., 1993), which were difficult to align. In
our aligned dataset these are residues 88–109, 165–190,
254–269 and 322–356.

GroEL chaperonin (encoded by the gene known as groEL or
hypB). GroEL chaperonin triggers host inflammation and
subsequent scarring (Ward, 1995). The aligned groEL
chaperonin dataset of 1632 nucleotide positions (544
residues) contained 11 sequences representing seven Chlamy-
diaceae species. Three sequences, B577, AR-388 and FcStra,
lacked 22 residues on the 5« end and 25 residues on the 3« end.
The ‘pigeon’ sequence lacked the first 128 residues. We
included one outgroup sequence, from Rhodothermus
marinus, in the analysis.

KDO-transferase (kdtA ; previously gseA). KDO-transferase
catalyses the addition of three 3-deoxy--manno-2-octu-
losonic acid molecules onto lipid A precursors in the
synthesis of chlamydial LPS. LPSs are generally endotoxins
in Gram-negative bacteria, and chlamydial LPS is a mitogen.
However, there is little evidence for chlamydial LPS induced
endotoxic shock (Kosma, 1999), despite evidence for trans-
port of most chlamydial species in the bloodstream (Table
1). The aligned kdtA dataset of 1314 nucleotide positions
(438 residues) contained 13 sequences representing five
species from the Chlamydiaceae. Sequences from strains
B577, FcStra and AR-388 each lacked 69 residues on the 5«
end and 108 residues on the 3« end.

Small cysteine-rich lipoprotein (omp3, envA, omcA, omlA).
The cysteine-rich lipoprotein is an important structural
constituent of the chlamydial outer envelope (Hatch, 1996).
The aligned small cysteine-rich lipoprotein dataset of 279
aligned nucleotide positions (93 residues) contained seven
sequences representing five species from the Chlamydiaceae.

Large cysteine-rich 60 kDa protein (omp2, ompB, envB, omcB,
cmcB). The 60 kDa cysteine-rich protein is a periplasmic
structural constituent of the chlamydial envelope (Hatch,
1996). The aligned 60 kDa cysteine-rich protein dataset of
1677 nucleotides (559 residues) contained 14 sequences
representing six species from the Chlamydiaceae. Four
sequences, KC, N16, E58 and Koala lacked 380 of the 559
residues. These sequences began at residue 12 and ended
around residue 191.

Ribosomal operon and ribosomal construct. Full-length
sequence data for the entire ribosomal operon are available
for at least two strains in each of six species. Data for only
one full-length operon is available for each of Chlamydophila
caviae, Chlamydophila felis and Chlamydophila abortus. The
sequence data for isolate N16 are not full-length, beginning
at position 53. Two different ribosomal datasets were
analysed. Each was a subset of the full-length, contiguous
16S and 23S rRNA data. The dataset we termed the
‘ribosomal operon’ was a contiguous dataset containing

206 International Journal of Systematic and Evolutionary Microbiology 51



Molecular evolution of the Chlamydiaceae

2708 aligned nucleotide positions that started at position 8
of the 1566 bp 16S rRNA gene (Escherichia coli numbering),
continued through the16S}23S intergenic spacer, and in-
cluded the most diverse segment (the first 851 bases) of the
approximately 3000 bp 23S rRNA gene. We also analysed a
dataset called the ‘ribosomal construct ’, which was the
‘ribosomal operon’ with the genetically heterogeneous (and
thus difficult to align) intergenic spacer removed. (There was
almost no sequence identity between the Chlamydiaceae and
outgroup families in the intergenic spacer.) This permitted
an analysis of 20 chlamydial isolates representing all
nine Chlamydiaceae species. Outgroup sequences were ob-
tained and used for three recently described families in
the Chlamydiales : Parachlamydiaceae, Simkaniaceae and
Waddliaceae.

Phylogenetic analysis. Phylogenetic trees were constructed
using * version 4.0b4 (Swofford, 2000). A variety of
algorithms were used: quartet puzzling (QP), maximum-
likelihood (ML), maximum-parsimony (MP) and
neighbour-joining (NJ). MP and NJ analyses were run 10
times, randomizing in each run the order in which the
sequences were input. All analyses except QP were run using
both nucleotide sequences and the corresponding amino
acids for coding genes. The QP nucleotide trees are shown in
the Figures, and variation among trees produced in different
analyses is described in the results. Reliability values from
the QP analysis are shown for each node when greater than
or equal to 75%. These values are the percentage of times a
node was seen in 1000 of the intermediate trees produced in
the QP routine (Strimmer & von Haeseler, 1996). For MP
analyses, the tree bisection–reconnection branch swapping
option of the heuristic search routine was used. MP
bootstrap values are shown parenthetically with correspond-
ing QP reliability values when the bootstrap values were less
than or equal to 75%. The phylogenetic distribution of
insertions and deletions (INDELs) was examined by eye
(Gupta, 1998).

Genetic differentiation of chlamydial species. Distinctness
ratios contrast the genetic distances between groups of
isolates with respect to the variation within those groups
(Palys et al., 1997). When a distinctness ratio calculated
using one sequence or gene differs greatly from ratios
calculated using other sequences or genes, the data should be
examined for recombination events, strain contamination or
misidentification of isolates. A distinctness ratio is the ratio
of the mean between-taxa genetic divergence to mean within-
taxon divergence. The mean within-taxon divergence for a
species pair is the mean of the two within-taxon divergence
values. Mean distinctness ratios were calculated across all
pairwise comparisons of nucleotide sequences for all six loci.
Gapped positions were not included in these calculations.
According to the criteria of Palys et al. (1997), distinctness
ratios of two or greater are sufficient to define genetically
distinct species. Distinctness ratios were calculated for the
MOMP gene and the ribosomal operon with and without
the four variable segments and the intergenic spacer,
respectively.

Saturation analysis. Saturation plots were used to evaluate
the degree of homoplasy in each dataset. A saturation plot
contrasts the phyletic and percentage pairwise genetic
distances between pairs of isolates (Vuillaumier et al., 1997).
The percentage pairwise genetic distance between two
sequences was calculated as the percentage of non-gapped
nucleotide positions at which the two sequences differed.
The phyletic distance used was the ML estimate of genetic
distance between two isolates produced in the QP analyses,

in nucleotide substitutions per site. When pairwise and
phyletic distances are identical, the slope of a regression line
drawn through the points on a saturation plot is linear and
has a slope of 1. Phyletic distances increase more rapidly
than pairwise distances when multiple nucleotide changes
per position occur over time. As the frequency of multiple
mutations per position increases, the correlation between the
phyletic and pairwise distance declines. When no correlation
remains (as the slope approaches zero), mutational satu-
ration is said to have occurred, and processes such as long-
branch attraction (Felsenstein, 1978) rather than relatedness
might be determining the attachment of branches between
distantly related clades. Saturation plots were useful for
evaluating the appropriateness of potential outgroups for
the Chlamydiaceae and for evaluating homoplasy within the
Chlamydiaceae as well.

RESULTS

MOMP

The unrooted MOMP QP tree contained sequences
from all nine species in the Chlamydiaceae (Fig. 2). The
reliability value from the QP analysis provided 100%
support for the separation of Chlamydia and Chlamy-
dophila. All analyses showed Chlamydophila abortus
evolving from, rather than as a sister clade to,
Chlamydophila psittaci. All of the nodes within the
Chlamydiaceae depicted by curved lines in Fig. 1(a)
were difficult to resolve in the MOMP analysis.
Different topologies were produced, depending on the
algorithm, on whether full-length data were used or
variable segments were removed, and on whether
nucleotide or protein data were used. This was most
likely due to excessive homoplasy, as the phyletic
distances were substantially larger than pairwise gen-
etic distances between the genera and even for some of
the between-species comparisons (Fig. 3, shown with
the MOMP variable segments removed). Evidence
that homoplasy might be interfering with phylogenetic
reconstruction through long branch attraction was
most apparent under maximum-parsimony. Using
MP, the three Chlamydia species (Chlamydia suis,
Chlamydia trachomatis and Chlamydia muridarum) did
not form discrete clades when the variable segments of
the MOMP genes were included in the analysis. When
separate analysis of each genus was performed under
MP, Chlamydia suis, Chlamydia trachomatis and
Chlamydia muridarum were clearly differentiated.

GroEL chaperonin

The GroEL chaperonin QP tree (Fig. 4) was congruent
with the consensus tree in Fig. 1(a) except that it lacked
sequences for Chlamydia suis and Chlamydophila felis.
The GroEL chaperonin was the least genetically
differentiated of the coding genes. The outgroup,
Rhodothermus marinus, was as similar to the Chlamy-
diaceae in analysis of GroEL (58% at the nucleotide
level) as Chlamydia and Chlamydophila were to each
other in analysis of KDO-transferase (Fig. 3). Phylo-
genetic reconstruction of the relationships between
species was probably not affected by homoplasy, as
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Fig. 2. MOMP phylogeny. QP tree constructed using the ompA gene, which encodes the MOMP. The four variable
segments were excluded from this analysis. ATCC reference numbers and GenBank accession numbers are provided for
each strain. QP reliability values are shown on each branch when greater than or equal to 75%, MP bootstrap values at
these nodes are shown in parentheses if less than or equal to 75%. T ¯ type strain. *, A22 data were a personal
communication from Alan Herring; †¯ D/IC-Cal-8 is identical to Da/TW-448 (X62921) and D/B-120 (X62928); ‡, the
reliability value for this node was only 58%, while the bootstrap value was 89% (this likely reflects long-branch
attraction, as QP and MP analyses using only isolates from the genus Chlamydia showed 100% reliability and bootstrap
values for nodes separating the three Chlamydia species) ; §, MoPn sequence M64171 differs from the other MoPn
sequences by 2 bases.
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.....................................................................................................

Fig. 3. Mutational saturation plots.
Contrasts of pairwise and phyletic distances
from the QP trees in Figs 2, 4 and 5. The
percentage pairwise distance is the
percentage of non-gapped nucleotide
positions that differed between sequences.
The phyletic distance is the maximum-
likelihood estimate of the genetic distance
between sequences in nucleotide substi-
tutions per site. Each point represents the
mean ³ one standard deviation. In each
graph, distances are labelled as follows:
1, distances between isolates within species ;
2, between Chlamydophila abortus and
Chlamydophila psittaci ; 3, between species
derived from the former Chlamydia
trachomatis and the former Chlamydophila
psittaci ; 4, between Chlamydophila pecorum
and Chlamydophila pneumoniae, and
between these two species and the rest of
the species in the genus Chlamydophila ;
5, between genera; 6, between the
Chlamydiaceae and other families (when
available). The asterisk on the MOMP plot
shows the between-genus contrast, had the
variable segments been included. Each
diagonal line indicates the predicted plot if
phyletic and pairwise distances had been
equal.

without the outgroup all analyses produced the same
tree structure, and the phyletic distances were com-
parable to pairwise genetic distances (Fig. 3). However,
analyses including the R. marinus outgroup varied
according to the algorithm or type of data used. The
QP analysis and the MP analysis of amino acids rooted
the Chlamydiaceae so that the two genera were
monophyletic lineages. However, MP analysis of
nucleotide data and NJ analysis gave a variety of other
results. Saturation analysis suggested that R. marinus
was probably too distantly related to serve as a reliable
outgroup (Fig. 3).

KDO-transferase

The unrooted KDO-transferase QP tree (Fig. 4)
included only five Chlamydiaceae species but was
otherwise congruent with the consensus tree in Fig.
1(a).KDO-transferasesequenceswerethemostgenetic-
ally differentiated data in this study. Saturation analy-
sis suggested that homoplasy might affect phylogenetic
reconstruction of the family even without the presence

of outgroups in the analysis (Fig. 3). The relationships
among species did not vary when different phylo-
genetic algorithms were used. However, the use of
different algorithms affected apparent relationships
among Chlamydia trachomatis strains and caused
variation in which the Chlamydia trachomatis isolate
was apparently closest to the root of the Chlamydia
trachomatis clade, a result typical of long-branch
attraction.

Small cysteine-rich lipoprotein

The unrooted QP tree for the small cysteine-rich
lipoprotein was congruent with the consensus tree in
Fig. 1(a), except that it contained only five species (Fig.
4). The tree showed Chlamydophila caviae as a sister
taxon to Chlamydophila pneumoniae. This would prob-
ably not have occurred had a representative of Chlam-
ydophila pecorum been present in the dataset (this
configuration had zero bootstrap support in MP
analysis). Results did not vary when different phylo-
genetic algorithms were used.
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Fig. 4. Four coding gene phylogenies. QP trees were constructed using the nucleotide sequences of four coding genes.
(a) GroEL chaperonin; *L12004 was used for MoPn in this alignment; MoPn sequence U52049 differs from L12004 by 4
bases. (b) KDO-transferase; *Z22652–Z22654 genes differ by two or three nucleotides but have identical amino acid
sequences. (c) Small cysteine-rich lipoprotein; *a 2-base inversion sequencing error was corrected in these sequences. (d)
60 kDa cysteine-rich protein. ATCC and GenBank numbers are provided for each strain. QP reliability values are shown on
each branch when greater than or equal to 75%, MP bootstrap values at these nodes are shown in parentheses if less
than or equal to 75%. T ¯ type strain.

Large cysteine-rich 60 kDa protein

The unrooted QP tree constructed using the gene for
the large cysteine-rich 60 kDa protein contained six
species (Fig. 4) and was otherwise congruent with the
consensus tree (Fig. 1a). The differentiation of species
and the order in which species diverged were consistent
using the various algorithms. The saturation plot
indicated some homoplasy in the dataset for this gene
(Fig. 3). The Chlamydia trachomatis isolate that was
closest to the root of the Chlamydia trachomatis clade,
and the relationships among the Chlamydia tracho-
matis strains, varied among the different analyses. This
pattern, also seen with KDO-transferase, is typical of
long-branch attraction.

Ribosomal operon

The ribosomal operon was the only genetic locus for
which sequences from all nine Chlamydiaceae species
and closely related outgroups were available (Fig. 5).
The QP ribosomal tree was congruent with the
consensus tree previously determined using other
algorithms (Fig. 1a). Support was present but not
strong in any analysis for pairing Chlamydophila
pecorum and Chlamydophila pneumoniae as sister taxa.
QP did not resolve the order of divergence of
Chlamydophila caviae and Chlamydophila felis, but
otherwise provided a branching order that had good
statistical support regardless of whether the intergenic
spacer was included (Fig. 5 shows the tree constructed
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Fig. 5. Ribosomal phylogeny. QP tree using a ribosomal construct containing the 16S rRNA and the first 851 bases of the
23S rRNA gene. ATCC reference numbers and GenBank accession numbers are provided for each strain. QP reliability
values are shown on each branch when greater than or equal to 75%, MP bootstrap values at these nodes are shown in
parentheses if less than or equal to 75%. T ¯ type strain; *including new or resequenced data.

without the spacer). The three outgroup sequences
were as genetically distant from one another as they
were from the family Chlamydiaceae. Waddlia and

Parachlamydia were sister taxa in all analyses. The
saturation plot for this ribosomal segment showed
a close correspondence of pairwise and phyletic
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Table 2. Distinctness ratios for species in the Chlamydiaceae
......................................................................................................................................................................................................................................................................................................................................................................................................................

The ratio of between-taxa to within-taxa divergence (Palys et al., 1997) for the ribosomal construct and for ompA without the four variable segments.

Species 1 Species 2 Ribosomal construct ompA (MOMP)

Mean

divergence

(³SE) within

species 1

Mean

divergence

(³SE) within

species 2

Mean

divergence

(³SE) between

species 1 and 2

Ratio

between/within

Mean divergence

(³SE) within

species 1

Mean divergence

(³SE) within

species 2

Mean divergence

(³SE) between

species 1 and 2

Ratio

between/within

Chlamydophila

abortus psittaci 0±003 0±005³0±002 0±009³0±002 2±35 0±008³0±004 0±070³0±039 0±097³0±024 2±51

abortus felis 0±003 0±003 0±023³0±001 8±54 0±008³0±004 0±001³0±001 0±138³0±005 30±35

psittaci felis 0±005³0±002 0±003 0±021³0±002 5±51 0±070³0±039 0±001³0±001 0±133³0±007 3±72

abortus caviae 0±003 0±020³0±001 8±00 0±008³0±004 0±137³0±005 17±92

psittaci caviae 0±005³0±002 0±020³0±002 4±24 0±070³0±039 0±134³0±006 1±92

felis caviae 0±003 0±025 8±36 0±001³0±001 0±133³0±001 92±30

abortus pecorum 0±003 0±001 0±043³0±001 25±67 0±008³0±004 0±092³0±026 0±273³0±011 5±49

psittaci pecorum 0±005³0±002 0±001 0±043³0±001 15±35 0±070³0±039 0±092³0±026 0±260³0±012 3±21

felis pecorum 0±003 0±001 0±049³0±001 25±83 0±001³0±001 0±092³0±026 0±260³0±007 5±58

caviae pecorum 0±001 0±050 59±81 0±092³0±026 0±255³0±010 2±78

abortus pneumoniae 0±003 0±010 0±045³0±002 7±29 0±008³0±004 0±025³0±020 0±245³0±007 15±08

psittaci pneumoniae 0±005³0±002 0±010 0±043³0±003 5±96 0±070³0±039 0±025³0±020 0±234³0±009 4±93

felis pneumoniae 0±003 0±010 0±048³0±001 7±55 0±001³0±001 0±025³0±020 0±227³0±005 17±30

caviae pneumoniae 0±010 0±050³0±001 5±15 0±025³0±020 0±240³0±005 9±68

pecorum pneumoniae 0±001 0±010 0±046³0±001 8±72 0±092³0±026 0±025³0±020 0±231³0±007 3±96

Chlamydia

trachomatis muridarum 0±002³0±001 0±002 0±025³0±001 12±65 0±067³0±030 0±051 0±142³0±005 2±41

trachomatis suis 0±002³0±001 0±014 0±029³0±001 3±46 0±067³0±030 0±065³0±029 0±144³0±007 2±18

muridarum suis 0±002 0±014 0±030³0±000 3±75 0±051 0±065³0±029 0±138³0±000 2±39
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Table 3. INDEL analysis of the Chlamydiaceae
.................................................................................................................................................................................................................................................................................................................

Full-length gene alignments were included, with the exception of the ribosomal intergenic spacer and variable segments of
MOMP. There were no INDELs in the GroEL chaperonin.

Total 60 kDa

protein

Small

lipoprotein

KDO-transferase MOMP rRNA

construct

Groups above the species level :

Differentiated the two genera 2 2

Grouped Chlamydophila pecorum and

Chlamydophila pneumoniae

5 1 1 3

Grouped Chlamydophila abortus and

Chlamydophila psittaci

3 2 1

Grouped Chlamydophila abortus and

Chlamydophila psittaci and Chlamydophila caviae

1 1

Grouped Chlamydophila abortus and

Chlamydophila psittaci and Chlamydophila felis

1 1

Subtotal : 12

Differentiated species :

Chlamydophila caviae 2 1 1

Chlamydophila pecorum 3 1 2

Chlamydophila pneumoniae 2 1 1

Chlamydia suis 2 1 1

Chlamydia muridarum 2 2

Chlamydia trachomatis 8 2 4 1 1

Subtotal : 19

Differentiated isolate(s) within species :

Chlamydophila pneumoniae (Koala) 1 1

Chlamydophila abortus (OCLH196) 1 1

Chlamydophila pecorum (several isolates) 1 1

Subtotal : 3

Inconsistent with phylogeny:

Chlamydophila, without Chlamydophila felis and

Chlamydophila caviae

1 1

Mixed isolates from Chlamydia trachomatis and

Chlamydia suis

1 1

Subtotal : 2

Total : 36

distances, even between Chlamydiaceae and these
outgroups (Fig. 3). Different algorithms produced the
same tree structure except for the order of divergence
of Chlamydophila caviae and Chlamydophila felis.

Genetic differentiation of species

Distinctness ratios calculated for nearly all genes and
species were greater than or equal to 2±0, the value
suggested as appropriate for species-level differen-
tiation (Palys et al., 1997). The only exception was the
Chlamydophila psittaci}Chlamydophila caviae contrast
using MOMP with variable segments removed, which
was 1±9. Table 2 shows these ratios for MOMP and for
the ribosomal construct, the two datasets that included
all nine species. When variable segments or intergenic
spacer segments were included in the MOMP or
ribosomal analyses, respectively, the results in Table 2
changed very little. Distinctness ratios were, on av-

erage, smaller for MOMP than for the ribosomal
construct. This was because within-species divergence
(the denominator of the distinctness ratio) was about
ten times greater for MOMP than for the ribosomal
construct, while variation between species (the nu-
merator) using MOMP was only about five times
greater than for the ribosomal construct.

INDEL analysis

INDEL analysis (Table 3) suggested an evolutionary
pattern that was almost entirely consistent with the
reconstruction of chlamydial evolution shown in Fig.
1(a). The GroEL chaperonin lacked INDELs. The
other five loci contained a total of 36 INDELs, 34 of
which were consistent with the phylogeny in Fig. 1(a).
Two INDELs in the ribosomal construct differentiated
the two genera. Nineteen INDELs in four genes
differentiated six of the nine species. The clade con-
taining Chlamydophila pecorum and Chlamydophila
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pneumoniae was differentiated by five INDELs in three
genes. The Chlamydophila abortus}Chlamydophila
psittaci clade shared one INDEL in KDO-transferase
and two in the small lipoprotein, and these two species
shared an INDEL with Chlamydophila felis in the
MOMP gene and with Chlamydophila caviae in the
small lipoprotein. The additional three INDELs were
strain specific. The two INDELs that were not con-
cordant with Fig. 1(a) were both in the ribosomal
construct. One INDEL grouped subsets of strains
from Chlamydia trachomatis and Chlamydia suis. The
other grouped Chlamydophila felis and Chlamydophila
caviae with the genus Chlamydia. The ribosomal
intergenic spacer and the variable segments of the
MOMP gene contained large numbers of INDELs, but
these segments were so difficult to align that we could
not confidently draw inference from their INDELs.
The INDELs in these hypervariable segments often
differentiated isolates into clusters that were incon-
sistent with any reasonable phylogeny.

DISCUSSION

This study of the evolutionary history of five coding
genes in the Chlamydiaceae (Figs 2 and 4) showed all
genes evolving in concert with the ribosomal genes
(Fig. 5), albeit at very different rates. The evolutionary
structure of the family consisted of two monophyletic
lineages, each containing deeply divergent clusters of
sequences. Distinctness ratios calculated for each
cluster met or exceeded the recommended values for
species (Table 2) (Palys et al., 1997). The congruence of
the individual gene trees, the support of these trees by
analysis of INDELs, and the clear genetic separation
of similarity clusters shown by distinctness ratios argue
against the presence of interspecies recombination and
incorrect strain or species identification in these data.
We could not discern the order of divergence in a few
places on our trees (nodes shown using curved lines on
Fig. 1a), due to homoplasy; however, it was relatively
easy to validate which nodes were robust by comparing
results obtained by varying the phylogenetic algo-
rithms, by saturation analysis, and by using both
nucleotide and protein sequence data.

Clustering of isolates by genetic relatedness was
consistent with a recent taxonomic revision of the
family Chlamydiaceae (Everett et al., 1999a). This
revision was multi-faceted, being based on biochemi-
cal, ecological and DNA–DNA hybridization data;
however, the molecular phylogenetic analyses con-
tributing to the revision were limited to ribosomal
sequence data (Everett et al., 1999a). This ribosomal
phylogeny, rooted with sequences from three new
families in the Chlamydiales for both the full-length
16S rDNA and the full-length 23S rDNA for all
species, showed the Chlamydiaceae radiating into two
genera and a total of nine species. Thus, these results
corroborate the recent phylogenetic revision, illu-
strated in Fig. 1(a), and are consistent with the
proposed standard of 95, 90 and 80% ribosomal
sequence identity for separating genera, families and

the order Chlamydiales, respectively (Everett et al.,
1999a). This phylogeny can now be used as a foun-
dation upon which to examine the evolution of
additional genes, investigate evolutionary processes
responsible for differences in virulence phenotype
among species, and study the rate and direction of
evolution of the important coding genes analysed here.

The five coding genes varied greatly in their rates of
evolution, as can be seen by comparing the genetic
distances separating the two genera (Fig. 6). The most
rapidly evolving gene encodes KDO-transferase, an
enzyme that synthesizes LPS. Themost slowly evolving
coding gene expresses GroEL chaperonin, which
triggers host inflammation and subsequent scarring
(Ward, 1995). The genes evolving at intermediate rates
code for MOMP, cysteine-rich lipoprotein and
cysteine-rich 60 kDa protein. These genes, which are
important structural constituents of the chlamydial
envelope, have no known homologues in other bac-
terial species.

The evolution of virulence

One of the most striking observations about evolution
within the Chlamydiaceae has been the reported lack of
correlation between virulence phenotype and phylo-
genetic relatedness (Fitch et al., 1993; Stothard et al.,
1998). However, those studies were based on a phy-
logeny that was not yet well resolved or on only a
limited set of species, respectively. To determine if an
improved phylogeny with more appropriate species
designations explains the evolution of chlamydial
virulence, we mapped the most commonly surveyed
virulence characters from the literature onto the new
chlamydial phylogeny (Table 1). This is also illustrated
in Fig. 1(a) using host specificity traits. Our goal was to
infer character states for the ancestors of the nine
extant species using parsimony analysis, hoping to
learn something about the processes driving the
diversification within this group. Could chlamydial
access to a host have occurred at the time of host
speciation? The molecular phylogeny of Chlamy-
diaceae hosts was not at all congruent with the
molecular phylogeny of Chlamydiaceae pathogens.
Furthermore, there is not an appropriate fossil record
that would provide a standard of measure for the
divergence of chlamydiae relative to their hosts (Haag
et al., 1998; Clark et al., 1999). Analysis of other
virulence traits in Table 1 showed only a modest degree
of phylogenetic pattern. Chlamydophila pneumoniae,
Chlamydophila pecorum and Chlamydophila psittaci,
for example, have all been isolated or identified from
brain tissue of infected hosts, and both Chlamydophila
pneumoniae and Chlamydophila psittaci cause systemic
infections. Recent data for Chlamydophila pneumoniae
in amphibians suggests that it may eventually be found
to be as promiscuous as Chlamydophila psittaci. There
is also increasing evidence that some chlamydiae reside
in amoebae and may be widely distributed in the soil
and water, certainly a confounding element in the
analysis (Fritsche et al., 1998; Horn et al., 2000).
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Fig. 6. Variation in rates of evolution.
Contrasts of the pairwise and phyletic
genetic distances between the two genera
show variation in the relative rate of
evolution of rRNA and five coding genes.
The percentage pairwise distance is the
percentage of non-gapped nucleotide
positions that differed between sequences.
The phyletic distance is the ML estimate of
the genetic distance between sequences, in
nucleotide substitutions per site. The
diagonal line indicates the predicted plot,
had phyletic and pairwise distances been
equal. The asterisk on the MOMP plot shows
the between-genus contrast, had the
variable segments been included.

Our results suggest that closely related Chlamydiaceae
species are no more likely to share a host, or any of the
other virulence traits listed in Table 1, than are
distantly related chlamydial species. One explanation
that has been offered for such observations is possible
lateral transfer of genes encoding virulence traits.
There is evidence for LGT between the lympho-
granuloma venereum and trachoma biovars of
Chlamydia trachomatis, as can be seen by comparing
the placement of L1, L2 and L3 in the MOMP tree
(Fig. 2) with their placement in the cysteine-rich
60 kDa protein tree (Fig. 5). However, we found no
evidence for LGT above the species level in any gene.
Thus, LGT would only explain the lack of congruence
between host and pathogen phylogenies if it occurred
at genetic loci other than those studied here. LGT
above the species level in chlamydiae does exist, as is
apparent from the SnLSU.1 intron in Simkania nege-
vensis 23S rRNA (Everett et al., 1999c). Transfer of
this intron, which is most closely related to large
ribosomal subunit introns in chloroplasts and mito-
chondria of algae and in mitochondria of amoebae,
could have occurred via an RNA intermediate (Belfort
& Perlman, 1995). However, the conditions required
for one chlamydial species to take up DNA from
another seem fairly prohibitive, requiring transport
across one, two or three membranes. DNA transfer
could occur only by a host cell being infected by both
species, or by the host cell first taking up DNA from
one species (e.g. by pinocytosis) while it was con-
currently infected with a second, or by viral (phage)
transfer of genomic sequences. Chlamydiaphages have
been identified in Chlamydophila psittaci, Chlamy-
dophila abortus, Chlamydophila caviae and Chlamy-
dophila pneumoniae species (Bavoil et al., 2000;
Everson et al., 2000), but these do not have incor-
porated genomic sequences. Researchers who have
attempted to co-infect host cells with two different
species of chlamydiae found that intracellular in-
clusions did not merge (Matsumoto et al., 1991), and
hence there was no common vacuole in which DNA

exchange could occur. Some evidence suggests that
gene transfer can occur within amoebae, but exper-
imental co-infection of amoebae with different species
of chlamydiae has not been attempted, to our knowl-
edge.

An alternative explanation to LGT and co-evolution
that explains the disjunct phylogenetic distribution of
host specificity is that considerable adaptation occurs
in chlamydiae which successfully occupy new niches
(host or host tissue), and that this has led to species
formation. The virulence phenotype of the new species
might then bear little similarity to those of the
ancestors or nearest relatives. This is the same con-
clusion drawn by Fitch et al. (1993), who noted that
the picture that resulted from their study, which was
similar to ours but used only MOMP, the 60 kDa
protein, and a limited collection of virulence traits, ‘ is
more one of pathogen versatility than coevolutionary
constraint ’.

Differences between the two genera

While there is no single virulence trait that dis-
tinguishes the two chlamydial genera and the processes
driving the initial split are unknown, there is none-
theless a clear genetic separation of the genera. The
monophyly of the two genera is supported by all eight
genes that have been studied, as shown in our results
and in those of previous studies (Everett & Andersen,
1997; Everett et al., 1999a; Fitch et al., 1993;
Herrmann et al., 2000; Kaltenboeck et al., 1993;
Pudjiatmoko et al., 1997; Takahashi et al., 1997;
Tanner, 1999; Zhang et al., 1993). Data suggest that
these genera also differ in chromosomal size and
structure (Everett et al., 1999a; Myers et al., 2000;
Read et al., 2000). In addition, DNA–DNA hybridi-
zation differences are so large that a case could be
made for four genera rather than two (Everett et al.,
1999a).

Despite these genetic differences, the only known
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biochemical marker that separates the genera is
glycogen particles, which can be detected only in
Chlamydia trachomatis, Chlamydia suis and Chlamydia
muridarum (Moulder et al., 1984; Rogers et al., 1996;
Rogers & Andersen, 1996). In over 60 years of
research, reliable biological markers that fulfil the
plus}minus criteria of numerical classificationmethods
have not been found for Chlamydiaceae species or
genera. Thus, our ability to discern the evolutionary
processes behind their divergence is limited to genetic
data. One feature that does emerge from these results
is that the genus Chlamydia, with its many serotypes
and nearly a dozen genetically distinct isolates of
Chlamydia suis, is less genetically diverse than
Chlamydophila and appears to be less variable with
respect to host range. This may well be an artifact of
sampling, as until recently it was believed that humans
were the almost exclusive host to this lineage. The
prevalence of Chlamydia in swine is disturbing and
suggestive of potential health risks to humans. Why
Chlamydia suis, Chlamydia trachomatis and Chlamydia
muridarum should have a common ancestry is not
obvious, based on their apparent host specificities.
However, swine, birds and humans exchange zoonotic
viruses that play clear roles in influenza evolution
(reviewed by Scholtissek, 1995).

Future directions

Thus far, characterization of the Chlamydiaceae has
been primarily confined to humans, food animals and
companion animals. With improved identification and
characterization of chlamydiae and specific targeting
using PCR and other DNA-based assays, a wider host
range can be tested for the presence of these pathogens
(e.g. Everett & Andersen, 1997; Everett et al.,
1999a, b). At the present time there is genetic evidence
for over 98 new lineages of chlamydia-like bacteria
(Ossewaarde & Meijer, 1999; Meijer et al., 2000).
There is morphological evidence for chlamydia-like
bacteria in alligators, bivalves, chameleons and fish
(Cajaraville & Angulo, 1991; Groff et al., 1996; Homer
et al., 1994; Huchzermeyer, 1997; Jacobson & Telford,
1990; Szakolczai et al., 1999). Further study will show
whether traits such as species specificity are artifacts
resulting from difficulty in laboratory isolation, from
test specificity, or from limitation of studies to par-
ticular hosts or diseases. Insight into the evolution of
virulence and pathogenesis of these species will help us
plan strategies for countering their infectivity.

This dataset provided an unusual opportunity to
examine the parallel evolution of functionally distinct
and evolutionarily important geneswithin a genetically
diverse lineage. Understanding the evolutionary his-
tory of these genes is the first step toward advanced
molecular evolution studies which will examine factors
affecting relative rates of evolution, identify amino
acid substitutions that alter protein structure or
function, characterize covariation between sequence
positions, and seek out evidence of positive selection
on individual codons (Bush et al., 1999a, b).
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