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Genome sequencing of Chlamydia trachomatis serovar D has identified polymorphic membrane proteins
(Pmp) that are a newly recognized protein family unique to the Chlamydiaceae family. Cumulative data suggest
that these diverse proteins are expressed on the cell surface and might be immunologically important. We
performed phylogenetic analyses and statistical modeling with 18 reference serovars and 1 genovariant of C.
trachomatis to examine the evolutionary characteristics and comparative genetics of PmpC and pmpC, the gene
that encodes this protein. We also examined 12 recently isolated ocular and urogenital clinical samples, since
reference serovars are laboratory adapted and may not represent strains that are presently responsible for
human disease. Phylogenetic reconstructions revealed a clear distinction for disease groups, corresponding to
levels of tissue specificity and virulence of the organism. Further, the most prevalent serovars, E, F, and Da,
formed a distinct clade. According to the results of comparative genetic analyses, these three genital serovars
contained two putative insertion sequence (IS)-like elements with 10- and 15-bp direct repeats, respectively,
while all other genital serovars contained one IS-like element. Ocular trachoma serovars also contained both
insertions. Previously, no IS-like elements have been identified for Chlamydiaceae. Surprisingly, 7 (58%) of 12
clinical isolates revealed pmpC sequences that were identical to the sequences of other serovars, providing clear
evidence for a high rate of whole-gene recombination. Recombination and the differential presence of IS-like
elements among distinct disease and prevalence groups may contribute to genome plasticity, which may lead
to adaptive changes in tissue tropism and pathogenesis over the course of the organism’s evolution.

Chlamydia trachomatis is an obligate intracellular bacterium
and a major cause of ocular and urogenital human infections
worldwide (13). C. trachomatis has been divided into two hu-
man biological variants (biovars) on the basis of the nature of
the disease that each group causes. To date, 18 serological
variants (serovars) of these biovars have been identified by
monoclonal antibody (MAb) typing of the major outer mem-
brane protein (MOMP) of the organism. The oculogenital or
trachoma biovar consists of serovars A to C and Ba that are
responsible for trachoma, a chronic ocular inflammatory dis-
ease found in developing countries, and serovars Ba, D, Da, E,
F, G, H, I, Ia, J, and K and genovariant Ja that are responsible
for urogenital infections. The second biovar consists of four
serovars (L1, L2, L2a, and L3) that are the causative agents of
lymphogranuloma venereum (LGV). The LGV serovars are
responsible for more-invasive diseases, including suppurative
lymphadenitis, hemorrhagic proctitis, and ulcer formation
(11).

While considerable knowledge has been gained about the
pathogenesis of these diseases over the last few decades, there
is still a lack of understanding about the association of genetic
or protein differences among the various serovars of C. tracho-
matis and their tissue tropism and pathogenic properties. The

major constituent of the outer membrane and the best-char-
acterized protein of the organism is MOMP, which is encoded
by the ompA gene. MOMP accounts for approximately 60% of
the dry weight of the outer membrane of the infectious particle
(termed the elementary body [EB]) and is the most antigenic
protein of C. trachomatis. The available phylogenetic data for
ompA as well as for omcB, the outer membrane complex B
protein gene, do not entirely define or group the serovars
according to their tissue tropism or virulence properties (32).
Furthermore, the analyses to date of genes within the recently
identified plasticity zone of the C. trachomatis D-UW-3 ge-
nome (GenBank no. AE001273), including those of the partial
tryptophan operon (which differentiated ocular serovars from
all others) and the partial cytotoxin gene, have also not been
able to fully explain these properties (1, 5).

The genome sequence of D has also provided information
about a novel group of genes that are predicted to encode
surface proteins. These proteins are members of a large super-
family among the Chlamydia species and have no apparent
homologs with other bacteria. C. trachomatis has nine mem-
bers, which have been assigned the names polymorphic mem-
brane proteins A to I (PmpA to PmpI); Chlamydophila pneu-
moniae (C. pneumoniae) has 21 members (23, 45); and
Chlamydophila psittaci (C. psittaci) (strain GPIC) has 17 mem-
bers (39). C. trachomatis pmp genes are located in two clusters
in the chromosome (pmpA to pmpC and pmpE to pmpI), while
pmpD is separate from the other pmp genes. Pmp proteins are
large (90 to 187 kDa) and have considerable amino acid se-
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quence heterogeneity. The presence of predicted cleavable
signal peptide leader sequences for some of them (PmpC,
PmpD, PmpE, and PmpI) suggests their location in the outer
membrane. Further, a striking similarity between all Pmp pro-
teins is the conserved motif GGAI present mostly in the ami-
no-terminal half of the protein and a predicted C-terminal
region forming a beta-barrel (20, 50). These characteristics
suggest that Pmp proteins are autotransporters in which the
C-terminal 30-kDa region is incorporated into the outer mem-
brane, forming a pore and allowing the translocation of the
N-terminal passenger domain to the bacterial surface (20, 50).
In agreement with this is the recognition of the GGAI-con-
taining proteins as major immunogens (7).

Although it is not known whether all pmp genes are trans-
lated into functional proteins, there is some evidence that the
nine pmp genes are transcribed for serovars D and L2 (27).
However, the majority of serovars have not yet been evaluated.
According to other in vitro results, PmpD, PmpE, PmpG, and
PmpH were detected as major constituents of the outer mem-
brane complex of serovar L2 (33, 48; A. O. Kiselev, M. L.
Johnson, L. B. Ballweber, W. E. Stamm, and M. F. Lampe,
Abstr. Proc. Tenth Int. Symp. Human Chlamydial Infect., p.
567–570, 2002). Several authors have also reported the immu-
noreactivity of human sera with recombinant Pmp proteins
expressed in vitro or Pmp-specific synthetic peptides (15, 27;
R. C. Hsia, I. Ahmed, B. Batteiger, O. Sekkides, G. Ridgway,
and P. M. Bavoil, Abstr. Fourth Meet. Eur. Soc. Chlamydia
Res., p. 219, 2000).

The cumulative sequence, proteomics, and serologic evi-
dence described above suggests that many of the Pmp proteins
are surface exposed. While some data are accumulating on
Pmp immunogenicity and evolution, both of which are impor-
tant in understanding the biologic role of Pmp proteins in
chlamydiae, PmpC has not been studied despite evidence for
its membrane localization. Further, no Pmp studies to date
have included comparative analyses of clinical isolates with
reference strains, the latter of which represent laboratory-
adapted strains that may not reflect the genetic makeup of
chlamydial strains that are presently responsible for human
disease. Consequently, we performed phylogenetic analyses
and statistical modeling to examine the evolution of this gene
and address potential differences in tissue tropism and viru-
lence for 12 ocular and urogenital clinical strains and the 18
C. trachomatis reference serovars in addition to genovariant Ja.
We also compared these data with the partial sequences of
pmpE, pmpH, and pmpI available through GenBank for 15
reference serovars (47).

MATERIALS AND METHODS

Cell culture. The following C. trachomatis prototype strains representing 18
serovars and one genovariant, Ja, were used in this study: 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(UW-202), J(UW-36), Ja(UW-92), K(UW-
31), L1(440), L2(434), L2a(TW-396), and L3(404). In addition, 12 trachoma and
urogenital strains, representing ompA genotypes C, E, F, G, H, I, J, and Ja (see
ompA genotyping data below) that had been recently isolated from the conjunc-
tiva of trachoma patients or the genital tract of patients attending sexually
transmitted disease clinics were also examined. Each strain was initially propa-
gated in HeLa 229 cells as previously described (10, 11). Briefly, HeLa cells were
plated in T-150 cm2 flasks and allowed to reach �60% confluence prior to
inoculation with the respective serovar or clinical strain in SPG (0.25 M sucrose,
10 mM Na2HPO4, 5 mM L-glutamic acid, 10 �g of gentamicin/ml, 100 �g of

vancomycin/ml, 25 U of nystatin/ml, pH 7.4) at room temperature for 2 h on an
orbital shaker. Cells were washed with Hanks’ balanced salt solution (Gibco-
Invitrogen Corporation, Carlsbad, Calif.) and incubated in culture medium (min-
imal essential medium [Gibco-Invitrogen Corporation] containing 0.5 �g of
cycloheximide/ml and 10% fetal bovine serum [HyClone, Logan, Utah]) at 37°C
in 5% CO2. EBs for each serovar were harvested at 48 to 72 h postinoculation
and purified by discontinuous density centrifugation in Renografin (4) and re-
suspended in Tris-EDTA (10 mM Tris-Cl, 1 mM EDTA, pH 8.0). Only the initial
isolates (without further propagation) for each clinical strain were used in the
experiments described as follows.

Serovar and genotype confirmation by ompA sequencing. The identities of the
18 C. trachomatis reference strains, genovariant Ja, and the 12 clinical strains
were confirmed by ompA sequencing before subsequent assays were performed.
DNA from each strain was extracted using a High Pure PCR template prepara-
tion kit (Roche Diagnostics, Indianapolis, Calif.) according to the manufacturer’s
instructions. Each DNA sample was subjected to PCR and nested PCR using
primers Nlo and Nro and primers Pctm3 and Sero2A (1,014-bp product) (Table
1), respectively, as previously described (3). Amplified products were visualized
in ethidium bromide-stained 1% agarose gels, and those of the correct size were
purified using a QIAquick PCR purification kit (QIAGEN, Valencia, Calif.).
Primer ompA-3 (Table 1) was used for sequencing variable segments 1, 2, and 3
of the ompA gene, and variable segment 4 was sequenced using primer ompA-4
(Table 1), BigDye terminator chemistry, and capillary sequencing (3700 se-
quencer; Applied Biosystems, Foster City, Calif.). Sequences were aligned using
LaserGene99 software (DNASTAR, Madison, Wis.) and presently available
chlamydial sequences from GenBank to confirm the identity of each serovar and
clinical strain.

pmpC sequencing for C. trachomatis reference and clinical isolates. Two over-
lapping amplicons containing the entire pmpC gene (5,313 bp) were generated by
PCR using primer pair C9 and C10 and primer pair C11 and C12 (Table 1). The
primers were designed using Primer Select software (DNASTAR) on the basis of
the pmpC sequence of serovar D/UW-3 (GenBank accession no. AE001315).
The PCR reagents and volume were as follows: 1� buffer (Bioline, Randolph,
Mass.), 200 �M deoxynucleoside triphosphates (Promega, Madison, Wis.), 2.8
mM MgCl2, 12.5 pmol of each primer, and 1 U of proof-reading Bio-X-Act DNA
polymerase (Bioline) in a 25-�l reaction volume. The thermocycling profile
consisted of 2 min at 94°C followed by 10 cycles of 10 s at 94°C, 30 s at 65°C, and
3 min 30 s at 68°C and 15 cycles of 10 s at 94°C, 30 s at 65°C, and 3 min 30 s at
68°C (including a step elongation of 10 s for each extension step during the last
15 cycles). Amplified products were visualized in an ethidium bromide-stained
0.7% agarose gel. Sequencing was performed using pmpC PCR and sequencing
primers as described above. All pmpC sequences were confirmed by resequenc-
ing newly extracted DNA from the original EB stock for the respective serovar
and clinical strain. When a discrepancy was found, the same gene segment was
sequenced a third time.

N-terminus sequencing of pmpH and pmpI for C. trachomatis reference sero-
vars. Approximately 75 bp at the N terminus of pmpH and pmpI for 15 C.
trachomatis reference serovars were not included in the published sequences
available in GenBank. To evaluate the number of conserved cysteine residues for
each gene compared with the results seen with pmpC, we sequenced these
regions for the 15 reference serovars. PCR and sequencing primer data for pmpH
and pmpI are provided in the Table 1. The primers were designed using Primer
Select software (DNASTAR) on the basis of serovar D/UW-3 pmpH and pmpI
sequences (GenBank accession no. AE001360 and AE001361, respectively).
PCR reagents, volumes, and sequencing were as described for pmpC. The ther-
mocycling profile for pmpH consisted of 5 min at 95°C and 1 min at 60°C, 30
cycles of 1 min at 70°C, 30 s at 95°C, and 30 s at 60°C, and a final elongation of
10 min at 70°C. For pmpI the thermocycling profile was the same except for an
extension step of 1 min 30 s.

Molecular, phylogenetic, and statistical analyses of pmp sequences. pmpC
sequences for the 18 reference serovars, genovariant Ja, and the 12 patient
strains were aligned using LaserGene99 software (DNASTAR). The signal pep-
tide and cleavage sites in the amino acid sequences were identified using the
World Wide Web Prediction Server, Center for Biological Sequence Analysis
(SignalIP, version 1.1 [http://www.cbs.dtu.dk]), and the Neural Networks method
(36).

A search for a conserved GGAI motif in the amino acid sequences of the four
Pmp proteins was performed using EditSeq (DNASTAR). This motif is a com-
mon feature of Pmp proteins in chlamydiae (16) and may contribute to Pmp
immunogenicity (7).

Reconstruction of the evolutionary history of pmpC was accomplished using
neighbor-joining tree topologies generated by molecular evolutionary genetics
analysis (MEGA, version 2.1; Institute of Molecular Evolutionary Genetics,
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Pennsylvania State University [http://www.megasoftware.net]) on the basis of
distances estimated using a Kimura two-parameter model (25) for substitution
events as previously described (32). Data regarding the pmpC phylogenetic trees
obtained by this method were compared with the available data in the literature
for other C. trachomatis genes (14, 32, 47).

The evolutionary distances between all serovar sequences were also evaluated
using the Nei-Gojobori method (34) to evaluate the overall means of synony-
mous (dS) and nonsynonymous (dN) substitutions among the strains. A pairwise
(p)-distance model was used to normalize these values to the number of potential
dS and dN sites, because the number of potential synonymous sites is much
smaller than the number of potential nonsynonymous sites. This model for
estimating genetic distances can only be computed for protein-coding sequences
and is performed on the basis of a codon-by-codon comparison. Significant
differences in mean dS and dN substitutions were determined by comparing 95%
confidence intervals (CI).

Computation of p distances was performed on the basis of the number of
nucleotide and amino acid differences (35) between and within disease groups
and within the 18 reference serovars and genovariant Ja; similar analyses were
performed for the 12 clinical strains.

For all statistical analyses, the complete-deletion option was used to normalize
the number of differences on the basis of the number of valid sites compared
(when the sequences contained alignment gaps). Furthermore, bootstrap confi-
dence levels were determined by randomly resampling the sequencing data 1,000
times.

Mean genetic distances between the sequences and the standard error (SE)

were determined; the distance was computed between the sequences of the two
serovars under comparison for all dissimilar serovar-serovar sequence pairs. The
95% CI was calculated from the SE of each mean value (mean � 1.96 � SE).

Because the percentage of G�C content can provide information on the
likelihood of genetic transfer from other species within the same genus or from
other organisms (22, 38), we calculated the percentage of G�C content for the
reference serovars for the four pmp genes and compared it with the complete D
genome results. The percentage of G�C content for each pmp for all sequences
was determined using EditSeq software (DNASTAR).

The same molecular, phylogenetic, and statistical analyses were also per-
formed for the partial sequences of pmpE, pmpH, and pmpI (47) for 15 of the
reference serovars. The results were compared with those obtained for pmpC
with the same serovars.

Database submission. The sequences of pmpC determined in this study have
been submitted to GenBank under accession numbers AF519747 through
AF519765. The sequences of pmpH and pmpI corresponding to the N-terminal
region of the proteins have been submitted to GenBank under accession num-
bers AY357238 through AY357252 and AY357223 through AY357237, respec-
tively.

RESULTS

Sequence analysis of pmp genes. pmpC sequences from pro-
totype serovars of C. trachomatis were aligned with the serovar

TABLE 1. Oligonucleotide primers used for PCR and sequencing

Gene Primer Primer sequence (5� to 3�) Gene location Amplicon
Size (bp)

ompA Nlo ATGAAAAAACTCTTGAAATCG 1 to 21a 1,129
Nro CTCAACTGTAACTGCGTATTT 1128 to 1108a

ompA Pctm3 TCCTTGCAAGCTCTGCCTGTGGGGAATCCT 55 to 84a 1,014
Sero2A TTTCTAGATTTCATTTTGTT 1068 to 1049a

ompA OmpA-3b CCTGCTGAACCAAGCCTTATG 82 to 102a

ompA OmpA-4b CCAATATGCTCAATCTAAACC 639 to 659a

pmpC C-9b GCTGGTCAAGTTATCTGCGGAGTG �344 to �321d 3,015
C-10b TATTCCCGGAGAAGGTGACAGTTC 2671 to 2648c

pmpC C-11b TGGAGATAGCGCTGGAGACTCTGA 2394 to 2417c 3,115
C-12b GTTAACGCGTACCGAGGGTTCG

pmpC C-7b AGACAACACAGAGTATCGAG 153 to 172c

pmpC C-5b ATAACTACTCCCCCTCTCATAGGA 1156 to 1179c

pmpC C-4b GGGGGTAGAAGATTCTGGGGTATC 1362 to 1339c

pmpC C-8b CTTATCCCACTATAACTCTG 1713 to 1732c

pmpC C-15b ACTCTCCTACTGTAACCATTG 2720 to 2740c

pmpC C-17b AACAGGTACACAGGCAACTG 3450 to 3469c

pmpC C-16b TGACGGATACTGGAGTATTC 4940 to 4921c

pmpH H-1b TCGGGCATTCAGGAGTGGACAT �367 to �346e 776
H-2 CTTCGCCTGCTCCGGAAATACTC 408 to 386e

pmpI I-1 GAGGCGATTCTTTGCTGCTACTT 1095 to 1117f 1,369
I-2b AACAAACCAACCCAAAACTAAAAT �273 to �250f

a Primers designed based on the sequence of strain L2 ompA.
b Primers used for automated sequencing.
c Primers designed based on the sequence of strain D pmpC.
d �, a region upstream from the start codon.
e Primers designed based on the sequence of strain D pmpH.
f Primers designed based on the sequence of strain D pmpI.
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D/UW-3 pmpC sequences from GenBank (no. AE001315).
This gene revealed various sizes of 5,313 to 5,355 bp (Fig. 1).
Trachoma and LGV serovars as well as serovars Da, E, and F
contained an insertion (while the other serovars had a dele-
tion) of 42 bp at position nucleotide (nt) 295 corresponding to
a 14-amino-acid sequence. The insertion included a short, di-
rect-repeat sequence of 10 bp (286TCTGGAGAAA295) in its C
terminus also present in the region preceding the insertion

(Fig. 1). Furthermore, another insertion of 30 bp correspond-
ing to a 10-amino-acid sequence was located at nt position
2324 (Fig. 1) for all non-LGV serovars. Similarly, this insertion
included a direct repeat (DR) of the DNA of 15 bp in its C
terminus (2310TTCTTCAG[G/A]TTCAGA2324) which is im-
perfect compared with the same sequence in the DNA region
preceding the insertion. We think that these insertions might
reflect insertion sequence (IS)-like elements. If the DRs were

FIG. 1. Nucleotide sequences of pmpC domains containing the IS-like elements for all C. trachomatis serovars. (A) First IS element (42-nt
insertion); (B) second IS element (30-nt insertion). The sequences were aligned with the GenBank sequence for strain D/UW-3 (accession number
AE001315). Numbers at the top of the alignments represent the nucleotide positions. The shaded area represents IS elements. Boxes represent
DTR sequences. Dots represent sequence homology; dashes represent the absence of nucleotides. These sequence data are available from
GenBank under accession numbers AF519747 through AF519765.
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created by an IS-like mechanism, then the DRs are caused by
duplication of the target sequence and we therefore refer to
the sequences as direct target repeats (DTRs).

Because of the findings described above, we calculated the
probability of observing the two pairs of DRs in the same pmp
gene as follows. Nucleotide frequencies were calculated on the
basis of a G�C content of 41%. The larger interval between
repeats was 32 bps, so the “search space” is an area of 32 bps
times the length of pmpC (5.3 kb). The probability of observing
an exact match to the first 10-bp sequence that accounts for its
G�C content is 1.16 � 10�6. The probability of the 14 bases of
the second sequence matching is 6.13 � 10�9; we then multiply
this by a factor of 15 to account for the fact that the mismatch
could have been anywhere in the sequence (but we conserva-
tively do not give credit for the fact that the mismatched bases
are both purines). Thus, the expected number of pairs is the
product of the two probabilities named above times the size of
the search space squared times the number of pmp genes
(nine). Consequently, the probability of finding two DRs (of
identical size, G�C content, and distance characteristics) for
the pmps was calculated at P � 0.028.

DTRs or possible IS elements were not identified in any
other portions of the chromosome for any of the reference
serovars and clinical strains. A BLAST search of these se-
quences against all known bacterial genera identified no sig-
nificant homology with any other sequences.

The PmpC sequences revealed the presence of a predicted
peptidase II cleavage site and also a C-terminal phenylalanine
for the reference serovars and clinical strains (data not shown).
The search for the tetrapeptide GGAI motif revealed six
GGAI motifs for serovars L2, L2a, and L3 and seven for
serovars A to L1. Five of them were located in the N-terminal
half of the protein (amino acid positions 172 to 175, 447 to 450,
541 to 544, 596 to 599, and 839 to 842), and the other two were
very close to this region (917 to 920 and 955 to 958 [data not
shown]). We also identified eight motifs for PmpE, two for
PmpH (except for LGV group which presents 3 motifs), and six
for PmpI. As for PmpC, most of these motifs were located in
the N-terminal half of the protein. This is consistent with a
previous report in which 2 to 10 motifs were identified among
all C. trachomatis pmp genes (for serovar D) (J. Grimwood, M.
Wayne, and R. S. Stephens, Abstr. Proc. Ninth Int. Symp.
Human Chlamydial Infect., p. 263–266, 1998). Consequently,
the presence of the predicted peptidase II cleavage site, the
C-terminal phenylalanine, and the GGAI autotransporter mo-
tif is consistent with surface localization of PmpC.

Since cysteine residues may play an important role in the
three-dimensional structure of the Pmp proteins, the locations
of conserved cysteine residues for the 15 reference serovars
were identified and aligned for PmpC, PmpE, PmpH, and
PmpI. Figure 2 shows the distribution of these cysteine resi-
dues for the four Pmp proteins. The residues were mainly
clustered in the N-terminal half of the protein for each Pmp
protein. For PmpC, there were a total of 15 cysteines, 13 of
which were conserved. One nonconserved cysteine was located
at amino acid position 432 and was present only in reference
serovars Da, E, and F immediately upstream of one of the
GGAI motifs; the other nonconserved cysteine was located at
position 1764 in all serovars except for B. For PmpE, there
were a total of 16 cysteines, 15 of which were conserved. The

nonconserved cysteine was found in reference serovars A, B,
Ba, and C at position 309 and was also immediately upstream
of one of the GGAI motifs. For PmpH, there were a total of 15
cysteines, and 14 were conserved. The nonconserved cysteine
was restricted to the LGV group and located at position 754.
Finally, for PmpI, there are a total of 19 cysteines, with one
nonconserved cysteine present in the LGV group at position
859.

In general, the distribution of the GGAI motifs along the
Pmp proteins seems to be nonrandom, as they occur predom-
inantly in cysteine-rich regions. This is particularly evident for
PmpH and PmpI. Two of the three GGAI motifs in PmpH
(amino acids 301 to 304 and 384 to 387) were adjacent to
cysteine residues (amino acids 305 and 388). For PmpI, four of
the six GGAI motifs (amino acids 147 to 150, 203 to 206, 230
to 233, and 266 to 269) were also next to or very close to
cysteine residues (amino acids 139, 207, 208, 213, 234, 235, and
251). Considering that PmpI has six GGAI motifs and 16 of 18
cysteines clustered in the N-terminal 270 amino acids (out of a
total of 878 amino acids), the distribution is nonrandom at a
significance level of P 	 0.001.

Percent G�C content. The mean percentages of G�C con-
tent among the 15 reference serovars for pmpC, pmpE, pmpH,
and pmpI were 41.2, 41.2, 43.2, and 43.6%, respectively. These
values are close to the percentage of G�C content observed
for the total genome of serovar D (41.3%) (46). Differences in
percentages of G�C content observed for a single serovar
compared across pmp genes were higher than those observed
across serovars for a single pmp gene. Serovars L1 and L2 had
the highest percentages of G�C content among pmp genes,
with a 2.7% difference between pmpE and pmpI (P � 0.02).
For each pmp gene, minor differences in percentages of G�C
content were observed between serovars (	0.5%). The DTR
and ISs did not significantly differ in percentages of G�C
content compared with the rest of the respective gene or, in the
case of serovar D, with the rest of the genome.

Phylogenetic analysis of pmp genes. Phylogenetic recon-
struction of the nucleotide sequences for pmpC is shown in Fig.
3A (branch lengths are proportional to distances between se-
rovars in the figure). Evolutionary analysis of the inferred
amino acid sequences yielded a similar tree for PmpC (Fig.
3B). These reconstructions were similar to that observed for
Pmp H (47) but not to that observed for PmpI, with which

FIG. 2. The distribution of conserved cysteine residues for the 15
C. trachomatis reference serovars within each Pmp is denoted by rel-
ative amino acid positions indicated as vertical bars. The numbers of
conserved cysteines for PmpC, PmpE, PmpH, and PmpI were 13, 15,
14, and 18, respectively.
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there was an overall lesser degree of divergence. The pmpC
tree revealed a separate clade that clearly distinguishes LGV
serovars from all others, as was the case for pmpH. Also, ocular
serovars were clustered together for pmpC, although this is
more evident for pmpE and pmpH (47).

We also found that serovars Da, E, and F evolved separately
from the other urogenital serovars, as evidenced by a distant
phylogenetic branch from the urogenital group. A similar
branch was observed for pmpI (47). This is interesting, because
serovars E, F, and D/Da are the most prevalent serovars
among sexually transmitted disease populations worldwide. A
detailed analysis of the p distances within (Table 2) and be-
tween (Table 3) disease groups performed on the basis of the
number of nucleotide and amino acid differences (35) supports
these findings. An example that illustrates this for pmpC was
seen when serovars were divided into ocular, urogenital, and

LGV groups. The average nucleotide difference within the
urogenital group was 20.7 (SE, 3.2) and the average amino acid
difference was 15 (SE, 2.7). When we separate serovars Da, E,
and F from the urogenital group and reevaluate the p dis-
tances, the mean nucleotide and amino acid differences within
the urogenital group were 12.2 (SE, 2.7) and 9.2 (SE, 2.2).
Considering the differences between the group averages after
the separation of Da, E, and F, these serovars were almost
equally distant from the ocular serovars (34.8 [SE, 5.9] nucle-
otide and 24.5 [SE, 4.7] amino acid differences) as from the
other urogenital serovars (33.3 [SE, 5.6] and 23.6 [SE, 4.5],
respectively).

The ratios of mean nonsynonymous to mean synonymous
substitutions (dN/dS) within the 15 reference serovars calcu-
lated by the Nei-Gojobori method (34) for pmpC, pmpE,
pmpH, and pmpI were 0.94 (SE, 0.18), 0.24 (SE, 0.04), 0.15

FIG. 3. Phylogenetic reconstruction of nucleotide (A) and amino acid (B) sequences, showing the evolutionary history of pmpC by neighbor-
joining tree topologies as determined on the basis of distance estimates made using a Kimura two-parameter model for substitution events. These
reconstructions were made on the basis of pmpC sequences of the 18 serovars and the genovariant Ja of C. trachomatis. Branch lengths are
proportional to distances between serovars. The values at the nodes are the bootstrap confidence levels, representing the percentages of 1,000
bootstrap resamplings for which the strains to the right were separated from the others.

TABLE 2. p distances within disease groups determined based on the number of nucleotide and amino acid differences

Disease group
and compound

type

No. (SE; % change) of nucleotide or amino acid changes

pmpC pmpE pmpH pmpI

Ocular
Nucleotide 4.5 (1.5; 	0.1) 4.3 (1.5; 0.2) 2.0 (0.9; 	0.1) 5.7 (1.9; 0.2)
Amino acid 3.0 (1.2; 0.2) 2.7 (1.1; 0.3) 0.5 (0.5; 	0.1) 1.0 (0.7; 0.1)

Urogenital
Nucleotide 20.7 (3.2; 0.4) 33.2 (4.1; 1.2) 6.7 (1.6; 0.2) 8.3 (1.9; 0.3)
Amino acid 15 (2.7; 0.8) 9.9 (2.0; 1.1) 2.1 (0.9; 0.2) 4.1 (1.2; 0.5)

LGV
Nucleotide 5.3 (1.6; 0.1) 6.0 (1.9; 0.2) 2.7 (1.3; 	0.1) 0.7 (0.7; 	0.1)
Amino acid 4.2 (1.5; 0.2) 2.0 (1.1; 0.2) 1.3 (0.9; 0.1) 0 (0; 0)
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(SE, 0.02), and 0.25 (SE, 0.08), respectively. The differences
between the pmpC gene and the pmpE, pmpH, and pmpI genes
were significant for a 95% CI (Fig. 4).

The mean genetic distance among the 15 reference serovars
for the respective pmp is shown in Fig. 5. pmpH was the most
variable among the serovars (106 [3.6%] nt changes and 28
[2.9%] amino acid changes). Considering the genetic distances
among the ocular, urogenital, and LGV disease groups (Table
3), LGV serovars were in general more distant from the other
serovars except for pmpE, from which the trachoma serovars
exhibited the greatest degree of distance. The evaluation of the

nucleotide and amino acid dissimilarities for each pmp gene
within disease groups revealed that the LGV serovars were the
most closely related (Table 2). For pmpI, in fact, serovars L1 to
L3 showed 100% homology in their protein sequences. As
expected, the urogenital group was the most heterogeneous, as
it encompasses 11 serovars. The nucleotide differences within
this group ranged from 6.7 (0.2%) nt (SE, 1.6; 95% CI, 0.13 to
0.33) for pmpH to 33.2 (1.2%) nt (SE, 4.1; 95% CI, 0.90 to
1.48) for pmpE, and the amino acid differences ranged from 2.1
(0.2%) amino acids (SE, 0.9; 95% CI, 0.014 to 0.406) for pmpH
to 9.9 (1.1%) amino acids (SE, 2.0; 95% CI, 0.64 to 1.50) for
pmpE.

Analysis of pmpC sequence for clinical isolates. To deter-
mine whether there were significant sequence changes among
clinical isolates compared with the laboratory-adapted refer-
ence serovars for the same serovar, we sequenced pmpC for 12
clinical isolates representing trachoma and urogenital ompA
genotypes C, E, F, G, H, I, J, and Ja. A detailed analysis of
nucleotide and amino acid differences among the pmpC se-
quences for these genotypes is shown in Table 4. Surprisingly,
seven (58.3%) of these 12 clinical strains revealed a pmpC
sequence that did not correspond with the pmpC sequence that
was expected given the ompA genotype. The sequence of Ja/10
was one striking example; there were 32 nucleotide differences
(corresponding to 23 amino acids) compared with the refer-
ence Ja genovariant pmpC sequence. Yet there were no nu-
cleotide or amino acid differences seen when the pmpC se-
quence of Ja/10 was compared with the pmpC sequences of
serovars Da, E, and F; serovars Da, E, and F have identical
pmpC sequences. Hence, the Ja/10 strain was labeled Ja/
10(Da/E/F). Similarly, H/3(Ia/J/Ja) and H/4(Ia/J/Ja) (both H
ompA genotypes) and G/1(Ia/J/Ja) (G ompA genotype) had
pmpC sequences almost identical to those of serovars Ia, J, and
genovariant Ja whereas patient strains I/5(D/G/K) and I/6(D/
G/K) (both I ompA genotypes) had pmpC sequences identical
to those of reference serovars D, G, or K. Finally, the clinical
isolate J/9(I) (J ompA genotype) had a pmpC sequence iden-
tical to that of serovar I. The sequences of the remaining five

FIG. 4. Upper and middle graphs show mean synonymous muta-
tion rates and mean nonsynonymous mutation rates, respectively, for
each pmp determined by the method of Nei and Gojobori (p-distance
model). Minimum and maximum values represent lower and upper
limits of the 95% CI of the estimate, while values plotted at the
horizontal bar level represent the mean estimates. The lower graph
shows the nonsynonymous- to synonymous-mutation ratio for each
pmp determined on the basis of the mean estimates shown in the prior
two graphs.

TABLE 3. Genetic distances among ocular, urogenital, and LGV disease groups for each pmp gene

Disease group
and compound

type

No. (SE; % change) of nucleotide or amino acid changes

Ocular Urogenital Ocular Urogenital

pmpC pmpE
Urogenital

Nucleotide 21.5 (3.6; 0.4) 119 (9.1; 4.3)
Amino acid 15.3 (2.7; 0.9) 43.3 (5.7; 4.7)

LGV
Nucleotide 41.8 (6.5; 0.8) 40.3 (5.2; 0.8) 115.9 (9.4; 4.2) 52.5 (5.0; 1.5)
Amino acid 32.8 (5.7; 1.9) 30.7 (4.8; 1.8) 45.8 (6.2; 5) 15.8 (2.9; 1.7)

pmpH pmpI
Urogenital

Nucleotide 145 (11.0; 4.9) 15.3 (3.2; 0.6)
Amino acid 37.3 (5.8; 3.8) 8.6 (2.5; 1.0)

LGV
Nucleotide 187.3 (13.1; 6.4) 168.2 (12.8; 5.7) 21.8 (4.5; 0.8) 22.5 (4.2; 0.9)
Amino acid 59.6 (7.1; 6.1) 42.3 (5.6; 4.3) 7.5 (2.5; 0.9) 7.5 (2.3; 0.9)
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patient strains revealed few or no nucleotide or amino acid
changes compared to the corresponding pmpC reference sero-
var sequence.

The phylogenetic reconstruction of the nucleotide sequences
showing the evolutionary history of pmpC for these strains as
well as for the reference serovars is presented in Fig. 6. As
expected according to the data presented above, these seven
clinical isolates are shown in distant branches from the corre-
sponding ompA prototype serovars and are clustered together

FIG. 5. Mean p distance within each pmp determined on the basis of the average p distance for all possible pairs of sequences (different
serovars) for the same pmp. (A) Minimum and maximum values represent lower and upper limits of the 95% CI of the estimate, while values
plotted at horizontal bar level represent the mean estimates. (B) Absolute and percent values for the nucleotide and amino acid mean genetic
distance for each pmp. aa, amino acid.

FIG. 6. Phylogenetic reconstruction of the nucleotide sequences,
showing the evolutionary history of pmpC determined on the basis of
pmpC sequences of the 18 serovars and the genovariant Ja of C.
trachomatis and 12 clinical isolates representing ompA genotypes C, E,
F, G, H, I, J, and Ja. Branch lengths are proportional to distances
between serovars; bootstrap values are shown at the nodes. In the
names of the clinical isolates, the first character represents the ompA
genotype and the characters in parentheses represent the serovar(s) to
which the pmpC sequence is similar.

TABLE 4. Evaluation of pmpC sequences for 12 trachoma and
urogenital clinical isolates

ompA genotype
of clinical
isolatesa

No. of pmpC sequence
differences compared to the

reference serovar pmpC
sequence

Serovar or genovariant to
which the pmpC sequence

of the clinical sample
is most similarbNo. of

nucleotide
changes

No. of
nonsynonymous

amino acid
changes

G/1 (Ia/J/Ja) 22 16 Ia (2/1); J (2/1); Ja (2/1)
G/2 (G) 2 2 G (2/2)
H/3 (Ia/J/Ja) 24 18 Ia (3/2); J (3/2); Ja (3/2)
H/4 (Ia/J/Ja) 22 17 Ia (1/1); J (1/1); Ja (1/1)
I/5 (D/G/K) 16 12 D (3/3); G (1/1); K (1/1)
I/6 (D/G/K) 16 12 D (1/1); G (1/1); K (1/1)
E/7 (E) 1 0 E (1/0)
F/8 (F) 1 0 F (1/0)
J/9 (I) 7 5 I (2/1)
Ja/10 (Da/E/F) 32 23 Da (0/0); E (0/0); F (0/0)
C/11 (C) 1 0 C (1/0)
C/12 (C) 1 0 C (1/0)

a The first letter of the genotype designation represents the ompA genotype,
and the number after the slash represents the identification number; the letter(s)
in parentheses represents the serovar(s) to whose sequence the pmpC sequence
is most similar.

b The initial letter in the serovar or genovariant designation represents the
pmpC sequence to which the ompA clinical genotype was most similar; the
numbers in parentheses denote the number of nucleotide differences from that
pmpC sequence followed by the number of amino acid differences from that
pmpC sequence compared to the reference serovar pmpC sequence.
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with the serovars with pmpC sequences to which their pmpC
sequences are similar.

DISCUSSION

pmpC revealed base-pair sizes that differed due to what we
consider to be the presence of mobile genetic elements
(MGEs) for some serovars. MGEs comprise transposons,
which carry selectable traits such as drug resistance, and IS-like
elements, which affect genetic structure and alter patterns of
gene expression (6). While we cannot completely rule out the
possible presence of two deletions that may have occurred in
pmpC via homologous recombination, the probability of the
two sets of DRs (with each set constituting a different se-
quence) arising by chance in the same gene is quite low (P �
0.028). Because of this low level of probability, an explanation
based on selective advantage is warranted. One possibility is
that these repeats are maintained by selection so as to allow
nonreproductive mutants to present deleted PmpC to the host.
Another is that there is a mechanism, perhaps operating via
the IS mechanism, by which insertions are created but with the
transposed gene partly excised or acting on DNA other than its
own. The fact that pmp genes comprise a multiple-gene family
across chlamydial genera suggests that this mechanism(s) may
be used by the organism to generate diversity.

The existence of IS elements in chlamydiae has never been
reported before and would indicate horizontal gene transfer in
this intracellular pathogen. It is likely that novel IS elements
have not previously been identified in C. trachomatis, because
it requires the alignment of sequences from serovars with and
without these elements to detect their presence and only the
pmpC sequence for serovar D has been available. Further,
comparative genomics using C. trachomatis to search for other
IS-like elements has not been performed because only the
genome sequence of D is available. Another method of detect-
ing IS-like elements would be to search for short DRs, which
could find potential DTRs but would not discriminate random
repeats from those which, as in our case, are sufficiently active
to lead to polymorphism. Analyses of the genome alignments
of two C. pneumoniae strains, CWL029 and J138, detected the
presence of 44- to 87-bp DRs (44). DRs reflect replicates of
DNA segments that are common in nature, and they have been
described as differing extremely in size (24). DRs are not as-
sociated with IS elements and have been well described for
other pathogens, such as mycobacteria, for which there are
numerous DRs throughout the genome (51). In contrast, a
DTR is limited to 2 to 15 bp, which is characteristic of a given
mobile element; this element will generally generate a dupli-
cation of fixed length (26, 29).

Additional comparative analyses of Chlamydophila caviae
(C. psittaci strain GPIC), Chlamydophila muridarum (C. tra-
chomatis strain MoPn), and C. pneumoniae strain AR39 ge-
nomes have also failed to reveal any IS elements (38, 39). This
suggests that IS elements are deleterious to the genome, re-
sulting in their elimination from present-day chlamydiae
(which is unlikely given that MGEs are widespread among
bacterial genera), that C. pneumoniae bacteria are more re-
stricted than bacteria of other chlamydial species or genera in
the ability to accept foreign DNA (38, 44), or that there are

insufficient chlamydial genome sequences for these types of
analyses.

A detailed analysis of the percentage of G�C content which
might be helpful in identifying foreign genetic material (due to
the specific differences in percentages of G�C content among
other species of chlamydiae and other bacteria) was not con-
clusive in this study. This is not surprising given the base-pair
length of the insertions. Both of the IS-like elements lacked
terminal inverted repeat sequences (IR) which are also com-
mon features of IS elements (6, 29). Since the DTRs represent
chromosomal sequences that become duplicated upon inser-
tion of a sequence (29, 30), they provide evidence for an IS.
Further, in some cases insertion of MGEs results in a perfect
or imperfect terminal DTR without an IR (29, 30).

It is also possible that in similarity to some of the IS ele-
ments described for Escherichia coli (17, 31), these putative
IS-like elements of C. trachomatis are regionally specific. In-
deed, it has been suggested that partial IS elements reflect site
specificity and transposition events, with subsequent partial
loss of the IS element (29). We think that these short se-
quences in pmpC constitute the remaining fragment of com-
plete IS elements (ISs range in size from 0.2 to 5.7 kb) that
were excised during the evolutionary history of this gene. Pos-
sibly a nearly precise excision phenomenon took place, leaving
the DTR and remnants of the IS at the site of the insertion (2,
6). If the IS-like elements occurred in a common ancestor
before the divergence of the chlamydial strains into monophy-
letic groups, excision of the first IS for serovars D, G, H, I, Ia,
J, Ja, and K and of the second IS for L1-3 and L2a could explain
the present-day findings (Fig. 1). The excision mechanism has
been well described and involves interactions between the
DTR that are promoted by base pairing between the IRs at
either end of the IS. This occurs during replication when the
DNA is transiently single stranded and normally is not depen-
dent on homologous recombination (6).

Lundblad et al. (28) have also described precise and nearly
precise excision phenomena involving IS10 or Tn10 in E. coli
K-12 where the pathway for excision depends on mutations in
RecA and RecBC. The chlamydial genome contains homo-
logues to these enzymes (i.e., RecA, RecBCD, and RecF) (21,
46, 56) which may function in a similar type of excision event.
Millman et al. (32) and Hayes et al. (19) have previously
provided significant evidence for intragenic and interspecies
recombination for the ompA gene of Chlamydia that likely
involves these enzymes. Further, C. trachomatis contains a
histone-like protein known as an integration host factor which,
in other bacteria, modulates transposition activity of IS ele-
ments by binding to sites within or near the terminal IR or
DTRs (29). Thus, C. trachomatis has a number of potential
mechanisms for facilitating acquisition and excision of IS ele-
ments.

In experiments in which selection of IS elements has been
maintained for many bacterial generations, these elements
have been found to have a major effect on the genetic structure
of the population, resulting in rearrangements which alter pat-
terns of gene expression (6). IS elements have been associated
with several biological functions of bacteria. Salvatore et al.
(42) described the role of IS in pathogenesis of Neisseria men-
ingitidis strains by insertional inactivation of virulence genes
encoding membrane proteins. Modulation of capsule expres-
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sion by a unique IS-based genetic switch mechanism has also
been described for N. meningitidis (18). Radnedge et al. (37)
reported the importance of IS elements in relation to genes
encoding proteins for flagellar synthesis, ABC transport, insect
toxicity and bacteriophage functions in Yersinia pestis. Regard-
ing the IS role in gene evolution, Woodford (54) suggested that
van clusters (genetic elements responsible for acquired glyco-
peptide resistance) have been transferred to enterococci on
multiple occasions by horizontal dissemination of different van
elements which have provided valuable information on the
evolution of enterococci.

It is not possible to determine the precise role of the IS
elements in pmpC, since there are no data on the complete
sequence of these mobile elements or their association with
other genetic elements. These remnant IS elements might re-
flect negative fitness which has limited their spread among
chlamydiae and resulted in their nearly precise excision. How-
ever, a possible consequence of the presence of IS elements in
PmpC evolution is suggested by the higher dN/dS ratio where
new amino acid sequences (such as an IS) are introduced and
where variable positions are under diversifying selection, are
under positive selection for mutations that increase function,
or have few functional constraints. In contrast, it had previ-
ously been suggested that pmpI is not membrane exposed and
thus is not under selective pressure (47), which could explain
the high conservation of this sequence. In our study, the lower
dN/dS ratio calculated for this protein as well as for PmpE and
PmpH was in agreement with the presence of highly conserved
proteins that could play important structural or functional
roles for which it is essential to preserve their primary and
three-dimensional protein structures. Consequently, the lower
ratios for PmpE, PmpH, and PmpI are consistent with purify-
ing selection in which deleterious amino acids are selected
against.

The analysis of the ocular and urogenital clinical isolates in
this study revealed surprising results in that seven (58%) of the
isolates contained an entire pmpC gene that did not fit with the
expected sequence. Instead, the sequence was from another
serovar. Thus, it appears that novel genomes have arisen that
contain different combinations of ompA and pmpC genes, sug-
gesting that either ompA or pmpC is involved in the recombi-
nation events. This whole-gene or intergenomic recombination
phenomenon appears to occur with a much higher frequency
than the previously observed intragenic recombination for
ompA. This phenomenon was restricted to the urogenital
strains, although only two ocular strains were studied. While
we do not know the exact site of recombination or whether it
involves a single gene (pmpC or ompA) or a larger portion of
the genome, chlamydiae do contain the necessary enzymes to
enable such an event as discussed above (21, 46, 56). We also
know that recombination among urogenital strains is feasible,
because mixed infections do occur in vivo (9) and more than
one serovar in vitro has been shown to infect a single cell (40).
Further, there is some evidence that IS-like elements in bac-
teria such as E. coli can stimulate Rec-dependent recombina-
tion (6). If this is true for chlamydiae, this might explain the
recombination noted for the urogenital strains. While it has
been suspected that the laboratory-adapted reference strains
do not reflect the biological pressure to which clinical strains

have been subjected in vivo over time, this is the first evidence
that there are indeed significant differences between the two.

Classification of C. trachomatis into serovars has been based
on differential MAb recognition of antigenic determinants on
MOMP (52, 53). In accordance with serologic and ompA dif-
ferences, the serovars have been placed in the following sero-
group classes: class B (B, Ba, D, Da, E, L1, L2, and L2a), class
C (A, C, H, I, Ia, J, K, and L3), and intermediate class (F and
G) (55). These classes do not correlate with their known tissue
tropism. In general, the phylogenetic reconstructions for pmpC
and pmpH indicate that serovar groupings are made on the
basis of biologic properties related to tissue tropism and viru-
lence as opposed to phylogenetic grouping by seroclass as for
ompA (32). Other genes have been examined that might ex-
plain some of the observed tissue tropism for these serovars.
Genetic polymorphisms have been noted for the ocular sero-
vars in the tryptophan operon that likely lead to inactivation of
the enzyme (5, 12, 43), and the cytotoxin gene appears to be
active for serovar D but not L2 (1), although other serovars
have not been tested. However, the Pmp proteins are the only
proteins to date that have shown a clear distinction that cor-
responds with tissue specificity and virulence for disease
groups.

The evaluation of the nucleotide and amino acid dissimilar-
ities for each pmp within disease groups (Table 2) suggests
potential evolutionary coadaptation of strain and tissue spec-
ificity. Serovars A, B, Ba, and C, the serovars responsible for
ocular infections, were closely related in the phylogenetic anal-
yses for pmpC; this relatedness was more evident for pmpE and
pmpH (47). For PmpE, the ocular serovars had an additional
nonconserved cysteine residue (amino acids position 309)
which was absent from all the other serovars and which was
located upstream of a GGAI motif (amino acids 310 to 313).
Similarly for PmpH, a conserved cysteine residue (amino acids
305) was located adjacent to a GGAI motif (amino acids 301 to
304) only for the ocular serovars. When we examine the LGV
disease group for all Pmp proteins, these serovars were the
most closely related and more distant from the other serovars
except for PmpE, for which the ocular group was most distant.
Notably, both PmpH and PmpI had a nonconserved cysteine
residue (amino acids 754 and 859, respectively) in the LGV
group which was not present among the other serovars. The
N-terminal region where the majority of GGAI motifs are
located is also the location of the conserved cysteine residues
for all of the reference serovars for the four Pmp proteins and
for all of the clinical strains for PmpC. Furthermore, the GGAI
motif is nonrandomly distributed. Considering the essential
role of conserved cysteines in the three-dimensional structure
of the protein and the importance of GGAI motifs in the
immunogenic autotransporter proteins, it is likely that these
two features are essential in conserving conformational
epitopes. Consequently, given the differential presence and
location characteristics of cysteine residues and GGAI motifs
for the ocular serovars and positions of the cysteine residue for
the LGV serovars it is possible that these features impart
structural changes in protein conformation resulting in strain
differences in adhesion to the host cell, entry into the host cell,
or immune selection. Thus, the pmpC and pmpH phylogenetic
trees seem congruent with clustering by tissue specificity, sug-
gesting coevolution of the serovar and the tissue that it infects.
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The phylogenetically distant branch of serovars Da, E, and F
for pmpC and serovars E and F (serovar Da sequences are not
available for PmpE, PmpH, and PmpI) for pmpI is surprising,
although serovars E, F, and D/Da are the most prevalent
serovars worldwide. Of note, the methods most commonly
used for C. trachomatis serovar classification (restriction diges-
tion of amplified products [restriction fragment length poly-
morphism] and serotyping) do not always distinguish between
D and Da; for this reason, the real prevalence of serovar Da is
not known. After serovars Da, E, and F and serovars E and F
were separated from the urogenital group for pmpC and pmpI,
respectively, and after the p distances were reevaluated, the
distance of these serovars from the ocular disease group was
found to be almost equal to the distance from the other genital
serovars. The higher level of ecologic success of these preva-
lent serovars may be related to the host cell adhesion process.
Chlamydiae are obligate intracellular bacterial pathogens for
which the adherence of the EB, the infectious particle of the
organism, to its target is essential for successful infection. Sev-
eral authors have reported differences among serovars for ad-
herence mechanisms on the basis of studies that used glycos-
aminoglycan; in these studies, host heparan sulfate appeared
to be an important adhesin molecule for L2 but not for serovar
E (8, 49).

The genetic specificities of serovars E and F (and probably
Da), the most prevalent serovars within pmpC and pmpI, may
also explain the ecologic success of these serovars. Da, E, and
F were the only genital serovars with two IS elements in the
pmpC sequence. Moreover, these three serovars contained an
additional nonconserved cysteine at amino acid 432 (replacing
a serine), not present in any other serovar, which was adjacent
to a GGAI motif. We speculate that these two mobile elements
and the additional cysteine residue in proximity to the GGAI
motif have induced PmpC structural or functional constraints
that are beneficial and that therefore might explain the eco-
logical success of these strains.

The nine pmp genes of C. trachomatis represent 13.6% of the
Chlamydia-specific coding capacity (41), which is particularly
intriguing in a pathogen showing reductive convergent evolu-
tion by elimination of genes that are apparently unnecessary
for obligate intracellular existence (57). While there is still a
long way to go in terms of deciphering the exact role of Pmp
proteins in the biology of C. trachomatis, the results of the
present study suggest that pmp sequence polymorphisms, the
differential presence of IS elements among different serovars
representing distinct disease or prevalence groups, and evi-
dence for recombination of an entire gene (pmpC or ompA) or
a larger portion of the genome for over 50% of the clinical
isolates contribute to plasticity of the chlamydial genome. This
may lead to adaptive changes in tissue tropism and pathogen-
esis in the course of evolution. Moreover, the unexpected find-
ing of genetic exchange among the urogenital clinical isolates
points to the critical need for research that focuses on recent
clinical isolates instead of on laboratory-adapted reference
strains. These data also support the need for addition genome
sequences of C. trachomatis strains to improve our understand-
ing of the mechanisms, including horizontal gene transfer and
recombination, driving the evolution and adaptation of this
organism.
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