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Chlamydia trachomatis is an obligate intracellular bacterium of major public health significance, infecting over one-tenth

of the world’s population and causing blindness and infertility in millions. Mounting evidence supports

recombination as a key source of genetic diversity among free-living bacteria. Previous research shows that

intracellular bacteria such as Chlamydiaceae may also undergo recombination but whether this plays a significant

evolutionary role has not been determined. Here, we examine multiple loci dispersed throughout the chromosome to

determine the extent and significance of recombination among 19 laboratory reference strains and 10 present-day

ocular and urogenital clinical isolates using phylogenetic reconstructions, compatibility matrices, and statistically

based recombination programs. Recombination is widespread; all clinical isolates are recombinant at multiple loci

with no two belonging to the same clonal lineage. Several reference strains show nonconcordant phylogenies across

loci; one strain is unambiguously identified as recombinantly derived from other reference strain lineages. Frequent

recombination contrasts with a low level of point substitution; novel substitutions relative to reference strains occur

less than one per kilobase. Hotspots for recombination are identified downstream from ompA, which encodes the

major outer membrane protein. This widespread recombination, unexpected for an intracellular bacterium, explains

why strain-typing using one or two genes, such as ompA, does not correlate with clinical phenotypes. Our results do

not point to specific events that are responsible for different pathogenicities but, instead, suggest a new approach to

dissect the genetic basis for clinical strain pathology with implications for evolution, host cell adaptation, and

emergence of new chlamydial diseases.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been

submitted to GenBank under accession numbers: AY884090–AY884108 (for pmpA), AY884109–AY884127 (for pmpB),

AY299408–AY299426 (for pmpD), AY967735–AY967738 (for pmpE), AY887644–AY887662 and DQ065739–

DQ065748 (for pmpF), AY967739–AY967757 (for pmpG), AY967759–AY967761 (for pmpH), AY299427–AY299445

(for pmpI), DQ065736–DQ065738, DQ062749–DQ062755, and DQ076723–DQ076741 (for ORF CT049),

DQ113596–DQ113614 and DQ076742–DQ076751 (for IGR rs2/ompA), DQ116393–DQ116402 (for ompA), DQ113625–

DQ113643 and DQ113615–DQ113624 (for IGR [ompA/pbpB]), DQ151840 (for ORF CT166), DQ151841–DQ151847 and

DQ239937–DQ239957 (for rs2), DQ151848–DQ151854 (for yfh0_1 and IGR [yfh0_1/parB]). Clinical isolates have the

following designation in GenBank: C/CL-1 (CS-362-07), Da/CL-2 (CS-431/04), E/CL-3 (I-174), G/CL-4 (CS-490/95),

G/CL-5 (I-149), H/CL-6 (CS-121/96), H/CL-7 (I-139), I/CL-8 (I-24), Ia/CL-9 (CS-190/96), and Ja/CL-10 (S-91).]

Chlamydia trachomatis is the primary bacterial cause of prevent-

able blindness and sexually transmitted diseases (STD) worldwide

(World Health Organization 2001; Dean 2002). The costs for pro-

ductivity loss in underdeveloped countries and treatment in the

developed world amount to billions of dollars annually (Frick et

al. 2003; Centers for Disease Control and Prevention 2005). Over

600 million people worldwide are infected, with seven million

blind and 100 million suffering severe visual deficits (Dean

2002). About four million new urogenital infections occur annu-

ally in the United States (Centers for Disease Control and Pre-

vention 2005). Many are asymptomatic and can recur, constitut-

ing a large reservoir of untreated individuals who can transmit

the organism and develop sequelae such as infertility and life-

threatening ectopic pregnancy (Centers for Disease Control and

Prevention 2005). C. trachomatis also increases the risk for inva-

sive squamous-cell carcinoma of the cervix (Anttila et al. 2001)

and HIV-1 transmission (Lavreys et al. 2004).

C. trachomatis serotyping is based on the antigenic major

outer membrane protein (MOMP), and differentiates 19 serovars

or strains (including genovariant Ja), which are grouped into

three seroclasses: B Class (B, Ba, D, Da, E, L1, L2, L2a); C Class (A,

C, H, I, Ia, J, Ja, K, L3), and Intermediate Class (F and G) (Wang
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and Grayston 1991a,b). Sequencing of the ompA gene that en-

codes MOMP has distinguished subtypes of these reference

strains (Dean et al. 1992; Brunham et al. 1994; Hayes et al. 1994;

Dean and Millman 1997). Yet, no typing scheme differentiates

the three C. trachomatis disease groups: ocular (trachoma; refer-

ence strains A, B, Ba, C), urogenital (reference strains D–K, Da, Ia,

Ja), and invasive urogenital (lymphogranuloma venereum [LGV];

reference strains L1, L2, L2a, L3). For example, not all strains that

cause chronic ocular trachoma belong to the same seroclass

(Dean 2002); this is also the case for the two other disease groups

(Boisvert et al. 1999; Millman et al. 2004).

Relatively little is known about the C. trachomatis genetic

factors that may be involved in tissue tropism, pathogenesis, and

evolution. This is largely due to its intracellular nature and the

inability to genetically manipulate the organism. However, ge-

nome sequencing of two of the 19 reference strains of C. tracho-

matis, D/UW-3 (Stephens et al. 1998) and A/Har-13 (Carlson et al.

2005), has provided some knowledge of genes such as the cyto-

toxin locus (Carlson et al. 2004), trpR, trpB, trpA, and trpC of the

partial tryptophan biosynthesis operon (Caldwell et al. 2003) and

the nine-member polymorphic membrane protein (Pmp) gene

(pmp) family (Stothard et al. 2003; Gomes et al. 2006), the latter

of which are unique to the family Chlamydiaceae, that may be

important in tissue tropism or pathogenesis. Phylogenetic stud-

ies of partial pmp sequences of 15 C. trachomatis reference strains

(Stothard et al. 2003) and complete pmp sequences of the 19

reference strains (Gomes et al. 2006) demonstrated genetic clus-

tering by disease group, which had not been identified previously

when analyzing other chlamydial genes. In our further analysis

of pmp genes, one of the 19 reference strains, Da/TW-448, ap-

peared to be a recombinant (Gomes et al. 2006). While no clini-

cal strains were analyzed in that study, the finding was surprising

as recombination in intracellular pathogens would not be ex-

pected based on the organism’s need to reside, while metaboli-

cally active, in a cytoplasmic vacuole, which theoretically limits

the possibility of genetic exchange between strains.

The only other evidence for recombination in C. trachomatis

is confined to a single gene, ompA. Previous examples included

visually detected ompA mosaics comprised of two trachoma

strains or two urogenital strains (Dean et al. 1992; Brunham et al.

1994; Hayes et al. 1994). More recently, we confirmed three ad-

ditional ompA mosaics, including D and L1, which involved ex-

change of an ompA T cell epitope, B and D, which was isolated

from the conjunctiva of a trachoma patient, and Ba and D, from

the urogenital tract, revealing mutations associated with differ-

ential cellular appetence (Millman et al. 2001, 2004). We also

found that ompA sequences differed from the expected pmpC

sequence, although the breakpoint could not be identified be-

cause these two genes are far apart (Gomes et al. 2004).

Recombination has also been reported for the obligate in-

tracellular organisms Rickettsia and Wolbachia. In the human

pathogen Rickettsia, genomic analysis revealed infrequent recom-

bination (Jiggins 2006). Wolbachia, which are transmitted by in-

heritance in arthropods and nematodes, exhibit widespread re-

combination and insertion sequence (IS)-like elements that sug-

gest a chimeric origin (Baldo et al. 2006). Among species of the

Chlamydophila genus, genome analysis suggests genetic exchange

as the origin of the add-guaAB gene cluster and copN, which are

located in the plasticity zone (PZ), an area of heterogeneity be-

tween genera and among species (Read et al. 2003; Thomson et

al. 2005). An IS that is homologous to IS605 of Helicobacter pylori

has also been discovered within a tetracycline resistance island in

Chlamydia suis (Dugan et al. 2004). While these cumulative stud-

ies suggest that horizontal gene transfer has almost certainly oc-

curred in Chlamydiaceae, there have been no data capable of ad-

dressing whether recombination is as infrequent as speculated or

as commonplace as point substitution. Nor has there been a sys-

tematic search for recombination between loci across the ge-

nome in any Chlamydiaceae species, including C. trachomatis.

Here, we sequenced multiple complete loci dispersed throughout

the chromosome for the 19 C. trachomatis laboratory-adapted

reference strains and 10 present-day ocular and urogenital clini-

cal isolates using phylogenetic reconstructions, genetic matrices,

and statistically based recombination programs to determine the

extent and significance of recombination.

We provide evidence that interstrain recombination is ram-

pant in this organism and is the dominant source of genetic

diversification. Ten of ten clinical isolates are recombinants at

multiple loci with no two belonging to the same clonal lineage.

We identify two statistically significant hotspots for recombina-

tion downstream from ompA, the study of which could eventu-

ally allow the mechanism by which C. trachomatis recombinant

evolution occurs to be discovered.

Results

Phylogenetic and genomic loci analyses of C. trachomatis

reference strains and clinical isolates

Seventeen loci (∼40,000 bp or 4% of the chromosome) were se-

lected for sequencing in the C. trachomatis genome based on

three criteria: (1) substantial variation in particular loci that was

predicted based on microarray studies of 15 reference strains

(Brunelle et al. 2004); (2) intergenic regions adjacent to ompA

where mosaic structures have been identified for C. trachomatis

strains (Hayes et al. 1994; Millman et al. 2001, 2004); and (3)

genes dispersed throughout the chromosome for broad genome

coverage. Although well-separated housekeeping genes would

have sufficed for detecting the presence of widespread recombi-

nation (Feil and Spratt 2001), we anticipated that, by sequencing

more polymorphic genes, breakpoints could be identified. We

purposely did not select the PZ as this is an area of known varia-

tion and is likely involved in highly localized horizontal gene

transfer that might have no bearing on evolutionary dynamics

occurring more broadly in the genome.

Figure 1 shows the results of analysis of the 17 loci for the 19

reference strains. Phylogenetic trees constructed from the differ-

ent loci are incongruent (Fig. 2; Supplemental Fig. 1), suggesting

recombination. We analyzed the nonsynonymous/synonymous

substitution ratios (� = dN/dS) (Yang and Nielsen 2000) for each

chromosome region to identify any distortion in the evolution of

a particular locus that might not support recombination as the

cause of the difference in tree phylogenies. All values are <1,

pointing to an overall evolutionary protein conservation

(Supplemental Fig. 2). The %G:C content might indicate in-

sertion of foreign DNA and was calculated for each locus. The

content ranged from 38% to 45%, the differences of which are

not significant given the standard deviation of nearly 3% for

genes in the C. trachomatis genome and a mean of ∼41%

(Stephens et al. 1998; Carlson et al. 2005). Contingency matrices

(data not shown) also support recombination. These data

collectively indicate a mosaic structure for reference strain Da/

TW-448.

Guided by the Da/TW-448 structure, we selected seven of

C. trachomatis interstrain recombination
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the 17 loci that represented four well-separated regions of the

chromosome for sequencing the 10 clinical isolates. Trees repre-

senting the phylogenetic reconstructions are incongruent for all

genomic regions of all clinical isolates (Supplemental Fig. 3). The

two least incongruent loci, CT049 and pmpC (Supplemental Fig.

3A and B, respectively), differ only in deeper nodes correspond-

ing to recombination in the evolution of the reference strains,

but not more recently in the clinical isolates. Other pairs of loci

indicate recombination in the evolution of at least some of the

reference strains and all of the clinical

isolates. Similar analyses as for the refer-

ence strains, including dN/dS (Supple-

mental Fig. 4), although no dN/dS analy-

sis was performed over specific peptide

regions of a protein, %G:C content, and

contingency matrices (data not shown),

indicate that recombination was the

likely explanation for the incongruent

trees. These data indicate extensive re-

combination where each clinical isolate

is a distinct mosaic (Fig. 3).

Determination of breakpoint regions

for Da/TW-448

Based on the trees (Supplemental Fig. 1)

and contingency matrices (data not

shown), the proposed mosaic structure

for Da/TW-448 involves four break-

points (Fig. 1). Figure 4 shows the results

of SimPlot analyses, which includes the

maximum �
2 test, that was used to de-

termine the regions within which the

breakpoints are most likely found. The

Recombination Identification Program

showed similar results (data not shown).

Table 1 shows the calculation of P-values

for the informative sites (i.e., sites where

Da/TW-448 agrees with one putative do-

nor strain on one side of the breakpoint

region and agrees with a different putative donor on the other

side; Fig. 4A1) that support each region. The 2�2 matrix for each

region is denoted n for informative sites for each topology in

each area, from which the Fisher’s Exact Test is calculated. Also

shown is the total number of informative sites (t) and the num-

ber of breakpoint regions (c) used to analyze the sequence; the

Bonferroni correction was used as the number of ways to distrib-

ute c in the intervals between the t sites (t � 1 choose c). P-values

for the informative sites occurring in a nonrecombinant area are

Figure 2. Phylogenetic reconstructions. Reconstructions of the evolutionary history of (left) CT049
and (right) ompA are based on the respective genomic sequences of C. trachomatis reference strains.
Strains are color-coded based on the main lineages of the CT049 tree. Strains responsible for the three
different disease groups of C. trachomatis (A, B, Ba, and C for trachoma; L1, L2, L2a, and L3 for invasive
STDs; and H, I, J, Ja, I, and Ia for noninvasive STDs and likely persistent infection; Dean et al. 2000) form
distinct clusters in the CT049 tree, but not in the ompA tree. They also cluster in trees for CT166 and
pmpC (see Supplemental material), indicating the possibility of a clonal frame to which ompA does not
belong (see Discussion). The values at the nodes are bootstrap that support levels representing the
percentage of 1000 bootstrap resamplings in which the strains to the right form a clade. Amino acid
trees (data not shown) are similar to the nucleotide trees.

Figure 1. Mosaic structure of Da/TW-448. The linear representation of the ∼1.05 Mb chromosome and nucleotide location (vertical lines) of the 17
sequenced loci are shown. Reference strains involved in the Da/TW-448 mosaic are shown in colored boxes: blue (F/IC-Cal-3), yellow (D/UW-3), and
red (A/Har-13, B/TW-5, Ba/Apache-2, C/TW-3), below which is the genetic distance between Da/TW-448 and the reference strains. Vertical arrows
represent statistically confirmed and putative crossover regions. The chart shows the genetic distance (based on the number of nucleotide differences)
between Da/TW-448 and D/UW-3, E/Bour, F/IC-Cal3 and the mean of the ocular reference group (strains A, B, Ba, and C) for each genomic region
analyzed. *CT166 (toxin B-related protein) was included as it represents 2865 bp for trachoma strains (except B/TW-5, which does not contain this
gene), and 1920 bp for urogenital reference strains.
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P = 1 � 10�39 for the first region (rs2 and the rs2/ompA IGR) and

P = 6.6 � 10�10 for the second (ompA and ompA/pbpB IGR) (Fig.

1; Table 1). Two other breakpoint regions between the yfh0_1/

parB IGR and pmpD and between pmpI and CT049 are suggested,

but the exact locations could not be determined as we did not

sequence the regions between these loci (Fig. 1).

Based on these results, Figure 4A2 shows the most likely

position of the first breakpoint region that is confined to a 254-

bp area, while the second region is restricted to a 29-bp area.

These two breakpoint regions are bounded by the outer most

informative sites that support one of the three phylogenetic trees

shown in Figure 4A4. Figure 5A1,2 shows the nucleotide se-

quence of the 254-bp region, which includes a tRNA-Gly-2 with

characteristic inverted repeats, a ribosomal binding site (RBS) and

promotor sites, and the 29-bp region, respectively.

Determination of breakpoint regions for 10 C. trachomatis

clinical isolates

All 10 clinical isolates contain at least two breakpoint regions

denoted by black arrows as shown in Figure 3, which are sup-

ported by phylogenetic trees (Supplemental Fig. 2) and contin-

gency matrices (data not shown). Interestingly, two pairs of clini-

cal strains with identical ompA sequences (G/CL-4 and G/CL-5;

H/CL-6 and H/CL-7) have varying numbers of breakpoint regions

composed of DNA descended from different reference strain lin-

eages. G/CL-5 appears to be composed of trachoma strains B and

C, which are known to infect the urogenital tract (Millman et al.

2006). Clinical isolate Da/CL-2 is most similar to Da/TW-448, the

recombinant nature of which, involving E, F, and D, is again

evident (Figs. 1, 3). Also, at the same loci where Da/TW-448 is

derived from trachoma strains A, B, Ba, and C, Da/CL-2 is derived

from strains H, I, J, and Ja (Fig. 3).

G/CL-4 and Ja/CL-10 are discussed here in more detail as

several clinical isolates share breakpoint regions with these

strains in the continuous, sequenced region between rs2 and the

ompA/pbpB IGR (Fig. 3). Based on SimPlot analyses (Fig. 4),

G/CL-4 has two breakpoint regions with P-values of

P = 1.2 � 10�28 for the first region (rs2 and rs2/ompA IGR) and

P = 8.6 � 10�23 for the second (rs2/ompA IGR and ompA) (Fig.

4B1; Table 1). The most likely positions for the breakpoint re-

gions are within a highly conserved stretch of 48 bp for the first

region (Fig. 4B2) in proximity to an RBS, as shown in the nucleo-

tide sequence in Figure 5B1, and within a highly conserved

stretch of 98 bp for the second (Figs. 4B2, 5B2). The informative

sites support the phylogenetic trees as shown in Figure 4B4.

Figure 4 shows the two breakpoint regions for Ja/CL-10 with

P = 7.3 � 10�24 for the first region (ompA and rs2/ompA IGR) and

P = 4.5 � 10�6 for the second (ompA/pbpB IGR) (Fig. 4C1; Table

1). The most likely position of the first and second breakpoint

regions are within a highly conserved stretch of 44 bp (Figs. 4C2,

5C1) and 164 bp (Figs. 4C2, 5C2), respectively. The latter occurs

in proximity to an RBS (Fig. 5C2). These regions are flanked by

informative sites that support distinct phylogenetic trees (Fig.

4C4).

Chromosomal hotspots

There are a total of 16 identified breakpoints of recombination in

the 3.7-kb region of rs2 to the ompA/pbpB IGR (Fig. 3). Two of the

16 breakpoints are not shown in Figure 3; Da/CL-2 is homolo-

gous to Da/TW-448 in all loci except for pmpF (Fig. 1), and the

regions for G/CL-5 could not be precisely localized as the tree

strongly suggests that the donor strain is not represented among

the strains (Supplemental Fig. 2D). The 16 breakpoints form two

clusters. The first cluster encompasses the rs2/ompA IGR and 3�

terminus of ompA where six clinical isolates (C/CL-1, E/CL-3,

Figure 3. Linear representation of the proposed chromosomal mosaics
for C. trachomatis clinical isolates. The seven loci are represented by col-
ored boxed arrows, which show the coding strand direction of each
gene. The vertical arrows represent the deduced crossovers (arrows be-
tween noncontiguous sequences) and statistically confirmed hotspots for
recombination (arrows between rs2 and the rs2/ompA IGR, and between
ompA and the rs2/ompA IGR). The open arrow represents a putative cross-
over for G/CL-4 as the assignment of rs2 is ambiguous for this isolate.
Horizontal lines under arrows that represent deduced crossovers denote
the potential area over which the crossover may occur. The chart below
each color scheme shows the genetic distance (based on number of
nucleotide differences) between the clinical isolate and the reference
strain lineages that are likely involved in the mosaic, noted in bold.

C. trachomatis interstrain recombination
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G/CL-5, H/CL6, I/CL-8, and Ja/CL-10) have the same 44-bp

breakpoint region, the alignment of which is depicted in Figure

6A. The second cluster encompasses the 5� end of rs2 and the

rs2/ompA IGR where seven clinical isolates (C/CL-1, Da/CL-2,

E/CL-3, G/CL-4, G/CL-5, H/CL-6, and I/CL-8) are restricted to

different bp segments, but all except G/CL-5 are confined to a

254-bp span and overlap a single 48-bp breakpoint region. The

alignment of these strains is shown in Figure 6B.

Analysis of the genotype assignments in Figure 3 reveals

that no two of the recombination events in this region involve

the same combinations of genotypes. Moreover, the phylogenies

(Supplemental Fig. 3) show that the corresponding horizontal

transfers are between pairs of branches in the tree that are dis-

tinguished by reasonable (>60%) bootstrap support in at least

one tree. We conclude that no two recombinations in this region

are descended from a single ancestral event and can be treated as

statistically independent. In fact, only one pair of events in clini-

cal samples H/CL-6 and H/CL-7 plausibly shares any recombi-

Table 1. Calculation of P-values for informative sites for recombination in reference strain Da/TW-448 and clinical isolates G/CL-4 and
Ja/CL-10 based on SimPlot data in Figure 6

Figure 6-strain
designation
(left or right) n11a n12 n21 n22

Total no. of
informative sites Crossovers

Fisher’s
Exact Test

Bonferroni
correctionb

P

A-Da/TW-448 (L)c 74 0 0 73 158 2 8.56E-44 12246 1.0E�39
A-Da/TW-448 (R)d 0 73 11 0 158 2 5.38E-14 12246 6.6E�10
B-G/CL-4 (L)a 77 0 0 30 236 2 3.14E-27 27495 8.6E�23
B-G/CL-4 (R)b 0 30 129 0 236 2 4.48E-33 27495 1.2E�28
C-Ja/CL-10 (L)a 26 0 0 103 135 2 8.03E-28 8911 7.3E�24
C-Ja/CL-10 (R)b 0 103 6 0 135 2 4.94E-10 8911 4.5E�06

an11 through n22 refer to entries in a 2�2 contingency table; for example, there are 74 informative sites in the first part of the first region that favor
one tree, and none favoring the other tree; so, the first column has a 74 and a 0.
bThe Bonferroni correction was applied because the regions of sequence used to define the contingency tables were chosen based on the data, not in
advance.
cFirst row (“L”) refers to the crossover on the left in Figure 6.
dSecond row (“R”) refers to the crossover on the right in Figure 6.

Figure 4. SimPlot representation of the putative crossover regions for the reference strain Da/TW-448 (A) and the clinical isolates G/CL-4 (B) and
Ja/CL-10 (C). (1) Number of informative sites shared by the recombinant sequences (black) and the parental reference strains (blue and green). The
outgroup sequence is shown in red. Four-member trees consistent with these sites are also shown for each region adjacent to the crossover region. (2)
Similarity plot between each recombinant sequence and the respective parental reference strains, with a sliding window size of 200 bp and a step size
of 20 bp. (3) BootScan analysis (window size 200 bp; step size 20 bp) showing the phylogenetic relatedness (% of permuted trees) between these
sequences. For (2) and (3), the crossover regions are located between each pair of vertical lines, and nucleotides at the bottom of each plot correspond
to alignment positions (not to chromosomal locations) of the continuous genomic regions analyzed. For Da/TW-448 and G/CL-4, the genomic region
involved the rs2 gene to the ompA/pbpB IGR, while for Ja/CL-10, the region included only the rs2/ompA IGR, ompA, and the ompA/pbpB IGR. (4)
Phylogenetic reconstructions for each specific region bounded by the recombination breakpoint region supporting each crossover (1000 bootstrapped
trees).
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nant events since the time of divergence of the reference strains

(Fig. 3).

To compute P-values for the two clusters, we considered a

null hypothesis that the 16 events are distributed randomly over

this continuous 3.7-kb sequence. However, the events within

∼200–300 bases of either end might not have enough informative

Figure 5. Nucleotide sequences of crossovers for reference strain Da/TW-448 (A) and clinical isolates G/CL-4 (B) and Ja/CL-10 (C). Numbers represent
positions relative to the start codon of rs2 or ompA (highlighted in yellow). The stop codon of ompA is highlighted in blue. Crossover regions are
highlighted in gray bordered by informative sites (fuchsia) from SimPlot/BootScan analysis. The tRNA is highlighted in green with inverted repeats (blue).
Putative ribosomal binding sited (RBS) are highlighted in red. An imperfect and a perfect palindrome denote the putative terminators in blue below the
symbols >>> <<<. Putative promotor regions are in blue characters and underlined; spacer A/T regions occur downstream from each �35 promoter
element.

C. trachomatis interstrain recombination
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sites to be confidently assigned. Considering this, we estimated

the probability of the observed six or more sequenced breakpoint

regions falling in the 44-bp region, if there was no hotspot, to be

P = 2.9 � 10�6, after applying a multiple-test correction. Using a

conservative window of 254 bp for the second breakpoint region,

the probability for the observed six or more of the sequenced

crossovers falling within the window around the 48-bp region

was estimated to be P = 0.011 after applying a multiple-test cor-

rection (see Methods).

An analysis considering only variable sites resulted in even

more significant P-values, indicating that the appearance of

hotspots is not caused by the nonuniform distribution of variable

sites (data not shown).

Discussion

While recombination has been widely documented for extracel-

lular or facultative intracellular organisms such as the genera

Neisseria (Gibbs et al. 1989), Borrelia (Cadavid et al. 1994), Lepto-

spira (Haake et al. 2004), and Anaplasma (Brayton et al. 2002),

reports for obligate intracellular organisms are rare (Ogata et al.

2005; Baldo et al. 2006; Jiggins 2006). Our work provides the first

extensive recombination study in Chlamydiaceae and is the first

comprehensive recombination analysis performed in a human

obligate intracellular pathogen. Even with the complete genomes

of nine Chlamydiales species and strains, including two C. tracho-

matis reference strains (but no recent clinical isolates), it was not

possible to predict the rampant recombination we found. The

widespread recombination occurring in C. trachomatis implies

that the combinations of genes that are likely to explain disease

phenotype are not, for the most part, all genetically linked. Our

discovery has major biomedical implications and demonstrates

the importance in this organism of intensive sampling (multiple

clinical isolates and reference strains) at multiple loci.

Genetic recombination is the only plausible mechanism of

generation of the reference strain Da/TW-448 and the 10 clinical

mosaic strains, as the accumulation of point mutations was sta-

tistically highly improbable. In fact, 14 of the 16 breakpoint re-

gions are located in one of the two clusters (Fig. 6), making it

unlikely that the crossovers occurred at random. Consequently,

we consider the 48-bp and 44-bp regions to be hotspots for in-

terstrain recombination.

The observed pattern of mosaicism indicates statistically sig-

nificant hotspots for recombination, which implies either a site-

specific recombination mechanism or selection for the resulting

recombinant genomes. However, the fact that the data are con-

sistent with many breakpoint regions occurring at exactly the

same location suggests the former, possibly in combination with

the latter. The regions lack recognizable sequences such as Chi

sites or direct target repeats that are associated with some of the

best-studied mechanisms of gene mobility and rearrangement

(Gomes et al. 2004; Ogata et al. 2005; Baldo et al. 2006). How-

ever, Chi sites differ across bacteria and have not yet been deter-

mined for Chlamydiaceae. Hotspots adjacent to important ge-

nomic loci, notably ompA, and its neighboring IGRs, which con-

tain regulatory regions (Fig. 5), may indicate that gene swapping

via recombination is not random. Indeed, one hotspot contains

a tRNA gene. tRNAs are often associated with pathogenicity is-

lands and have recently been shown to be hotspots for horizontal

gene transfer among extracellular bacteria (Bishop et al. 2005).

Natural selection may have favored evolutionary mechanisms

that allow lateral gene transfer between coinfecting members of

the species near conserved regions, such as RBSs, where function

would not be disturbed, resulting in the genesis of successful new

clones, as appears to be the case in this study.

While recombination would seem unlikely for an obligate

intracellular pathogen that is sequestered from other strains by

inhabiting an intracytoplasmic vacuole, various types of genetic

exchange would be consistent with the knowledge that DNA

repair and recombination systems, including recBCD and xer en-

zymes, are well represented in the C. trachomatis genome (Supple-

mental Table 1). Simultaneous infections of a single host cell

with two C. trachomatis strains in which fusion of the respective

vacuoles occurs have been documented in in vitro systems (Rid-

derhof and Barnes 1989), and mixed infections have been re-

ported in vivo (Brunham et al. 1994; Hayes et al. 1994; Dean et al.

2000). Yet, this raises the question of whether there are specific

mechanisms that bring coinfecting chlamydiae into direct contact

within the vacuole to facilitate gene transfer. The IS in C. suis

(Dugan et al. 2004), the evidence for horizontal gene transfer

involving the add-guaAB gene cluster and copN of Chlamydophila

species (Read et al. 2003; Thomson et al. 2005), and clustering of

pmps in each Chlamydiaceae chromosome (Grimwood and Ste-

phens 1999) along with gene duplication in different coding di-

rections suggest recombinant events involving the various ge-

nomes. These cumulative data, then, support the unexpected re-

combinant and divergent clonal lineages we discovered for Da/

TW-448 and the clinical isolates of C. trachomatis.

Our study shows that ompA is not genetically linked with a

great deal of the genome, including the PZ region that contains

a tryptophan synthase that may correlate with tissue tropism

(Caldwell et al. 2003). We found no evidence for recombination

in the chromosome region between CT049 and CT414 (Figs. 1, 2)

that would indicate horizontal gene transfer including the PZ

(∼CT152–CT176), but our study would not have detected ex-

change of excised PZs. Our findings of recombination through-

out the genome will be essential for interpretation of any future

studies that attempt to track PZ exchange across clinical isolates.

Traditional C. trachomatis classification based on polymor-

phisms in one or two genes appears to be too restrictive since the

Figure 6. Representation of the nucleotide positions of the two chro-
mosomal hotspots. Informative sites bound the recombination break-
points to within the shaded box for each isolate. (A) The 44-bp hotspot
overlaps the rs2/ompA IGR and ompA and is within the 98-bp crossover
region of clinical isolate G/CL-4. (B) The 48-bp hotspot involves the rs2
and the rs2/ompA IGR and is within the 254-bp crossover region of ref-
erence strain Da/TW-448. For A and B, the numbers +1202 and +1105,
and +80 and �175 are the genomic positions relative to the start codon
of ompA and rs2, respectively.
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similarity of the clinical isolates with the corresponding refer-

ence strain is sometimes confined to only a single gene. This is

the case for Ja/CL-10, where only the ompA gene matches geno-

variant Ja/UW-92 (Fig. 3), and is further supported by the fact

that all circulating clinical isolates in this study reveal a different

mosaic structure, even for those with identical ompA sequences

(e.g., G/CL-4 and G/Cl-5, and H/CL-6 and H/CL-7) (Fig. 3). The

contradictory results on the association between serotype or

ompA-genotype and clinical findings reported in the literature

(Workowski et al. 1994; Morré et al. 2000; Anttila et al. 2001;

Millman et al. 2006) are to be expected given our results. Indeed,

our data suggest that there are many more divergent clones than

previously imagined for C. trachomatis. In light of our findings,

strain typing should involve a number of loci combined in

multilocus sequence-based typing (MLST) strategies, which have

been successfully used for typing disease- and nondisease-causing

lineages among 21 extracellular bacteria and yeast to date

(www.mlst.net) (Maiden et al. 1998; Enright et al. 2001; Feil et al.

2003).

A broader study may reveal the time scale in which a given

clonal strain persists in disease populations. Considering that our

results come from a survey involving ∼40,000 bp of each ∼1.05

Mb chromosome, our findings likely represent the “tip of the

iceberg” of a still more complex picture. Significantly, when link-

age disequilibrium has been observed between alleles for C. tra-

chomatis, which might suggest a lack of recombination, the

analysis was based on only reference strains and partial se-

quences of a few genes in close proximity to one another (Sto-

thard et al. 2003). By selecting seven loci dispersed throughout

the genome for all reference strains and 10 recent clinical iso-

lates, we were able to detect the emergence of mosaic strains that

are likely occurring from extensive recombination more recently

in time. Although the clinical mosaics presented in this study are

graphically represented as chimeras of parental reference strains,

in reality, recombination occurs between contemporary circulat-

ing strains. The implications of these findings are that contem-

porary human chlamydial diseases are not caused by clonal de-

scendents of reference strains but by strains evolved from mul-

tiple recombinations of ancestral lineages.

The degree of widespread recombination we describe far ex-

ceeds that for Rickettsia, the only other intracellular human

pathogen in which recombination is known to occur. We specu-

late that comparative genomics of C. trachomatis reference strains

and additional clinical isolates would readily allow the identifi-

cation of other recombination sites and possibly the mecha-

nism(s) for each. Based on our data (Figs. 1, 3), a clonal frame

(Milkman and Bridges 1990; Smith et al. 1993), in which clinical

genotypes consistently agree, may exist from CT049 to CT414

(∼400 kb apart), possibly extending in either direction. However,

phylogenies for the reference strains at these two loci are not

concordant, implying that recombination takes place in this re-

gion at a slower rate than in the vicinity of ompA. The clonal

frame appears to degrade at pmpF and disappears between rs2 and

ompA. According to the positions of the putative breakpoints

(denoted by vertical arrows in Fig. 3), transferred segments ap-

pear to involve the IGR downstream from ompA (∼350 bp), ompA

(∼1200 bp), and rs2 (∼900 bp). The segments are primarily under

10 kb, suggesting natural DNA transformation as a reasonable

mechanism for genetic exchange, which is consistent with what

has been reported for over 44 bacteria (Lorenz and Wackernagel

1994).

Recombination provides a mechanism where genes encod-

ing polymorphic antigens, pathogenic factors, or proteins in-

volved in cell appetence could hypothetically be transferred and

confer biological advantages for the chlamydial receptor strain.

Thus, our results do not point to specific events that are respon-

sible for different pathogenicities but, instead, suggest a new way

to dissect the genetic basis for the disease pathology of clinical

strains. Our current understanding of C. trachomatis will have to

be revised as present-day clinical isolates are used in in vitro and

in vivo research studies in tandem with reference strains to de-

cipher the molecular and genetic mechanisms involved in con-

temporary and emerging human chlamydial diseases. In addi-

tion, our findings suggest the need for an expansive genomic

exploration of clonal populations of C. trachomatis as well as of

other obligate intracellular pathogens that may also be undergo-

ing extreme recombination.

Methods

C. trachomatis reference strains and clinical isolates

The 19 reference strains (A/Har-13, B/TW-5, Ba/Apache-2, C/TW-

3, D/UW-3, Da/TW-448, E/Bour, F/IC-Cal3, G/UW-57, H/UW-4,

I/UW-12, Ia/IU-4168, J/UW-36, K/UW-31, L1/440, L2/434, L2a/

TW-396, and L3/404), including genovariant Ja/UW-92 and 10

clinical isolates representing eight ompA genotypes (C, Da, E, 2 G,

2 H, I, Ia, and Ja) from women with trachoma or urogenital

infections were analyzed. We designated each clinical isolate in

alphabetical order as C/CL-1, Da/CL-2, etc.

Cell culture of all C. trachomatis strains was performed as

previously described (Dean et al. 2000; Dean and Powers 2001).

After Renografin purification, genomic DNA was extracted using

High Pure PCR Template Preparation Kit (Roche Diagnostics) ac-

cording to manufacturer’s instructions. Confirmation of refer-

ence strains and identification of clinical isolates were performed

using ompA genotyping with BLAST comparison of the sequences

in GenBank as previously described (Gomes et al. 2004).

Sequencing of genomic regions

Approximately 40,000 bp of the ∼1.05 Mb C. trachomatis chro-

mosome was analyzed for each reference strain. PCR primers

(Supplemental Table 2) were designed using Primer Select soft-

ware (DNASTAR) based on published genome sequences of ref-

erence strains D/UW-3 and A/Har-13 (GenBank AE001273 and

CP000051, respectively). Primers for amplification and sequenc-

ing of pmp genes were used as previously described (Gomes et al.

2006). For CT166, only Da/TW-448 was sequenced, as sequences

for other reference strains are available in GenBank. PCR reagents

and thermocycling profiles were as previously described (Gomes

et al. 2006), except for annealing temperatures and extension

times: 54°C and 2 min, 15 sec, for CT049-1/CT049-2; 55°C and 1

min, 40 sec, for rs2-1/rs2-2 and rs2-1/rs2-3; 56°C and 1 min, 30

sec, for pbpB-1/pbpB-2; 56°C and 2 min for yfh0-1/yfh0-2. Am-

plicons were visualized in ethidium bromide-stained 0.8% aga-

rose gels, purified, and sequenced as previously described (Gomes

et al. 2006).

Determination of %G:C content

The %G:C content for each loci was determined using EditSeq

software (DNASTAR). We also searched for direct target repeats

and Escherichia coli-like Chi sites that may indicate regions of

recombination using multiple Web-based freeware, including

BLAST, and search engines.

C. trachomatis interstrain recombination
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Analysis of the molecular evolution of genomic regions

The molecular evolution of the loci was evaluated using the Nei-

Gojobori method (Nei and Kumar 2000) to estimate the ratio of

dN/dS substitutions. These values were normalized (P-distance

model) against the number of potential dN and dS sites because

the latter is much smaller than the former. Significant differences

in mean dN and dS were determined by comparing 95% confi-

dence intervals (CI). An SE computation was performed by boot-

strap analysis with 1000 replications.

Phylogenetic and statistical analyses

Phylogenetic data were generated using MEGA (http://

www.megasoftware.net) as previously described (Gomes et al.

2004) where Neighbor-joining trees (Saitou and Nei 1987; Nei

and Kumar 2000) were created using the Kimura-2-parameter

model (Kimura 1980) that takes into account substitution rates

while assuming that the four nucleotide frequencies are the same

and that rates of substitution do not vary among sites (Nei and

Kumar 2000). Phylogenetic reconstructions were also performed

at the protein level using the Gamma distance model that takes

into account the dissimilarity of the substitution rates among

sites (Nei and Kumar 2000). Additionally, one matrix was gener-

ated for each of the loci that were analyzed for reference strains

and clinical isolates. The numbers represent absolute nucleotide

differences between each pair of strains under comparison for the

total number of valid sites.

Determination of breakpoint regions

A precise search for potential mosaic structures was performed

using SimPlot (http://sray.med.som.jhmi.edu/SCRoftware/) (Lole

et al. 1999) to calculate and plot the similarity of one putative

recombinant sequence (Query) to the other sequences in a slid-

ing window size of 200 bp moved across the alignment in a step

size of 20 bp. Nucleotide pairwise distances were calculated using

the Kimura-2-parameter method (gaps excluded; ts/tv of 2.0). A

Bootscanning analysis (Salminen et al. 1995) was also performed

for Da/TW-448 and all clinical isolates. Each was compared with

sequences from the probable parental strain(s) and a known out-

group sequence. At each nucleotide window range, a phyloge-

netic analysis was performed using the Neighbor-joining topol-

ogy on the basis of pairwise genetic distances (Kimura-2-

parameter method; gaps strip on; ts/tv of 2.0). Bootstrap

confidence levels were determined by 100 replicates. Significant

changes in phylogenetic relationships from window to window

resulted in changes in BootScan values that were indicative of

probable recombination events. SimPlot was also used to identify

informative sites (Robertson et al. 1995) where two sequences

share one specific nucleotide but the other two share a different

nucleotide. Each informative site supports one of the three pos-

sible phylogenetic relationships among the four taxa. The likeli-

hood that the observed distribution of sites favoring specific phy-

logenetic groupings might occur randomly was assessed using

the maximum �
2 test. The most likely crossover region occurred

where the observed distribution is least likely to occur randomly

(maximum �
2 value).

The null hypothesis for recombination was that informative

sites are drawn from a single distribution. A P-value for any speci-

fied breakpoint is given by Fisher’s Exact Test. Because break-

points are not specified in advance, we applied a Bonferroni mul-

tiple test factor for the number of ways to choose breakpoints.

This makes the test conservative because the different hypotheses

corresponding to different breakpoints are highly correlated.

Some choices of breakpoints will have very little power, further

reducing the effective number of tests. A more complex calcula-

tion that avoids our conservative approximations is given by

Halpern (2000).

To support the recombination regions given by SimPlot and

to accurately infer the phylogenetic relationships of the putative

recombinant strains, the defined breakpoint regions were used to

divide the alignments into delimited genomic regions, and phy-

logenetic trees were inferred by Neighbor-joining (Kimura-2-

parameter) analysis.

For comparative purposes with data obtained using SimPlot,

we also used the RIP (http://hiv-web.lanl.gov/) (Smith 1992).

Statistical analyses of chromosomal hotspots

We considered conservative cases with equal-sized windows for

the calculations. For the 44-bp breakpoint region, which is

shared by seven clinical isolates and termed a cluster, we ignored

the seventh event (G/CL-4 with 98 bp) and considered whether

six crossovers restricted to 44 bp are overrepresented relative to

nine events outside of that region. We framed this as a contin-

gency table with ∼30,000 bp of sequence in each of the 10 clinical

isolates, which gives a P = 4.3 � 10�8 (Fisher’s Exact Test):

Outside of region Inside region

nonrecombinant bp sequenced 29551 434
recombinant bp sites 9 6

In this case, the test is not exact because the number of break-

point regions detected in our 10 clinical sequences cannot exceed

10 in a given window bounded by informative sites, making our

result more conservative. To this value, we apply a multiple-test

correction (roughly a factor of 3000/44), because the 44-bp re-

gion was not specified in advance, resulting in P = 2.9 � 10�6.

For the other cluster of 254 bp for seven clinical isolates, we have

six events plus a seventh (G/CL-5) that is ignored because it could

be outside that region. Our contingency table gives

P = 9.4 � 10�4. Corrected by 3000/254, this gives a P = 0.011.

Outside of region Inside region

nonrecombinant bp sequenced 27451 2534
recombinant bp sites 9 6
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