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Chlamydia trachomatis is the leading cause of infectious blindness worldwide and is the most commonly
reported pathogen causing sexually transmitted infections. Tarp (translocated actin recruiting phosphopro-
tein), a type III secreted effector that mediates actin nucleation, is central to C. trachomatis infection. The
phylogenetic analysis of tarP from reference strains as well as ocular, genital, and lymphogranuloma venereum
(LGV) clinical isolates demonstrated an evolutionary relationship with disease phenotype, with LGV and
ocular isolates branched into clades that were separate from the urogenital isolates. The sequence analysis of
Tarp indicated a high degree of variability and identified trends within clinical groupings. Tarps from LGV
strains contained the highest number of tyrosine-rich repeat regions (up to nine) and the fewest (two) predicted
actin binding domains. The converse was noted for Tarp proteins from ocular isolates that contained up to four
actin binding domains and as few as one tyrosine-rich repeat region. The results suggest that Tarp is among
the few known genes to play a role in C. trachomatis adaptations to specific niches within the host.

Chlamydia trachomatis is the leading cause of bacterial sex-
ually transmitted infections (STIs) and preventable blindness
worldwide (52). The species C. trachomatis consists of more
than 15 serologically defined variants, or serovars, associated
with different disease states and anatomical sites of infection
(31, 52, 69, 70). Despite a high degree of synteny among the
genomes of C. trachomatis strains, the different serovars exhibit
a remarkable degree of tissue tropism (55). Distinct diseases
caused by C. trachomatis include trachoma (serotypes A to C),
sexually transmitted diseases (serotypes D to K), and lympho-
granuloma venereum (LGV; L1 to L3). Infections by the oc-
ular and urogenital strains, collectively referred to as the tra-
choma biovar, are restricted to mucosal epithelial cells of the
conjunctivae and genital tracts, respectively. The LGV biovar
is more invasive and disseminates via the infection of macro-
phages to regional lymph nodes, where they establish a chronic
granulomatis disease (52).

The serological typing of C. trachomatis strains is based on
the major outer membrane protein (MOMP) (11, 71–73). De-
spite MOMP being the immunodominant surface antigen, the
phylogenetic categorization of MOMP is not concordant with
pathobiotypes or tissue tropism (1, 6, 8, 24, 44, 50, 58). Nu-

merous typing techniques have been applied to C. trachomatis
to better understand the epidemiology and pathogenesis of
disease. In addition to serological typing, the sequencing of
ompA (which encodes MOMP) can detect numerous trachoma
and serovar genotypes. Restriction fragment length polymor-
phism (RFLP) (26), pulsed-field gel electrophoresis (PFGE)
(48), and multilocus sequence typing (MLST) (39) analysis of
ompA have been used to discriminate C. trachomatis strains
within serotypes but correlate poorly with disease phenotype.

Although the diseases associated with C. trachomatis sero-
vars are unique, the completed genome sequence of three
serovars representing ocular, urogenital, and LGV strains ex-
hibit more than 99% identity (14, 56, 66) with a high degree of
synteny in gene order and content. The observed differences in
tissue tropism and pathobiology of C. trachomatis serovars
therefore likely are due to a relatively small number of loci.
One 50-kb region of the chlamydial genome, termed the plas-
ticity zone, exhibits a much higher degree of divergence than
the remainder of the genome (47). In C. trachomatis serovar D,
the plasticity zone encompasses the region between ycfV
(CT152) and dbsB (CT177) (47). Within this plasticity zone are
at least two loci that have been correlated with tissue tropism
and disease. One of these loci, first identified in Chlamydia
muridarum (47), includes three copies of a putative cytotoxin
with homology to the large clostridial toxins. In C. trachomatis
serovar D, only a single, disrupted partial cytotoxin-like gene is
expressed (3, 13). This locus is highly polymorphic, in that all
urogenital serovars express both the UDP-glucose binding and
glucosyltransferase domains of the toxin, while the ocular se-
rovars, with the exception of serovar B, encode only the UDP-
glucose binding domain, and the LGV strains have both do-
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mains entirely deleted (13). Also within the plasticity zone is
the trpAB operon, which encodes tryptophan synthase and a
repressor. The trpAB operon distinguishes genital and LGV
strains from ocular strains, as only genital and LGV strains
produce a functional synthase (12, 22, 53). The phylogenetic
analysis of the C. trachomatis polymorphic membrane protein
(pmp) genes, which are dispersed throughout the genome, has
revealed that six of the nine pmp genes (pmpB, pmpC, pmpF,
pmpG, pmpH, and pmpI) from 18 serovars correlate with dis-
ease groups (29, 30, 59).

C. trachomatis, like many Gram-negative bacterial patho-
gens, utilizes a type III secretion system to deliver an arsenal of
bacterial gene-encoded effector proteins directly into the cy-
tosol of the host cell (4, 16, 17, 23). Tarp (translocated actin
recruiting protein [CT456]), a type III secreted effector, di-
rectly induces actin polymerization at the site of chlamydial
invasion (16, 37). Tarp has been found in all C. trachomatis
serovars to date in addition to orthologs present in Chlamy-
dophila pneumoniae, Chlamydophila caviae, and C. muridarum
(15). The biochemical and sequence analyses of Tarp have
revealed three functionally distinct domains consisting of an
N-terminal tyrosine-rich repeat region, a proline-rich domain,
and C-terminal Wasp homology 2 (WH2) actin binding do-
mains (15, 37, 38).

Overall, there are variations in the number of tyrosine-rich
repeats and actin binding domains of Tarp between different
C. trachomatis serovars examined to date (15, 16, 37). This
suggests that Tarp is adapting to the selective pressures in the
host and therefore is a good candidate protein to examine for
tissue tropism. Here, we present a phylogenetic analysis of tarP
from reference strains as well as ocular, urogenital, and LGV
clinical isolates and demonstrate a correlation between tarP
and clinical phenotype. We demonstrate that LGV isolates
contain the greatest number of tyrosine-rich repeat regions
and the fewest actin binding domains, which is in contrast to
the ocular isolates that contain up to four predicted actin
binding domains and the fewest tyrosine-rich repeats. Taken
together, these findings identify Tarp as another C. trachomatis
gene that varies in relation to disease and tissue tropism.

MATERIALS AND METHODS

Clinical samples. The clinical isolates used in this study are listed in Table 1.
Ocular, genital, urethral, and anorectal swabs from male and female patients
were obtained as previously described (7, 9, 18, 21, 28, 34, 54, 62, 67) and used
for the PCR amplification of tarP. Sequences analyzed in this study were derived
from specimens obtained at clinical sites in the North Bank, Lower River,
Central River, and Upper River Regions, The Gambia; Nairobi, Kenya; Rombo
District, Tanzania; Winnipeg, Manitoba, Canada; Ottawa, Ontario, Canada;
Indianapolis, IN; San Francisco, CA; Seattle, WA; and Northern Territory,
Australia. Collection sites included sexually transmitted disease clinics, family
planning clinics, emergency rooms, community clinics, obstetrics and gynecology
clinics, and adolescent clinics. All personal identifiers were removed from the
sample before analysis.

Sequencing of tarP from clinical isolates. The template for PCR was prepared
using 100 �l of culture resuspended in lysis buffer containing 10 mM Tris-HCl
(pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 0.022% gelatin, 1.5% Nonidet P-40, and
0.5% Tween 20. The mixture was digested with proteinase K (100 �g/ml) for 2 h
at 55°C and then boiled for 10 min. The nested PCR amplification of tarP was
performed using primers listed in Table 2. The entire tarP gene was amplified
using primers CT456-nested-F and CT456-nested-R in the first round of PCR
followed by CT456-F and CT456-R for the second round of PCR. The nested
PCR products were purified and sequenced using the forward sequencing prim-
ers CT456F-Seq1, CT456F-Seq2, CT456F-Seq3, and CT456F-Seq1A and reverse

primers CT456R-Seq1, CT456R-Seq2, CT456R-Seq3, and CT456R-Seq1A. For
PCR amplifications, approximately 50 ng of DNA was amplified in 50-�l reaction
mixtures containing 1� PCR buffer, 0.2 mM deoxynucleoside triphosphates
(dNTPs), 1 �M primers, and 2.6 U of expand high-fidelity Taq (Roche). For both
PCRs an initial denaturation of 94°C for 2 min was followed by 25 cycles of 94°C
for 30 s, 66°C (first round of PCR) or 69°C (second round of PCR) for 30 s, 72°C
for 2 min (with a 5-s cycle elongation for each successive cycle), and a final
elongation at 72°C for 10 min. Purified nested PCR products were sequenced
using an ABI PRISM 377 DNA sequencer at the DNA Core Facility (Health
Canada, Winnipeg, Manitoba, Canada).

Alignment and phylogenetic analysis. Nucleic acid sequence alignments for
ompA and tarP were generated using ClustalW (65) and analyzed using the
Molecular Evolutionary Genetics Analysis software package, MEGA4 (63). The
analysis of ompA was done using the reference strains A/HAR13 (CP000051.1),
B/TWR/OT (DQ064281.1), Ba/Apache-2 (DQ064282.1), C/TW-3/OT
(DQ064283.1), D/UW-3/CX (AE001273.1), E/BOUR (DQ064286.1), F/IC-
CAL3 (DQ064287.1), G392 (DQ064288), H/UW-4 (AF304857.1), I/UW-12
(DQ064290), J/UW-36/CX (DQ064292.1), K/UW31 (DQ064293), L1/LGV440
(DQ064294), L2/LGV434 (AM884176.1), L3/LGV404 (DQ064296.1), Chlamy-
dophila abortus (NC_004552.2), C. muridarum (AE002160.2), C. caviae
(AF269282.1), Chlamydophila felis (AP006861), and C. pneumoniae
(AE001363.1). Phylogenetic trees were constructed using the neighbor-joining
method (49). Evolutionary distances are in the units of the number of base pair
substitutions per site and were computed using the maximum composite likeli-
hood method (64). Branching pattern confidence levels were estimated by the
bootstrap resampling of data based on 1,000 random replicates. Dot matrix
analysis on Tarp protein sequences was performed with the AA coding compar-
ison in DNAMAN (Lynnon Corporation, Quebec, Canada). Multiple protein
alignments were generated by ClustalW and visualized with Geneious Pro 3.0.6
(A. J. Drummond, B. Ashton, M. Cheung, J. Heled, M. Kearse, R. Moir, S.
Stones-Havas, T. Thierer, and A. Wilson, 2007). Sequences obtained in this study
were deposited into GenBank (Table 1).

RESULTS

Phylogenetic analysis of tarP. Phylogenetic analysis was per-
formed on ompA and tarP from reference strains of C. tracho-
matis as well as C. muridarum, C. felis, C. pneumoniae, C.
abortus, and C. caviae using the neighbor-joining method in
MEGA4 (Fig. 1). The analysis of tarP and ompA produced very
different phylograms. In both clusters, the non-C. trachomatis
reference strains appeared to group separately in an outgroup
distinct from the C. trachomatis reference strains, with C. muri-
darum being more closely related than the others. As has been
demonstrated previously (1, 6, 8, 24, 44, 50, 58), no association
between genotype and clinical phenotype could be found with
ompA, as each of the two major clades contained ocular, gen-
ital, and LGV reference strains (Fig. 1A). The analysis did
separate the chlamydial strains into known serologic group-
ings, with the top clade consisting of B complex and interme-
diate strains and the middle clade consisting of C complex
strains. The phylogenetic analysis of tarP, however, produced
three distinct clades, which were grouped according to clinical
biotype (Fig. 1B). The clusters grouped according to disease
with one clade containing strains from genital reference sero-
vars D to K, another clade containing the ocular reference
strains A to C, and a third clade containing the LGV strains L1
to L3 (Fig. 1B).

To further investigate the relationship of the phylogenics of
tarP, tarP was amplified and sequenced from 36 ocular isolates
(5 from Tanzania, 16 from Australia, and 15 from The Gam-
bia), 57 genital isolates (10 from Kenya, 9 from Winnipeg, 16
from Indianapolis, 18 from Seattle, and 4 from elsewhere), 3
rectal isolates, and 5 LGV isolates (Table 1). Phylogenetic
analysis was performed using the neighbor-joining method in
MEGA4 on all clinical isolates and reference strains (Fig. 2).
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TABLE 1. Strains and Tarp characteristics

Strain Serovar Geographical source Clinical phenotype Tyrosine repeat region(s)a
No. of actin

binding
domainsb

Tarp accession no.

A/HAR-13 A Ocular 3(4, 4, 4) 4 AAX50730.1
B/TW-5/OT B Ocular 3(4, 4, 4) 4 HM567159
Ba/AP-2/OT Ba Ocular 3(4, 4, 4) 4 HM567160
C/TW-3/OT C Ocular 3(4, 4, 4) 3 EU121609
D/UW-3/CX D Genital 3(4, 4, 4) 2 AAC68056
E/BOUR E Genital 2(4, 4) 3 HM567161
F/IC Cal-3 F Genital 3(4, 4, 4) 3 HM567162
G/UW-524/CX G Genital 3(4, 4, 4) 3 HM567163
H/UW-4/CX H Genital 3(4, 4, 4) 2 HM567164
I/UW-12/UR I Genital 3(4, 4, 4) 3 HM567165
J/UW-36/CX J Genital 3(4, 4, 4) 3 HM567166
K/UW-31/CX K Genital 3(4, 4, 4) 3 HM567167
L1/LGV440 L1 LGV 9(4*, 4, 4, 5, 4, 4, 4, 4, 4) 2 HM567168
L2/LGV434 L2 LGV 6(4*, 4, 5, 4, 4, 5) 2 AY623902
L3/LGV404 L3 LGV 9(4*, 5, 4, 4, 4, 4, 4, 5, 5) 2 HM567169

1 B The Gambia Ocular 2(4, 4) 4 HM543594
2 B The Gambia Ocular 2(4, 4) 4 HM543595
3 B The Gambia Ocular 2(4, 4) 4 HM543596
4 A The Gambia Ocular 2(4, 4) 4 HM543597
5 A The Gambia Ocular 2(4, 4) 4 HM543598
6 A The Gambia Ocular 2(4, 4) 4 HM543599
7 A The Gambia Ocular 2(4, 4) 4 HM543600
8 B The Gambia Ocular 3(4, 4, 4) 4 HM543601
9 B The Gambia Ocular 3(4, 4, 4) 4 HM543602
10 B The Gambia Ocular 3(4, 4, 4) 4 HM543603

11 B The Gambia Ocular 2(4, 4) 4 HM543676
12 A The Gambia Ocular 2(4, 4) 4 HM543677
13 A The Gambia Ocular 2(4, 4) 4 HM543678
14 A The Gambia Ocular 3(4, 4, 4) 4 HM543679
15 B The Gambia Ocular 3(4, 4, 4) 4 HM543680
16 A Tanzania Ocular 1(4) 4 HM543681
17 A Tanzania Ocular 1(4) 4 HM543682
18 A Tanzania Ocular 3(4, 4, 4) 4 HM543683
19 A Tanzania Ocular 3(4, 4, 4) 4 HM543684
20 A Tanzania Ocular 3(4, 4, 4) 4 HM543685

21 Ba Australia Ocular 2(4, 4) 2 HM543686
22 Ba Australia Ocular 2(4, 4) 2 HM543687
23 C Australia Ocular 2(4, 4) 2 HM543688
24 C Australia Ocular 2(4, 4) 2 HM543689
25 C Australia Ocular 2(4, 4) 2 HM543690

26 C Australia Ocular 2(4, 4) 2 HM543691
27 C Australia Ocular 2(4, 4) 2 HM543692
28 C Australia Ocular 2(4, 4) 2 HM543693
29 C Australia Ocular 2(4, 4) 2 HM543694
30 C Australia Ocular 2(4, 4) 2 HM543695
31 C Australia Ocular 2(4, 4) 2 HM543666
32 C Australia Ocular 2(4, 4) 2 HM543667
33 C Australia Ocular 2(4, 4) 2 HM543668
34 C Australia Ocular 2(4, 4) 2 HM543669
35 C Australia Ocular 2(4, 4) 2 HM543670
36 C Australia Ocular 2(4, 4) 2 HM543671
37 E Winnipeg Genital 1(4) 3 HM543672
38 E Winnipeg Genital 2(4, 4) 3 HM543673
39 E Winnipeg Genital 2(4, 4) 3 HM543674
40 D Winnipeg Genital 3(4, 4, 4) 3 HM543675

41 D Winnipeg Genital 3(4, 4, 4) 3 HM543604
42 F Winnipeg Genital 3(4, 4, 4) 3 HM543605
43 F Winnipeg Genital 2(4, 4) 3 HM543606
44 I Winnipeg Genital 2(4, 4) 3 HM543607
45 Ia Winnipeg Genital 2(4, 4) 3 HM543608
46 E Kenya Urethral 2(4, 4) 3 HM543609

Continued on following page
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TABLE 1—Continued

Strain Serovar Geographical source Clinical phenotype Tyrosine repeat region(s)a
No. of actin

binding
domainsb

Tarp accession no.

47 E Kenya Urethral 2(4, 4) 3 HM543610
48 E Kenya Urethral 2(4, 4) 3 HM543611
49 E Kenya Urethral 2(4, 4) 3 HM543612
50 E Kenya Urethral 2(4, 4) 3 HM543613

51 E Kenya Urethral 2(4, 4) 3 HM543614
52 E Kenya Urethral 2(4, 4) 3 HM543615
53 E Kenya Urethral 2(4, 4) 3 HM543616
54 F Kenya Urethral 2(4, 4) 3 HM543617
55 Ia Kenya Urethral 2(4, 4) 3 HM543618
56 B Seattle Genital 2(4, 4) 3 HM543619
57 B Seattle Genital 2(4, 4) 3 HM543620
58 B Seattle Genital 2(4, 4) 3 HM543621
59 F Seattle Genital 3(4, 4, 4) 3 HM543622
60 K Seattle Genital 3(4, 4, 4) 3 HM543623

61 J Seattle Genital 3(4, 4, 4) 3 HM543624
62 J Seattle Genital 3(4, 4, 4) 3 HM543625
63 J Seattle Genital 3(4, 4, 4) 3 HM543626
64 J Seattle Genital 3(4, 4, 4) 3 HM543627
65 J Seattle Genital 3(4, 4, 4) 3 HM543628
66 J Seattle Genital 3(4, 4, 4) 3 HM543629
67 J Seattle Genital 3(4, 4, 4) 3 HM543630
68 H Seattle Genital 3(4, 4, 4) 3 HM543631
69 H Seattle Genital 3(4, 4, 4) 3 HM543632
70 H Seattle Genital 3(4, 4, 4) 3 HM543633

71 H Seattle Genital 3(4, 4, 4) 3 HM543634
72 Ja Seattle Genital 2(4, 4) 3 HM543635
73 Ja Seattle Genital 2(4, 4) 3 HM543636
74 Ja Seattle Genital 2(4, 4) 3 HM543637
75 D Indianapolis Genital 3(4, 4, 4) 3 HM543638
76 D Indianapolis Genital 3(4, 4, 4) 3 HM543639
77 D Indianapolis Genital 2(4, 4) 2 HM543640
78 E Indianapolis Genital 2(4, 4) 3 HM543641
79 E Indianapolis Genital 1(4) 3 HM543642
80 E Indianapolis Genital 2(4, 4) 3 HM543643

81 F Indianapolis Genital 3(4, 4, 4) 3 HM543644
82 F Indianapolis Genital 4(4, 4, 4, 4) 2 HM543645
83 H Indianapolis Genital 2(4, 4) 3 HM543646
84 H Indianapolis Genital 3(4, 4, 4) 3 HM543647
85 H Indianapolis Genital 4(4, 4, 4, 3) 3 HM543648
86 H Indianapolis Genital 3(4, 4, 4) 3 HM543649
87 I Indianapolis Genital 2(4, 4) 3 HM543650
88 I Indianapolis Genital 2(4, 4) 2 HM543651
89 K Indianapolis Genital 3(4, 4, 4) 3 HM543652
90 K Indianapolis Genital 3(4, 4, 4) 3 HM543653

91 D Ottawa Genital 3(4, 4, 4) 2 HM543654
92 G Ottawa Genital 3(4, 4, 4) 3 HM543655
93 J Ottawa Genital 2(4, 4) 3 HM543656
94 I Ottawa Genital 3(4, 4, 4) 2 HM543657
95 D Ottawa Rectal 3(4, 4, 4) 3 HM543658
96 G Ottawa Rectal 3(4, 4, 4) 3 HM543659
97 J Ottawa Rectal 3(4, 4, 4) 3 HM543660
98 L2 Ottawa Rectal 5(4*, 4, 4, 4, 5) 2 HM543661
99 L2b Amsterdam Rectal 6(4*, 4, 5, 4, 4, 5) 2 HM543662
100 L2b San Francisco Rectal 6(4*, 4, 5, 4, 4, 5) 2 HM543663

101 L2b San Francisco Rectal 6(4*, 4, 4, 4, 4, 5) 2 HM543664
102 L2b San Francisco Rectal 5(4*, 4, 4, 4, 5) 2 HM543665

a The number of tyrosine repeat regions followed by the number of tyrosines in each repeat. An asterisk indicates a partial tyrosine-rich repeat region in which the
first 8 amino acids are missing.

b The predicted number of actin binding domains predicted in silico as described by Jewett et al. (38).
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The ocular and LGV clinical isolates and reference strains
clustered separately (Fig. 2), similarly to what was observed for
the reference strains alone (Fig. 1B). The LGV isolates from
San Francisco, Ottawa, and Amsterdam formed a separate
clade with the LGV reference strains (L1 to L3). The LGV
clade appears to be distinct from the other isolates (ocular,
rectal, and genital), as they are the first C. trachomatis strains
to diverge on the phylogram (Fig. 2). The ocular isolates from
The Gambia and Tanzania were the next to diverge and
formed a number of smaller clades, which branch with the
Gambian and Tanzanian ocular isolates, forming separate clus-
ters that grouped according to serotype. Interestingly, tarP
genes from the reference strains belonging to serovars A, B,
Ba, and C clustered with the Gambian and Tanzanian ocular
isolates but not the Australian ocular isolates. The ocular ser-
ovar C isolates from Australia formed a distinct clade with the
exception of 21 and 22 (serovar Ba), which fell in a clade
consisting of a mixture of genital isolates from Kenya, India-
napolis, Winnipeg, and Seattle. The genital isolates formed
two separate clades, one of which contained predominantly
clinical isolates from serovars E and F as well as the reference
serovar E. The second genital clade contained a greater diver-
sity of serologically defined isolates as well as the remaining
reference strains from serovars D to K.

Variability of Tarp across C. trachomatis serovars. The
greatest variations in C. trachomatis Tarp sequences are in the
numbers of tyrosine-rich repeat regions and actin binding do-
mains (15, 37). In this study, the number of tyrosine-rich repeat
regions varied from as many as nine (L1 and L3) to as few as
one (genital isolates 37 and 79 and ocular isolates 16 and 17)
(Table 1, Fig. 3). The number of tyrosines within individual
repeat units also varied from three (isolate 85) to five (LGV
strains). The ocular and genital reference strains each con-
tained three tyrosine-rich repeat regions with the exception of
serovar E, which contained two. There appeared to be a
greater diversity among Tarp proteins from the ocular and
genital clinical isolates, as they ranged in the number of ty-
rosine-rich repeats from one to three and one to four, respec-
tively. Overall, there was a trend toward a reduction in the
number of tyrosine-rich repeats in Tarp from ocular and gen-
ital clinical isolates compared to those from the reference
strains as a whole or within serovars (Table 1).

Each isolate was further examined for the presence of the
proline-rich region and actin binding domains as defined by
Jewett et al. (37). All isolates contained a single proline-rich
region, which was conserved among all reference strains and

clinical isolates. A trend emerged as most of the ocular isolates
(reference and clinical) contained four predicted actin binding
domains (Table 1, Fig. 4A), with the exception of the Austra-
lian ocular isolates, which contained two (Table 1). Ocular
isolates from Australia also exhibited the greatest sequence
divergence from the reference strains in the C-terminal portion
containing the actin binding domains, which was not seen in
any of the other isolates except for rectal isolate 95 (Fig. 3B).
The reference serovars D through K and the D to K genital
and rectal clinical isolates contained either two or three pre-

FIG. 1. Phylogenetic analysis of ompA and tarP from reference
strains of C. trachomatis as well as C. muridarum, C. felis, C. pneu-
moniae, C. abortus, and C. caviae. The neighbor-joining method was
used in MEGA4 to generate unrooted phylogenetic trees for ompA
(A) and tarP (B) from DNA sequences. Relevant bootstrap values (as
a percentage of 1,000 replicates) are provided. Initial nucleotide align-
ments were generated using ClustalW.

TABLE 2. Primer sequences

Primer Sequence (5�–3�)

CT456-F ......................................GCT CCT GAC ACG CGC ACA GAC C
CT456-R......................................GCG CCT TGT CGA TTG TGA TGA GG
CT456nested-F ...........................CAC TTG CGC TTG CTG ATC CC
CT456nested-R...........................GAT TGA CTG TGG AGG ACA GG
CT456F-Seq1 ..............................GAT ACC AGG CAT TGC AGT TCC
CT456F-Seq2 ..............................GGC CTA GTA GCG AAG ACG ATG GC
CT456F-Seq3 ..............................CAG CAG GAG GAA GTG GTA GCG TAC
CT456R-Seq1 .............................GAA CAG ACT TGG TCC CAA TTT CCG
CT456R-Seq2 .............................CCA TTG ACT CCA CCA GCT CCG
CT456R-Seq3 .............................GGC TTA GGC ATT CAC GAG CAG
CT456F-Seq1A...........................CAT ATC CCT AGC GAT TAC G
CT456R-Seq1A ..........................CCT CCT GAA CCA GTT TCT TGG CGG
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dicted actin binding domains in the C terminus of Tarp (Table
1, Fig. 4A). The LGV reference strains (L1 to L3) and LGV
clinical isolates all contained two putative actin binding do-
mains (Table 1).

Dot matrix comparisons were performed on representative
reference strains from serovars A, D, and L2 to further inves-
tigate the changes in the number of tyrosine-rich repeat re-
gions and actin binding domains (Fig. 4B). Dot matrix analysis
aligns protein (or nucleotide) sequences against themselves
such that similar sequences appear as a parallel lines above or
below a diagonal representing identity. The tyrosine-rich re-
peat regions can be seen in the bottom left corner of each
matrix, with the WH2 actin binding domains appearing near
the top right corner (Fig. 4B). The trend for increased
numbers of repeat units within the tyrosine-rich regions can
be seen in the Tarp proteins from the ocular strain (A), the
genital strain (D), and the LGV strain (L2), which contains
the greatest number of repeats. The converse is seen with
duplications of the C-terminal actin binding WH2 domains,
in which serovar A contains four putative WH2 domains, D
contains three, and serovar L2 shows the fewest number of
WH2 domains, with two.

The analysis of the tarP sequences from all isolates and

reference strains identified single-nucleotide polymorphisms
(SNPs) that correlate with groupings identified in the phylo-
genetic analysis (see Fig. S1 in the supplemental material). A
total of 18 SNPs were identified that were specific to the LGV
isolates. The majority of these SNPs were nonsynonymous
(16/18), and eight of these SNPs were found to occur in the
tyrosine-rich repeat regions. Furthermore, six additional SNPs
were identified in the LGV isolates, which also were present in
all ocular isolates from The Gambia, Tanzania, and the ocular
reference strains. These six SNPs also were present in urogen-
ital isolate 55 but were absent from all other genital isolates as
well as the Australian ocular isolates. The sharing of these six
SNPs is consistent with a closer evolutionary link between the
LGV and ocular tarP sequences, as was suggested in the phy-
logram in which the clade containing the ocular isolates di-
verged from the tree after the LGV isolates. Thirteen ocular-
specific SNPs (for the Gambian, Tanzanian, and reference
strains) were identified that were absent from all other strains,
including the Australian ocular isolates. Of these 13, 12 were
nonsynonymous. Urogenital isolate 55, however, contained 7
of these 13 SNPs, which may account for the close phylogenetic
grouping of this isolate with the ocular isolates. The Tanzanian
ocular isolates also contained three additional SNPs that were

FIG. 2. Phylogenetic analysis of tarP from C. trachomatis clinical isolates and reference strains. The neighbor-joining method was used by
MEGA4 to generate an unrooted phylogenetic tree for tarP based on DNA sequences. For illustration purposes, the initial branches of the
phylogenetic tree were redrawn from the original version but the clades and bootstrap values remain untouched. Relevant bootstrap values (as a
percentage of 1,000 replicates) are provided. Initial nucleotide alignments were generated using ClustalW.
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absent from the other ocular isolates and that may explain the
separation of the Tanzanian and Gambian isolates in their
clade. There were no SNPs that were shared by all genital
isolates.

DISCUSSION

Chlamydial Tarp is a type III secreted effector protein that is
translocated at the time of the initial contact of elementary
bodies (EBs) with the host cell and is implicated in the mobi-
lization of actin that is essential for chlamydial internalization
(15, 16, 37). C. trachomatis Tarp is tyrosine phosphorylated
over a region of tyrosine-rich repeat units by host cell src family
kinases, but this feature is not conserved in Tarp orthologs
from C. caviae, C. muridarum, or C. pneumoniae (15, 16, 37). C.
trachomatis L2 Tarp contains a single Wasp homology do-
main-2 (WH2) actin binding domain that acts in conjunction
with an upstream proline-rich oligomerization domain to nu-
cleate actin filament formation (37). All chlamydial Tarp or-
thologs contain one or more predicted WH2 domains and the
proline-rich domain (38). C. trachomatis serovars representa-
tive of different diseases and tissue tropisms have shown vari-
ation in the number of tyrosine-rich repeat units as well as in
the number of predicted WH2 domains. We compared Tarp

structures from reference strains and 102 clinical isolates,
which were representative of 16 serovars of C. trachomatis
taken from various geographical locations and anatomical
sites. Tarp showed a remarkable degree of heterogeneity. The
phylogenetic analysis of C. trachomatis reference strains seg-
regated ocular, urogenital, and LGV disease groups. With few
exceptions, the clinical isolates similarly clustered in concor-
dance with tissue tropism and disease. For the most part, the
greatest variation was in the number of tyrosine-rich repeat
units and in the number of putative WH2 domains. A trend
emerged with the trachoma biovars tending toward fewer ty-
rosine-rich repeats and more WH2 domains, while the LGV
biovar displayed a greater number of tyrosine-rich repeats and
fewer WH2 domains. The genital strains displayed intermedi-
ate numbers of tyrosine-rich repeats and WH2 domains.

C. trachomatis displays remarkable genome sequence simi-
larity and synteny considering the different diseases and tissue
tropisms exhibited by the different serovars (55). Comparative
genomics has identified a relatively small number of loci that
vary according to biovar or tissue tropism and disease mani-
festation. Microarray-based genomic comparisons have identi-
fied only 31 genes that varied according to tissue tropism (5).
Interestingly, tarP was not among these. The failure to detect

FIG. 3. Variability of Tarp protein sequences. Tarp protein sequences were aligned with ClustalW and visualized with Geneious 3.0.6. Black
regions represent the presence of amino acids, and blank regions represent gaps in the protein sequence. At the top, regions corresponding to the
tyrosine-rich repeats are shown in blue (based on nine tyrosine repeat regions of L3), the proline-rich region in red, and the actin binding domains
in green (based on laboratory strain serovar D). All regions are shown where they appear in the consensus sequence obtained in the ClustalW
alignment. Regions of consensus and percent identity are indicated at the top and also are based on the aligned protein sequences. Reference and
non-C. trachomatis strains and ocular and LGV clinical isolates are shown in panel A; genital and rectal isolates are shown in panel B.

FIG. 4. Schematic representation and dot matrix comparison of Tarp sequences. (A) The number and location of tyrosine-rich repeats (blue),
the proline rich region (red), and actin binding domains (green) identified for an ocular strain (reference strain serovar A), a genital strain
(reference strain serovar D), and an LGV strain (reference strain L2) are shown. The “X” on the last actin binding domain of each Tarp illustrates
biochemical inactivity (38). (B) Dot matrix comparison of reference strain serovars A to A, D to D, and L2 to L2 showing regions of repetition
along the length of Tarp as generated by DNAMAN.
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tarP in microarray analysis likely was due to the tarP sequences
differing primarily in the duplication of sequence rather than
the presence of unique sequences that might be more readily
detected in microarrays.

MOMP is the predominant surface antigen of chlamydiae
and a target for neutralizing antibody (10). Its proposed roles
include structural stability (32, 33, 45), porin activity (2), and
attachment to host cells (60, 61). It is also one of the most
polymorphic chlamydial genes known (24). It has been pro-
posed that this variability is due to the antigenicity of MOMP
and selective pressure of the immune system (6). As a result,
the phylogeny of MOMP is not in agreement with tissue tro-
pism or disease. Although there have been multiple attempts
to correlate MOMP genotype with disease, the associations
have been somewhat limited and inconsistent (1, 19, 27, 40,
44). Tarp also exhibits a high degree of variability, although the
selective pressure to induce this is unclear. Tarp is antigenic
and recognized by antisera from humans infected with chla-
mydiae (68) but does not appear to be surface exposed or a
target for neutralizing antibody (16). Polyclonal antisera to
intact Tarp show reactivity with multiple regions of the protein
yet do not react with intact EBs unless the EBs are first allowed
to attach to host cells at 37°C to trigger Tarp secretion and
exposure. Furthermore, the surface proteolysis of viable EBs
cleaves surface-exposed domains of MOMP, but Tarp is not
degraded (16). Thus, in contrast to MOMP, the evolutionary
pressure favoring Tarp variation may involve tissue tropism
rather than the evasion of immune surveillance.

The selective pressures for Tarp selection that might favor
specific tissue tropisms are unclear. At least one of the WH2
domains is functional in actin binding for all serovars tested,
and all nucleate actin filament formation (38). Where multiple
WH2 domains were predicted in C. trachomatis Tarp proteins,
in all cases tested (serovars L2, D, and A), the most C-terminal
of these did not sequester actin. The presence of multiple
WH2 domains on the same polypeptide of some serovars sug-
gests alternative mechanisms or at least the potential for the
enhancement of actin nucleation by sequestering multiple ac-
tin monomers in immediate juxtaposition to favor nucleation
(38). Unfortunately, rates of entry cannot be determined with
sufficient resolution to determine effects on internalization,
and isogenic variants differing only in the number of WH2
domains cannot yet be engineered in chlamydiae. Regardless
of the potential for hybrid mechanisms of actin nucleation, all
reference and clinical isolates retain a single copy of the pro-
line-rich domain required for Tarp oligomerization and actin
nucleation.

The function of the tyrosine-rich repeat region also is un-
known. Models have been proposed that implicate this domain
in host Arp2/3 complex recruitment to promote entry (20, 41).
Tarp phosphorylation is not required for the entry of strains
other than C. trachomatis (15). Furthermore, the inhibition of
C. trachomatis Tarp tyrosine phosphorylation had no effect on
entry (36, 42). We hypothesized that the requirement for Tarp
tyrosine phosphorylation was for events and cell signaling
pathways that are active postentry. Indeed, multiple host pro-
teins bind ectopically expressed tyrosine-phosphorylated Tarp,
presumably via SH2 domains on Tarp (19a). The retention of
Tarp on the nascent inclusion has led to suggestions that it
plays a role in some early event that does not require de novo

chlamydial protein synthesis, such as the avoidance of lysoso-
mal fusion (16). How multiple copies of this domain on indi-
vidual Tarp monomers might enhance any signaling pathway is
unknown. It is tempting to speculate, however, that the ampli-
fication of an as-yet unidentified host signaling pathway ac-
counts for the increased survival of LGV strains in monocytes
and macrophages.

The phylogenetic analysis performed on the clinical isolates
produced similar trends, in that tarP genes from ocular and
LGV isolates formed clades distinct from those of the urogen-
ital strains. The LGV tarP sequences diverged from the phy-
logenic tree first with a separate clade, as was observed for the
reference strains. It is interesting that even though the ocular
isolates from The Gambia, Tanzania, and Australia formed
separate clades, they did not group together within a single
branch on the phylogram. The Australian ocular isolates were
notable in that they formed a distinct clade apparently more
closely related to the urogenital strains. This suggests that even
though ocular strains contain enough differences from most of
the urogenital and LGV strains to cluster separately, there also
are some sequence variations among ocular tarP genes.

Tissue tropism for C. trachomatis serovars is not exclusive.
Genital strains have been isolated from ocular sites, although
these have not been implicated as progressing to trachoma
(52). Conversely, ocular strains are rarely isolated from the
genital tract (51). In this study, three of the clinical isolates of
serovar B (56, 57, and 58) were recovered from genital sites.
The B, Ba, and C serovars previously have been isolated from
genital infections and classified as variants based upon the
failure to conform to the prototype B strain in microimmuno-
fluorescence with a panel of B antibodies (46) or by the geno-
typing of MOMP (25, 35, 43, 58). Intriguingly, tarP from the
three Seattle B strains described here resembled the structure
of urogenital isolates and phylogenetically clustered with uro-
genital Tarps sequences. These particular B isolates were pre-
viously characterized by Caldwell et al. as possessing intact
tryptophan synthase genes identical to those found in the gen-
ital serovars. The sequence analysis of ompA of these strains
revealed a single-nucleotide difference from the D and H ge-
notypes, but they were identical to the ompA sequence of
serovars B and Ba over the remainder of the gene. The con-
clusion was that these appeared to be true genital strains that
had acquired an ocular MOMP sequence (9). The tarP se-
quence is consistent with this assumption. Conversely, two
urogenital strains, 55 (a urethral isolate from Kenya) and 95 (a
rectal isolate from Ottawa), clustered with ocular strains from
The Gambia and Australia, respectively, and two Australian
ocular Ba isolates clustered (21 and 22) with genital/urethral
isolates. It also is possible that with the high rates of C. tra-
chomatis transmission, chlamydiae can be transferred from one
tissue to another and that the site of isolation is the original
niche of the isolate.

tarP genes from ocular isolates from The Gambia, Tanzania,
and Australia appeared to be relatively similar within their
phylogenetic groupings but distinct from each other. This may
be due to the isolates being obtained from geographical re-
gions where the majority of the populations are relatively re-
stricted to local travel. tarP genes from Australian ocular iso-
lates were phylogenetically distinct from the Gambian and
Tanzanian ocular isolates as well as from the ocular reference
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strains (A, B, Ba, and C), suggesting that a distinct lineage was
causing these ocular infections. A similar observation for ser-
ovar C conjunctival strains from Australia evolving from a
unique lineage was found in a study characterizing ompA ge-
notypes from remote Australian communities (57). Despite
this high degree of relatedness among localized ocular out-
breaks, there was a remarkable degree of sequence dissimilar-
ity within these groups (see Fig. S1 and S2 in the supplemental
material), suggesting that tarP exhibits a high rate of evolution.
tarP from urogenital isolates did not show a similar phyloge-
netic clustering. For example, the Kenyan urethral isolates fell
into a separate clade; however, that clade also contained gen-
ital isolates from Winnipeg, Seattle, and Indianapolis and two
ocular isolates from Australia, suggesting that factors other
than geographical isolation were impacting tarP relatedness.
Behavioral or sociological factors may play a role in the wider
dissemination of sexually transmitted infections and obfuscate
geographic variations in tarP.

Tissue tropism and infections caused by C. trachomatis ap-
pear to be controlled by a relatively small number of loci (5).
Although it is unlikely that any one gene product confers tissue
tropism, tarP shows clear phylogenetic grouping with tissue
tropism compared among reference strains. The picture be-
comes more complex when clinical isolates are compared, yet
clear trends are established. It is probable that multiple loci
function together to favor specific tissue tropism, and the
whole-genome analysis of clinical isolates may be required to
decipher complex interactions defining chlamydial disease.
Tarp appears to be among those chlamydial factors worthy of
consideration in efforts to correlate disease and genotype and
also may prove useful in epidemiological studies.
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