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The human pathogen Chlamydia trachomatis exists as multiple serovariants that have distinct organo-
tropisms for different tissue sites. Culture and epidemiologic data have demonstrated that serovar G is
more prevalent, while serovar E is less prevalent, for rectal isolates from men having sex with men (MSM).
The relative prevalence of these serovars is the opposite for isolates from female cervical infections. In
contrast, the prevalence of serovar J isolates is approximately the same at the different tissue sites, and
these isolates are the only C-class strains that are routinely cultured from MSM populations. These
correlations led us to hypothesize that polymorphisms in open reading frame (ORF) sequences correlate
with the different tissue tropisms of these serovars. To explore this possibility, we sequenced and
compared the genomes of clinical anorectal and cervical isolates belonging to serovars E, G, and J and
compared these genomes with each other, as well as with a set of previously sequenced genomes. We then
used PCR- and restriction digestion-based genotyping assays performed with a large collection of recent
clinical isolates to show that polymorphisms in ORFs CT144, CT154, and CT326 were highly associated
with rectal tropism in serovar G isolates and that polymorphisms in CT869 and CT870 were associated
with tissue tropism across all serovars tested. The genome sequences collected were also used to identify
regions of likely recombination in recent clinical strains. This work demonstrated that whole-genome
sequencing along with comparative genomics is an effective approach for discovering variable loci in
Chlamydia spp. that are associated with clinical presentation.

Chlamydia trachomatis is an obligate intracellular human
pathogen that is the leading cause of preventable blindness
worldwide and is the most common sexually transmitted infec-
tious bacterium in humans. The study of the biology of chla-
mydiae is complicated by their obligate intracellular develop-
ment and the lack of a routine system for directed mutagenesis.
Chlamydial isolates are differentiated into serovars based on
serospecificity for the chlamydial major outer membrane pro-
tein (MOMP) (7), which is encoded by ompA (37). The sero-
vars fall into biological groups associated with trachoma (sero-
vars A to C), sexually transmitted noninvasive disease (serovars D
to K), and invasive lymphogranuloma (serovars L1 to L3) (35).
Comparative genomic analysis of ocular and urogenital chlamyd-
ial species has proven to be an effective approach for discov-
ering genetic loci that are associated with observed tissue tro-
pism (9, 10).

Studies conducted in Seattle, WA, and Birmingham, AL,
have shown that serovar G rectal isolates are prevalent in men
having sex with men (MSM), while serovar E rectal isolates are

less prevalent (1, 5, 17). This prevalence of serovar G and
rectal tropism differ from what has been observed in studies of
female cervical populations in the same geographical regions,
where the prevalence of serovar E was significantly higher than
the prevalence of serovar G (38). It is not clear whether the
causes of these differences are behavioral resulting from net-
work bottlenecks or whether there are genuine biological dif-
ferences between rectotropic and cervicotropic strains.

The limited examples of horizontally acquired DNA in chla-
mydial species suggest that lateral gene transfer and recombi-
nation are rare in these organisms. However, sequencing ef-
forts have identified clear examples of recombination at a
limited number of chlamydial loci, including ompA (6, 19–21,
27, 29). Recent studies have shown that chlamydiae contain the
necessary machinery for recombination (4, 37) and that lateral
gene transfer can be selected for in cell cultures following
coinfection with strains carrying dissimilar drug markers both
within and among chlamydial species (4, 13, 14, 42). The mech-
anisms of recombination and the role of recombination in
chlamydial fitness in vivo remain to be investigated.

The distributions of serovar G strains in the heterosexual
and MSM populations led us to hypothesize that strains with
rectal tropism have variable genes or loci compared to other
urogenital isolates. To test this hypothesis, we sequenced eight
chlamydial isolates representing serovars D, E, F, J, and G that
were collected from the female cervix, male urethra, or male
rectum. PCR and restriction fragment length polymorphism
(RFLP) assays were then developed to determine if candidate
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open reading frames (ORFs) identified in the genome se-
quence analysis were associated with the observed tropism for
the rectal site of infection. A set of candidate ORFs that were
associated with rectal tropism in serovar G isolates were dis-
covered, and polymorphisms in the pmp genes were correlated
with rectal tropism across all serovars tested. Analysis of the
genomes also demonstrated that recombination appears to be
common in clinical isolates and occurs at locations across the
chlamydial genome.

MATERIALS AND METHODS

Chlamydia strains and genomic DNA preparation. C. trachomatis clinical iso-
lates Ds/2923, E/11023, E/150, F/70, G/9301, G/9768, G/11222, G/11074, and
J/6276 were propagated from frozen samples stored at the University of Wash-
ington Chlamydia Repository (39). Isolate collection, clonal isolation, serotyping,
and elementary body (EB) purification were conducted as previously described
(41, 43). Purified EBs were incubated for 60 min with 4 U/ml RQ1 DNase
(Promega), which was followed by treatment with 2 mM EGTA (RQ1 Stop
solution; Promega) to inactivate the enzyme. DNA was then extracted from
purified, DNase-treated EBs using a Qiagen genomic tip kit (Qiagen, Valencia,
CA) by following the manufacturer’s instructions. The initial suspension buffer
used for these purifications was supplemented with dithiothreitol (5 mM) to
facilitate EB lysis.

Genome sequencing and sequence analysis. Isolates Ds/2923, E/11023, E/150,
G/9301, G/9768, and G/11222 were sequenced using classical Sanger sequencing
methods at the Joint Genome Institute (Walnut Creek, CA). DNA from isolates
J/6276, G/11074, and F/70 was processed for Illumina-based sequencing using
commercial DNA preparation kits (Illumina Inc., San Diego, CA) by following
the manufacturer’s instructions. Illumina-derived genomes were first assembled
using the reference-guided assembly program Maq (28). Regions in reference-
guided assembled genomes where Maq could not resolve the sequence were then
compared to contiguous sequences assembled using the VCAKE de novo assem-
bly software (22), and a single contiguous draft sequence was produced.

Whole-genome phylogenetic analysis was performed using the alignment pro-
gram MAFFT with the default settings (24, 25). The sequences compared in-
cluded sequences generated in this study, as well as previously published ge-
nomes for serovar D, A, and L2 strains (strains D/UW3 [GenBank accession
number AE001273] [37], A/HAR-13 [GenBank accession number CP000051]
[10], and L2-434/Bu [GenBank accession number AM884176] [45]). Pairwise
genome alignments were produced using MAFFT with the following settings:
iterative refinement, 2; default gap opening penalty, 1.53; and default gap ex-
tension penalty, 0.123. These alignments were used to determine the total num-
ber of substitutions and insertions or deletions (indels) in genome sequences.
Regions where there was high variability between selected sequences were an-
alyzed manually using the MacVector sequence analysis software (MacVector,
Cary, NC), and counts were adjusted accordingly. Isolate genome sequences
were compared with the previously published C. trachomatis D/UW3 genome
sequence (GenBank accession number AE001273) (37) using Diffseq from the
Emboss Bioinformatics suite (33), and an in-house single-nucleotide polymor-
phism (SNP) parsing program (Diffsort; http://people.oregonstate.edu/�rockeyd
/Diffsort) was used to determine the locations and translational effects of poly-
morphisms that were identified. Any gene variation not resolved by Diffsort was
manually analyzed using the MacVector sequence analysis software.

Genome-wide recombination analysis. DNA sequences were computationally
extracted from selected isolates using sliding windows (1,000 nucleotide win-
dows, 800-nucleotide slides) and were used as bioinformatic probes with a da-
tabase consisting of template genome sequences (D/UW3, J/6276, G/9768,
E/11023, and/or F/70 sequences). A comparison of the BLAST raw scores for
each window was performed based on whether the window was more similar to
a clade containing serovar J, G, or D or a clade containing serovar E or F or
whether the probe sequence matched all template genomes equally. The follow-
ing rules were used to assign a window to a genome sequence or clade. Queries
that matched all serovars equally were plotted along the “All” line. Queries that
did not match all genomes equally but in which one matched template was either
a serovar E template or a serovar F template were grouped with the “E or F”
clade. Queries that matched serovar J, G, or D more closely than either serovar
E or serovar F were grouped with the “J, G, or D” clade. A single query did not
match any of the template genomes and was categorized as “No Hit” in this
analysis. Whole-genome results from this parsing were then graphed using the
complete D/UW3 genome as a reference, beginning with ORF CT001 (37).

Regions where there was apparent recombination in strain Ds/2923 were then
characterized using the ClustalW program, and identified loci were aligned with
corresponding sequences from strains D/UW3 and E/11023. The resulting align-
ments were used to determine the number of informative sites shared by each
strain. For this purpose, an informative site was any position in the sequences
examined where there was a polymorphism in the template genomes analyzed.
Insertions and deletions of any size were counted as one informative site. An
identical approach was used for analysis of recombination in strain F/70, using
strains D/UW3, J/6276, G/9768, and E/11023 as templates.

Preparation of clinical isolate DNA and PCR-based genotyping. Clinical iso-
late genome sequence variation data were used to design PCR and RFLP assays
for genotypic variation in a population of clinical isolates stored in the repository,
using oligonucleotide primers and restriction endonucleases listed in Table S1 in
the supplemental material. The isolates used in this study included chlamydiae
collected in King County, WA (55 isolates), Lima, Peru (2 isolates) (34), and
Birmingham, AL (6 isolates). The genes analyzed were selected based on vari-
ation between serovar G cervical and rectal isolates or variation between serovar
G, E, and D isolates. This approach was also used to confirm that each ompA
genotype was consistent with the MOMP phenotype identified by immunofluo-
rescence (data not shown). McCoy cells in six-well trays were infected with
cloned clinical isolates, and chlamydiae were grown for 48 h. Genomic DNA was
extracted using a Qiagen DNeasy blood and tissue kit by following the manu-
facturer’s instructions, using an initial suspension buffer supplemented with 5
mM dithiothreitol. Sequences in the polymorphic regions selected for SNP anal-
ysis were confirmed by traditional Sanger sequencing, using primers shown in
Table S1 in the supplemental material. The Fisher exact test was used to deter-
mine any statistical association of identified SNPs with observed phenotypes. The
alternate hypothesis in these statistical analyses was that there was no correlation
between genotype and phenotype at each of the loci tested. Statistical signifi-
cance was expressed using a P value of �0.01 or �0.001, and the significance data
supported the hypothesis that differences at the loci tested correlated with tissue
tropism for either the rectal or cervical site of infection.

Nucleotide sequence accession numbers. The C. trachomatis clinical isolate
genome sequences sequenced at the Joint Genome Institute have been deposited in
the DDBJ/EMBL/GenBank database under the following accession numbers: D(s)/
2923, ACFJ01000001; E/11023, CP001890; E/150, CP001886; G/9301, CP001930;
G/9768, CP001887; and G/11222, CP001888. The strains sequenced using Illumina
sequencing as part of the Whole Genome Shotgun Project have been deposited in
the DDBJ/EMBL/GenBank database under the following accession numbers:
J/6276, ABYD01000001; F/70, ABYF01000001; and G/11074, CP001889.

RESULTS

Comparative genome analysis of sequenced chlamydial iso-
lates. Pairwise alignment analysis using MAFFT (24, 25) of the
genomes of 12 recent clinical isolates demonstrated that there
were different levels of heterogeneity among strains (Table 1).
The number of nucleotide substitutions between urogenital
strains belonging to different serovars (not including L2-434/
Bu) ranged from 6,494 (for G/11222 and E/11023) to 1,638 (for
D/UW3 and G/11222), and the number of nucleotide differ-
ences between strains belonging to the same serovar ranged
from 1,287 (for G/11074 and G/11222) to 3 (for G/9301 and
G/9768). The serovar G strains showing the highest level of
similarity were cultured from the male urethra and male rec-
tum of different patients, and their collection dates were sep-
arated by more than 1 year. The sequence of a cervical non-
fusogenic isolate, Ds/2923, was more similar to the sequences
of serovar E and F isolates than to the published serovar D
sequence (Table 1). A comparison of strains E/11023 and Ds/
2923 identified 1,211 substitutions, while a comparison of
strains D/UW3 and Ds/2923 identified 5,764 substitutions. The
highest number of differences between genomes (8,811 nucle-
otides, 326 indels) was the number of differences between the
genomes of the publicly available sequenced ocular strain
A/HAR-13 (10) and the publicly available sequenced lympho-
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granuloma strain L2-434/Bu. This number represented a max-
imum level of variability of 0.87%.

The whole-genome phylogenetic tree shown in Fig. 1 indi-
cated that our sequenced urogenital serovars fell into at least
two clades, one group containing serovars D, G, and J and a
second group containing serovars E and F. These two groups
were distinct from ocular strain A/HAR-13 and lymphogran-
uloma strain L2-434/Bu. In this analysis, the genome of strain
Ds/2923, which was originally serotyped based on reactivity
with serovar D-specific monoclonal antibodies, grouped in the
clade with the serovar E and F strains. These data are parallel
to the data shown in Table 1 and confirm that the genome of
Ds/2923 is more similar to serovar E or F genomes than to the
published serovar D genome.

Mapping of SNPs and greater changes in sequenced ge-
nomes of clinical isolates. Diffsort was used to determine the
number of substitutions per ORF in comparisons of selected
clinical isolates. This study was undertaken to determine if

variation is localized to specific regions in the chlamydial ge-
nome and to identify possible loci containing variable regions
in different serovars or within serovars (Fig. 2). These analyses
identified specific regions throughout the genome that exhib-
ited higher levels of variation than the overall genome. These
regions included possible recombination targets, including
ORFs CT049 to CT051 (20), the plasticity zone ORFs CT144
to CT176, ompA, and the pmp genes (5, 9–11, 16, 32, 45, 46).

Similar pairwise analysis of clinical isolates identified a va-
riety of insertions or deletions (indels) in the different strains
(Fig. 3). The serovar G rectal strains had a 430-nucleotide
insertion in the CT154 gene, which led to an N-terminal trun-
cation of CT154 and a putative new ORF (CT154.1). A second
change found in the serovar G rectal strains was an in-frame
111-nucleotide insertion in gene CT326. These polymorphisms
were limited to the sequenced serovar G rectal isolates; the
cervical serovar G isolate G/11222 contained neither of these
insertions. Both rectal and cervical serovar E isolates lacked
the insertion in CT154 but had the 111-nucleotide insertion in
CT326. The structure of CT326 was complicated by a 25-
nucleotide deletion in serovar E strains compared to D/UW3.
This deletion led to a truncated N-terminal CT326 ORF and a
C-terminal CT326 ORF (Fig. 4). Strain J/6726 and previously
sequenced strains L2-434/Bu and A/HAR-13 also had the 111-
nucleotide insertion in CT326, as well as similar but unique
insertions in the CT154 region (Fig. 4). Consistent with the
findings of Carlson et al. (10), insertions and deletions were
located in ORF CT456 (encoding Tarp) in several of the se-
quenced isolates.

Evidence for recombination in genomes of sequenced clini-
cal isolates. The apparent similarity of the isolate Ds/2923
genome to genomes of serovar E and F strains led us to
hypothesize that regions other than ompA might show evi-
dence of recombination in this strain. A BLAST-based simi-
larity approach using sliding windows consisting of 1,000 nu-
cleotides across the entire genome was used to uncover
additional regions of recombination. These analyses confirmed
that the majority of the Ds/2923 genome is similar to the
genomes of serovar E and F isolates (Fig. 5A), while ompA and
nearby sequences are most similar to D/UW3 sequences. Fine
mapping of these regions in Ds/2923 demonstrated that the

TABLE 1. Pairwise analysis of the numbers of substitutions and insertion-deletion events identified in genome sequences for a collection of
C. trachomatis isolates

Isolate Genome
size (bp)

No. of substitutions or no. of indel eventsa

D/UW3 A/HAR13 L2-434/Bu Ds/2923 E/11023 E/150 G/9301 G/9768 G/11222 G/11074 J/6276 F/70

D/UW3 1,042,519 157 297 187 210 210 93 93 78 91 102 244
A/HAR13 1,044,459 3,696 326 251 254 254 151 151 169 152 172 261
L2-434/Bu 1,038,842 8,163 8,811 319 309 314 310 310 309 308 312 318
Ds/2923 1,042,757 5,764 7,131 7,687 75 78 210 210 197 207 203 150
E/11023 1,043,025 6,135 7,143 7,737 1,211 54 231 231 220 228 235 118
E/150 1,042,996 6,138 7,027 7,766 1,325 1,130 205 205 197 203 225 135
G/9301 1,042,811 1,892 3,523 8,162 6,205 6,485 5,869 1 69 5 92 250
G/9768 1,042,810 1,893 3,524 8,163 6,206 6,486 5,776 3 69 6 92 250
G/11222 1,042,354 1,638 3,778 8,131 6,063 6,494 5,907 1,286 1,287 70 88 249
G/11074 1,042,875 1,893 3,529 8,153 6,207 6,490 5,874 41 42 1,287 90 247
J/6276 1,043,181 1,899 3,540 8,264 5,878 6,467 6,292 1,918 1,919 1,770 1,920 252
F/70 1,048,006 6,287 6,913 7,738 2,239 1,776 2,407 6,305 6,306 6,236 6,310 6,441

a The numbers of substitutions are indicated on the lower left, and the numbers of indels are indicated on the upper right.

FIG. 1. Phylogenetic analysis of sequenced chlamydial isolates
based on whole-genome alignment. The tree was constructed using a
modified UPGMA (unweighted-pair group method using average link-
ages) algorithm as part of the MAFFT alignment program. Strains
collected from the male rectum are indicated by outlined type, and
cervical isolates are indicated by standard type. The branch lengths are
proportional to the genetic distances between isolates.
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apparent upstream crossover point adjacent to ompA is in the
rs2 gene (CT680), at a position previously described as a hot
spot for recombination in chlamydial genomes (20). The down-
stream crossover point for this recombination event is located
within ompA and results in a hybrid MOMP protein with vari-
able domains from different serovars (48). These studies also
uncovered several additional regions exhibiting higher levels of
similarity to the genome of D/UW3 than to the genomes of

serovar E or F strains. The clearest examples of this are in
ORFs CT171 to CT183 and ORFs CT360 to CT388 (Fig. 5A).
The differences between genomes in these regions included
SNPs, indels as large as 308 nucleotides (CT171), and ORF
fusions. These data support the conclusion that these regions
were involved in recombination between chromosomes, lead-
ing to the mosaic Ds/2923 genome.

To determine if genomes of other sequenced isolates exhib-

FIG. 2. Numbers of substitutions per open reading frame for comparisons of strains. Each graph represents a Diffseq-generated whole-genome
alignment for the strains indicated. The genes, beginning with CT001, are indicated on the x axis; the sequenced strain D/UW3 gene designations
were used as a reference. The numbers of substitutions per ORF are indicated on the y axis. Strains collected from the male rectum are indicated
by outlined type, and cervical isolates are indicated by standard type.
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ited a mosaic structure similar to that of Ds/2923, a BLAST
similarity analysis was performed with isolate F/70 (Fig. 5B).
For this experiment, the genome of F/70 was removed as a
template in the serovar E-serovar F clade used for analysis of
Ds/2923 and instead used as a probe of the remaining ge-
nomes. This analysis uncovered a set of regions where there

was apparent recombination that were different than the re-
gions observed in Ds/2923. One of the loci (ORFs CT153 to
CT166) included the plasticity zone. This region also contained
a sequence homologous to the TC0438 (tox) sequence found in
Chlamydia muridarum (39). Another possible site of exchange
in F/70 included ORFs CT859 through CT868. This region is

FIG. 3. Locations of insertions or deletions in strains. The comparisons are identical to and in the same order as those shown in Fig. 2. The
genes, beginning with CT001, are indicated on the x axis; the sequenced strain D/UW3 gene designations were used as a reference. The y axis
indicates the lengths of the insertions (above the x axis) and deletions (below the x axis). For each graph the strain listed first has an insertion or
a deletion at a given site compared to the strain listed second. For example, G/9768 has a 437-bp insertion in CT154 compared to D/UW3. Strains
collected from the male rectum are indicated by outlined type, and cervical isolates are indicated by standard type.
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upstream of the pmp genes (CT869 to CT872 and CT874) and
has previously been hypothesized to be a locus where there was
lateral gene transfer in C. trachomatis (19, 21).

Correlation of identified SNPs with tropism for the rectal or
cervical site of infection. To determine if polymorphisms found
in the isolates sequenced were associated with tropism for the
rectal site of infection, loci with various degrees of difference
were used for PCR or RFLP analysis. These loci included
genomic regions with nucleotide substitutions (CT144, CT869,
and CT870), regions with indels that affected the predicted
protein length (CT154 and CT326) (Fig. 4), and regions with
single-nucleotide polymorphisms that affect open reading
frame length (CT158 and CT159). Analyses were conducted
with a collection of clinical isolates representing serovars E, G,
and J that were obtained from the cervix, male rectum, or male
urethra. While in most cases there was no apparent or statis-
tical difference between an SNP and tissue tropism, there were
ORFs in which correlations were observed. Insertions in
CT154 and CT326 (P � 0.001 and P � 0.01, respectively,
Fisher’s exact test) were associated with rectal tropism within
serovar G (Fig. 4 and 6). Statistical analysis of these regions in
serovar E and J isolates indicated that there was no association
with genotype and tropism, but it is possible that some of these
polymorphisms might be found to be significant (e.g., combi-
nations of CT144, CT154, CT158, CT159, and CT326 in sero-
var J or pmp genes in serovars E and J) if higher numbers of

FIG. 4. Schematic diagram of open reading frames CT154 and
CT326 in several sequenced C. trachomatis strains. The isolate desig-
nations are indicated on the left. Strains isolated from the male rectal
site of infection are indicated by outlined type, and cervical isolates are
indicated by standard type. The ORF examined is indicated by a dark
gray arrow, and lighter gray arrows and boxes indicate flanking ORFs.
The boxes with diagonal stripes indicate the locations of insertions in
the genes. Putative new ORFs resulting from an insertion are indicated
by open arrows. The numbers above the brackets indicate the lengths
(in base pairs) of insertions based on a comparison with the D/UW3
sequence.

FIG. 5. BLAST-based evidence for recombination in clinical C. trachomatis genome sequences. Complete genome sequences of strain Ds/2923
(A) and strain F/70 (B) were used as probes with a genome database containing sequences of D/UW3, G/9768, J/6276, E/11023, and (in panel A)
F/70. The complete genome sequence of each probe was evaluated using BLAST analysis of a 1-kbp sliding window, and each window was given
a score based on whether it was more similar to a clade containing serovar J, G, or D, it was more similar to a clade containing serovar E or F,
or it was equally similar to all the genomes. The results for each window are plotted on the x axis beginning with ORF CT001 as defined for the
D/UW3 genome (37). All ORF designations are also based on the D/UW3 genome sequence. Panel A includes ORF maps showing expanded views
of three regions showing apparent recombination. In the ORF maps, a gray box or arrow indicates that the sequence is more similar to E/11023,
an open box or arrow indicates that the sequence is more similar to D/UW3, and a black box or arrow indicates a region where apparent
recombination events occurred. The brackets above the gene diagrams indicate the regions for which informative sites were examined and counted.
The numbers above the brackets indicate the numbers of informative sites shared by the Ds/2923 and D/UW3 sequences (top line) or the Ds/2923
and E/11023 sequences (bottom line). The asterisk indicates that 1 of the 66 shared informative sites is a 308-nucleotide deletion that D/UW3 and
Ds/2923 share compared to the E/11023 sequence. The identified areas in panel B are selected regions of the F/70 genome that are more similar
to genomes of strains in the serovar J-serovar G-serovar D clade than to the genomes of serovar E strains.
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isolates were investigated. Because a high proportion of our
samples were collected in the Seattle area, it was possible that
we examined a serovar G population that was restricted with
respect to social network or geographic clustering. To address
this concern, we included a limited number of rectal isolates
belonging to serovar G collected in Alabama and Peru. Each of
these isolates (n � 4) had the genotype associated with rectal
infection for both ORF CT154 and ORF CT326. No significant
association was found between polymorphisms in CT869 and
CT870 and tropism for serovar G strains, but a comparison of
rectal and cervical sites of infection across all isolates identified
a significant association between selected polymorphisms in
these two ORFs (P � 0.001) (Fig. 6C).

While these analyses demonstrated that certain SNP pat-
terns were associated with tropism for either the cervical or
rectal site of infection, overall the chromosomes were mosaics
of a variety of different SNP patterns. The mosaicism observed
is most apparent in the serovar G cervical isolates shown in Fig.
6, but it is also evident in the serovar G rectal isolates (strains
Gr-15P, Gr-16P, Gr-30, and Gr-30AB). This mosaicism also
supports the conclusion that the analyses of MSM populations
did not simply identify clonal expansion in a geographically
restricted area or a closed social network.

DISCUSSION

The study of chlamydiae has benefitted greatly from ad-
vances in genome sequencing technology. These bacteria have
small (�1-Mb), largely syntenic, AT-rich genomes with very
few repeat regions and almost no genomic islands. We (39) and
other workers (10, 23) have explored the possibility that ge-
nome sequence analysis can be used to characterize functional
roles of individual genes in the chlamydiae, particularly since
there are no practical genetic tools this system.

In the present study, we used genome sequencing and PCR-
based analyses of polymorphisms to examine chlamydial re-
combination in clinical isolates and to develop a technology for
correlating the chlamydial genotype with the clinical pheno-
type. The genomes sequenced were collected at Seattle/King
County sexual health clinics, and the isolation dates ranged
from October 1994 to August 2005. Initial genome sequence
data demonstrated that the maximum sequence divergence
between clinical strains was 0.87% and that there was a mini-
mum difference of three substitutions and a single nucleotide
indel. The two strains showing the highest degree of similarity
were serovar G isolates collected from the rectal (G/9768) and
male urethral (G/9301) sites of infection, and more than a year
separated the collection dates of these strains (November 2001
and May 2000, respectively). The largest insertion in any clin-

ical strain sequenced was 4,668 bp long, and it was found in the
previously sequenced strain F/70 and was shown to be variable
in serovar J strains (9, 39). The overall level of variation ob-
served among C. trachomatis strains is similar to the level of
variation observed for members of the same genomic group of
the obligate intracellular bacterium Coxiella burnetii (2), as well
as for Rickettsia rickettsii isolates (15).

There are technical issues associated with generation of pre-
cise SNP counts for different strains. For example, we found
3,696 substitutions when the published sequences of strains
D/UW3 and A/HAR13 were compared; this number is slightly
higher than the number determined by Carlson et al. (10).
The differences can be attributed to the specific aspects of the
programs used to count SNPs. One example of this is the
settings used in the MAFFT software to generate alignments
for determining numbers of substitution and indel events. The
default MAFFT settings, which were used in our study, result
in a higher penalty for inserting a gap than for extending a gap.
Adjusting the settings for a lower gap insertion penalty and a
higher extension penalty resulted in slightly fewer substitutions
at the cost of increasing the number of indel events. Such
differences in the analysis programs lead to slight differences in
counts, but the overall relationships among genomes are con-
served.

Phylogeny-based characterization of the genomes revealed
two clades for our sequences; one clade contained serovars E
and F, and the second clade contained serovars D, G, and J.
These relationships are in agreement with previously described
relationships determined by phylogenetic analysis either by
using a set of housekeeping genes (31) or by performing
comparative studies of chlamydial phylogeny (9, 10, 32).

A BLAST-based analysis was used to examine if recombi-
nation is common in chlamydiae and could be reflected in the
genomes collected. Strain Ds/2923 is a cervical isolate that was
our original example of an IncA-negative, nonfusogenic strain
(40), and its genome showed the best evidence of recombina-
tion in clinical strains. This strain, similar to all other IncA-
negative strains that have been characterized, has a lesion in
IncA that is correlated with the inactivated incA open reading
frame, and inclusions formed by such strains do not fuse with
inclusions formed by either IncA-negative or IncA-positive C.
trachomatis (40). Although serovar-specific monoclonal anti-
bodies identified Ds/2923 as a serovar D strain, our analyses
demonstrated that most of its chromosome is more similar to
the chromosomes of serovar E or F strains. A set of ORFs that
may have been recombination targets in this strain includes
ompA, the gene encoding MOMP, the major serovariant anti-
gen in the chlamydiae. Possible recombination events involving
ompA have been found in other studies. Early in the analysis of

FIG. 6. PCR- and RFLP-based genotype analysis of variable regions in clinical isolates. The strains, dates of isolation, and sites of isolation are
indicated on the left. (A) Data for serovar G isolates. (B) Data for serovars E and J. (C) Results of statistical analyses with Fisher’s exact test. One
asterisk indicates that the P value is �0.01, and two asterisks indicate that the P value is �0.001. Isolates indicated by bold type are the isolates
whose complete genome sequences were examined. Isolates whose designations end with P were collected from patients in Lima, Peru, and isolates
whose designations end with AB were collected from patients in Birmingham, AL. All other isolates were collected from patients in King County,
WA, area family planning clinics. The designations beginning with CT at the top indicate the gene targets for the PCR and RFLP analysis. CT456-N
and CT456-C indicate variable regions that are present at the amino and carboxy termini of CT456. The different types of boxes indicate the
genotypes detected, as follows: open boxes, D/UW3 genotype; gray boxes, rectal serovar G genotype; black boxes, serovar E genotype; diagonally
striped boxes, cervical serovar G genotype.
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chlamydial gene sequences, hybrid ompA coding sequences
were identified by several investigators (6, 27, 29, 48), and
recent work by Gomes et al. (20) demonstrated that a recom-
bination hot spot is just upstream of the ompA coding se-
quence. The Ds/2923 chromosome had an apparent recombi-
nation event exactly at the position identified by Gomes and
colleagues. The downstream recombination event occurred be-
tween variable domains 3 and 4, which is also consistent with
the results of other workers who have identified ompA se-
quences encoding mosaic MOMPs with variable domains in
members of different prototype serovars (27, 48).

Studies of possible recombination sites in Ds/2923 were ex-
panded by performing a BLAST-based similarity analysis of
sequenced genomes. This analysis identified additional regions
in the Ds/2923 chromosome that were targets for recombina-
tion between strains. These candidate recombination loci in-
volve several sites, including the plasticity zone (3, 9, 10, 16, 32,
45, 46) and ORFs CT360 to CT389, a region encoding a set of
metabolic pathways and hypothetical genes. Both of these
genomic regions in Ds/2923 are more similar to the prototypic
serovar D sequence than to our serovar E or F sequences.
ORFs CT360 to CT389 include aaxABC (CT372 to CT374),
which encode proteins that participate in an arginine-agmatine
exchange system (36). Recently, Giles et al. used an Esche-
richia coli system to show that polymorphisms in aaxB led to
inactivation of this gene in strain D/UW3 and serovar L2 and
that function might be restored in D/UW3 by an R115G re-
placement (18). Genomic analysis demonstrated that isolates
E/150 and E/11023 had this R115G replacement. Therefore, it
is possible that there is phenotypic discrepancy at this locus,
with serovar E and F strains being “wild type” and D/UW3 and
the mosaic strain Ds/2923 being deficient in this exchange
pathway.

A subsequent analysis of the genome of strain F/70 identi-
fied similar examples of likely recombination events, but at
different loci. The data obtained are consistent with the results
of in vitro analyses by DeMars et al. (13, 14) and our laboratory
(42) and support the hypothesis that recombination is very
common and involves many different locations across the chla-
mydial chromosome.

Our second hypothesis addressed the concept that genome
sequencing of clinical strains could identify and help charac-
terize genes and gene products important in the biology of the
pathogen in vivo. Pioneering work in this area was conducted
by Caldwell et al., who used sequence analysis of a limited
number of ORFs to correlate the presence of trp synthesis
genes with ocular or genital tropism in C. trachomatis (8). We
chose a different clinical phenotype for analysis, tropism for
the rectal site of infection, as a trait for study. Our analyses
identified four loci that were statistically associated with a
particular tropism, only one of which, the CT869-CT870 locus,
was associated with rectal tropism across all serovars (P �
0.001). These ORFs encode two Pmp proteins, which are mem-
bers of a family of chlamydial autotransporters important in
different aspects of chlamydial biology (12, 26, 44, 47). The
nucleotide variation found in these genes leads to amino acid
changes that are not randomly distributed across the coding
sequence, indicating that the variable regions may be parts of
domains important in chlamydial biology. The variation and
molecular evolution of the pmp genes is an active area of

research (30), but the possible function of the different Pmp
variants in attachment or intracellular development remains to
be investigated.

Alterations in three other ORFs were statistically correlated
with tropism only in serovar G. CT144 encodes a hypothetical
285-amino-acid protein that varies at 14 amino acids in the
strains tested. Eleven of the 14 amino acid changes in CT144
were clustered in a 26-amino-acid region of the gene product
(data not shown). Further study of CT144 might determine if
this variable domain plays a role in tissue tropism or patho-
genesis. ORF CT154.1 is the result of a 430-nucleotide inser-
tion that was also found in the genomes of serovar A and L2
isolates (Fig. 4) and encodes a protein with no predicted func-
tion. Finally, the presence of a 111-nucleotide in-frame inser-
tion in uncharacterized hypothetical gene CT326 was statisti-
cally correlated with tropism for the rectal culture site. Our
association of these ORFs with tissue tropism is complicated
by the fact that none of these ORFs were statistically associ-
ated with rectal tropism in serovar E or serovar J strains. It is
possible that production of the different proteins leads to phe-
notypic differences in the context of serovar G, facilitating the
apparent tissue tropism. Alternatively, it is possible that these
SNP differences are in or linked to regions of the genome that
encode unidentified proteins that collectively are important for
this tropism. Possible functions of candidate proteins identified
in this study are currently being explored in our laboratory.
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