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We previously reported that laboratory reference strains of Chlamydia trachomatis differing in infection organotropism
correlated with inactivating mutations in the pathogen’s tryptophan synthase (trpBA) genes. Here, we have applied
functional genomics to extend this work and find that the paradigm established for reference serovars also applies to
clinical isolates — specifically, all ocular trachoma isolates tested have inactivating mutations in the synthase, whereas all
genital isolates encode a functional enzyme. Moreover, functional enzyme activity was directly correlated to IFN-γ
resistance through an indole rescue mechanism. Hence, a strong selective pressure exists for genital strains to maintain
a functional synthase capable of using indole for tryptophan biosynthesis. The fact that ocular serovars (serovar B)
isolated from the genital tract were found to possess a functional synthase provided further persuasive evidence of this
association. These results argue that there is an important host-parasite relationship between chlamydial genital strains
and the human host that determines organotropism of infection and the pathophysiology of disease. We speculate that
this relationship involves the production of indole by components of the vaginal microbial flora, allowing chlamydiae to
escape IFN-γ–mediated eradication and thus establish persistent infection.
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Introduction
Chlamydiae are obligate intracellular gram-negative
eubacteria that exhibit a highly specialized biphasic

developmental cycle (1). Currently, the genus is divided
into four species: Chlamydia trachomatis, C. psittaci, 
C. pneumoniae, and C. pecorum (2). C. trachomatis and 
C. pneumoniae are important human pathogens, where-
as C. psittaci and C. pecorum are primarily pathogens of
animals and birds, rarely infecting humans. C. tracho-
matis is classified into 15 distinct serovars based on anti-
genic variation of the ompA genes that encode the
organism’s major outer membrane protein (MOMP).
The 15 different serovars display well-documented and
unique tissue tropisms (3). Serovars A, B, Ba, and C are
the causative agents of trachoma, the most common
infectious cause of blindness worldwide (2, 4, 5). With
the exception of serovar B variants, which have been
associated with a very low incidence of urogenital dis-
ease (6–8), the trachoma serovars are rarely isolated
from the genital tract (2). In contrast, serovars D–K are
a major cause of urogenital tract infection worldwide
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but are not associated with blinding trachoma (2). How-
ever, serovars D–K can cause ocular infection when new-
born infants acquire the organism during passage
through the infected birth canal or when adults second-
arily inoculate the eye with infected genital secretions.
Infections with either ocular (A–C) or genital (D–K)
serovars are noninvasive — that is, they are restricted to
epithelial surfaces, whereas the LGV strains (L1–L3) are
invasive and proliferate in monocytes within lymphatic
tissues. In humans, progression from uncomplicated
mucosal infections to serious sequelae such as blindness
or tubal factor infertility has been linked epidemiologi-
cally to either reinfection or persistent infection (2,
9–12). Re-exposure or persistent infection is thought to
drive an immunopathological inflammatory response
resulting in tissue fibrosis and scarring (13, 14).

Despite this diversity in tissue tropism and disease
manifestations, complete genomic sequencing of several
Chlamydiaceae has shown that the gene order and con-
tent among the different species is remarkably conserved,
with the exception of a region termed the plasticity zone
(PZ) (15). This observation led to the suggestion that
host, organ, and cellular tropism may be attributed to the
few genes localized in the PZ. Consistent with this
hypothesis, our recent observation using C. trachomatis
laboratory reference strains showed that the tryptophan
synthase operon (trpRBA) that resides in the PZ are close-
ly linked with genital and ocular tropism (16).

Tryptophan synthase is a tetramer consisting of two
α subunits (TrpA) and two β subunits (TrpB) (17–19).
The subunits form a bifunctional enzyme that catalyzes
the final two reactions in the biosynthesis of trypto-
phan — namely, the cleavage of indole glycerol 3-phos-
phate (IGP) to indole by TrpA and the TrpB-mediated
conversion of indole to L-tryptophan. Comparative
DNA sequencing of the PZ of all 15 human C. trachoma-
tis reference strains showed that 14 of 15 serovars encod-
ed homologues of trpB and trpA (16, 20). The chlamydi-
al TrpB proteins retained conserved residues identified
as essential for enzyme activity in other microorganisms
(17, 18). In contrast, the chlamydial TrpA protein was
shown to have several changes in its primary structure
that differed considerably from its trpA orthologue in 
E. coli. Specifically, the trpA of ocular but not genital
serovars had a common consensus triplet nucleotide
deletion (nucleotides 408–410) that resulted in the loss
of Phe-136 from the polypeptide. Furthermore, a poly-
morphic mutational “hot spot” was identified in the
trpA of both ocular and genital serovars. In ocular
serovars, this region contained a single-nucleotide (531)
deletion that resulted in a frame shift and expression of
a truncated nonfunctional TrpA polypeptide. Interest-
ingly, the trpA of all genital serovars contained two
point mutations at this same site giving rise to codon
changes resulting in amino acid substitutions that dif-
fered among the serovars: YE in LGV serovars; CQ in D,
E, and K serovars; and YQ in G, F, H, I, and J serovars
(Figure 1a). These amino acids in the Salmonella TrpA
are found in loop 6, a region identified in the trypto-

phan synthase crystal structure as being important for
subunit-subunit interactions between TrpB and TrpA,
metabolite channeling, and substrate binding (17, 18).
Consistent with this conclusion was our finding by
genetic complementation studies that the TrpBA of
genital serovars was not capable of using IGP but could
use exogenous indole for the synthesis of tryptophan
(16). The significance of these findings in terms of
pathogenesis was that genital but not ocular serovars
were readily rescued under conditions of tryptophan
starvation by the addition of exogenous indole (16).

Chlamydial infection stimulates an intense cellular
immune response (CMI) that is important in protec-
tive immunity against mucosal infection and is medi-
ated predominantly by CD4+ type 1 lymphocytes and
IFN-γ (21–24). Although the effector mechanism(s) of
IFN-γ in vivo are not completely understood, its
antichlamydial inhibitory activity for cultured cells in
vitro has been comprehensively studied. It is known
that IFN-γ eradicates chlamydiae mainly through the
induction of the tryptophan-degrading enzyme
indoleamine 2,3-dioxygenase (IDO) (21, 25, 26). IDO
catabolizes intracellular pools of L-tryptophan, there-
by starving chlamydiae of this essential amino acid.
Chlamydiae deprived of tryptophan fail to complete
secondary differentiation into infectious elementary
bodies (EBs), resulting in the loss of infectivity and
cell-to-cell transmission. These findings argue that the
ability to synthesize tryptophan in a IFN-γ–rich envi-
ronment would be an important virulence factor for C.
trachomatis because it would provide a mechanism for
the pathogen to evade host defenses.

Because of the potential implications of our earlier
work in understanding chlamydial organotropism and
pathogenesis, we have extended our studies to include
analyses of more recently isolated ocular and genital
isolates from diverse geographical locations. We report
here that the paradigm of a functional tryptophan syn-
thase in genital serovars versus a nonfunctional syn-
thase in ocular serovars that we established for labora-
tory reference strains also holds true for this larger,
more heterogeneous population of clinical isolates.
The importance of these findings with regard to
chlamydial organotropism, evasion of host immunity,
and the potential usefulness of the trp region as a novel
molecular epidemiological marker are discussed.

Methods
C. trachomatis and HeLa cell propagation. C. trachomatis
serovars were propagated in HeLa 229 cells and EBs
were purified as described previously (27). HeLa cells
were maintained at 37°C with 5% CO2 in DMEM
(Gibco Invitrogen, Grand Island, New York, USA) sup-
plemented with 10% fetal bovine serum (Hyclone,
Logan, Utah, USA), 2 mM L-glutamine (Gibco Invitro-
gen), 0.01 M HEPES (Gibco Invitrogen), 1 mM sodium
pyruvate (Gibco Invitrogen), 0.055 mM β-mercapto-
ethanol (Gibco Invitrogen), and 10 µg/ml gentamicin.
This medium is referred to as complete DMEM-10.
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Clinical samples. Ocular chlamydial samples or isolates
were obtained from conjunctival swabs of male and
female village residents in trachoma-endemic areas of
Kongwa, Rombo Tanzania, and Gambia as described
previously (28, 29). One trachoma sample was obtained
from China. For genital chlamydial isolates/samples,
cervical, urethral, and anorectal swabs and urine spec-
imens were collected as previously described (30–32).
Male and female patients were enrolled at geographi-
cally diverse clinical sites that included both low- and
high-prevalence populations. The clinical sites were
Nairobi, Kenya; Winnipeg, Manitoba, Canada; Ottawa,
Ontario, Canada; Calgary, Alberta, Canada; Indi-
anapolis, Indiana, USA; San Francisco, California, USA;
Baltimore, Maryland, USA; New Orleans, Louisiana,
USA; Birmingham, Alabama, USA; and Seattle, Wash-
ington, USA. The sites included sexually transmitted
disease (STD) clinics, obstetrics and gynecology clinics,
family planning clinics, adolescent clinics, and emer-
gency rooms. The majority of the patients were seen at
STD or family planning clinics.

Indole rescue of clinical C. trachomatis isolates. Tryptophan-
starved HeLa 229 monolayers in 96-well plates were
infected with reference serovars D and B and clinical iso-
lates at an moi of 0.1. Infected cells were fed with DMEM

without L-tryptophan (University of California at San
Francisco, Cell Culture Facility, San Francisco, Califor-
nia, USA) supplemented with 10% dialyzed fetal bovine
serum (Hyclone), 2 mM L-glutamine (Gibco Invitrogen),
0.01 M HEPES (Gibco Invitrogen), 1 mM sodium pyru-
vate (Gibco Invitrogen), 0.055 mM β-mercaptoethanol
(Gibco Invitrogen), and 10 µg/ml gentamicin. This
medium is referred to as DMEM-10(-Trp). The medium
was replaced at 20–24 hours after infection with com-
plete DMEM-10, DMEM-10(-Trp), or DMEM-10(-Trp)
plus 10 µM indole. Monolayers were fixed in methanol
at 48 hours after infection and stained for inclusions
using antichlamydial LPS and FITC goat anti-mouse Ig
antiserum. The monolayers were examined for inclu-
sions by fluorescence microscopy.

C. trachomatis growth assays. Monolayers of HeLa cells in
6-well plates were inoculated with C. trachomatis EBs at
an moi of 3–5. The infected wells were incubated with
complete DMEM-10 as a control or with complete
DMEM-10 further supplemented with 5 ng/ml recom-
binant human IFN-γ with or without the addition of 50
µM indole or 1 mg/ml tryptophan. Following incuba-
tion for 48–72 hours at 37°C, the culture supernatant
was collected and the HeLa cells were lysed with cold
distilled H2O. Aliquots of the combined HeLa cell
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Figure 1
(a) Alignment of partial sequences from the trpA gene from the14 human C. trachomatis reference serovars. A ClustalW alignment of the nucleotide
regions containing sequence polymorphisms is illustrated. As compared with genital serovars, ocular serovars have a three-base (nucleotides
408–410) deletion that results in the loss of a phenylalanine. The various serovars have been grouped, in accordance with their nucleotide muta-
tional “hot-spot” sequence. The ocular serovars have a single-base deletion (nucleotide 528) resulting in a nonfunctional truncated TrpA protein.
Genital serovar specific missense mutations (nucleotides 530 and 532) that result in amino acid changes in loop 6 of TrpA are shown below the
nucleotide sequence. See Fehlner-Gardiner et al. (16) for details. (b) Schematic summary of the tryptophan synthase inactivating mutations iden-
tified in clinical ocular serovars and the missense mutations identified in the clinical genital serovars.



lysates and culture medium were used to infect fresh
HeLa cell monolayers for enumeration of recoverable
inclusion forming units (IFUs) as previously described
(33). Briefly, monolayers were fixed in methanol 48
hours after infection. Chlamydiae were detected by
reacting fixed cells with an anti-LPS mAb followed by
staining with a FITC goat anti-mouse Ig antiserum.

Sequencing of MOMP and tryptophan synthase from clinical
samples. A 100-µl aliquot of each clinical sample or cul-
ture isolate was added to lysis buffer (10 mM Tris-HCl
[pH 8.3], 50 mM KCl, 1.5 mM MgCl2, 0.022% gelatin,
0.5% Nonidet P-40, 0.5% Tween-20) and digested with
proteinase K at a final concentration of 100 µg/ml at
55°C for 2 hours. The samples were then boiled for 10
minutes to inactivate the proteinase K. The primers used
for PCR and sequencing are listed in Table 1. To deter-
mine the serovar of each clinical isolate, nested PCR was
performed using primers designed to amplify the ompA
gene. Five microliters of DNA (approximately 50 ng)
from each sample were amplified in a 100-µl reaction
mixture containing 0.5 µM primers, 0.2 mM dNTPs, 1.5
mM MgCl2, 1 × Taq reaction buffer, and 1.25 U of Taq
DNA polymerase (Invitrogen, Carlsbad, California, USA).
The first round of PCR used primers CT1 and CT5 to
generate an 1142-bp product. The cycling program was
5 minutes at 95°C followed by 35 cycles of 30 seconds at

95°C, 30 seconds at 60°C, and 1.5 minutes at 72°C, with
a final extension of 10 minutes at 72°C. For the second
round of the nested PCR, 1 µl of the first-round PCR
product was amplified as described above using primers
VD1 and VD4 to generate an 879-bp product. The
cycling program for the second round of PCR was 5 min-
utes at 95°C followed by 40 cycles of 30 seconds at 94°C,
30 seconds at 60°C, and 1 minute at 72°C, with a final
extension of 10 minutes at 72°C. The nested PCR prod-
uct was purified using the QIAprep spin miniprep kit
(Qiagen) and sequenced using all four primers.

For determination of the trpA and trpB gene sequences,
PCR was performed on samples using the primers list-
ed in Table 1. DNA (50 ng) was used in PCR reactions
(Invitrogen) with primers that amplified the entire 
trpRBA operon (Trp.1 and Trp.2 for trpRBA). For
sequencing of trpB, nested PCR was performed using
primers 5′ TrpB-L and 3′ TrpB-L for the first round of
PCR, followed by 5′ TrpB-M and 3′ TrpB-M for the sec-
ond round of PCR. The nested PCR product was
sequenced using primer 5′ TrpB-seq. For sequencing of
the mutational “hotspot” around nucleotide 531 of trpA,
nested PCR was performed using primers 5′ TrpA-L and
3′ TrpA-L for the first round of PCR, followed by 5′
TrpA-M and 3′ TrpA-M for the second round of PCR.
The nested PCR product was purified as described
above and sequenced using primer 5′ TrpA-seq. A sec-
ond nested PCR was performed to sequence the region
around nucleotide 118 of trpA using primers 5′
TrpA-L#2 and 3′TrpA-L#2 for the first round of PCR,
followed by 5′ TrpA-M#2 and 3′ TrpA-M#2 for the sec-
ond round of PCR. The cycling program was 5 minutes
at 95°C, followed by 35 cycles of 30 seconds at 94°C, 30
seconds at 60°C, and 1 minute at 72°C, with a final
extension of 10 minutes at 72°C. The nested PCR prod-
uct was purified and sequenced using primer 5′
TrpA-#2-seq. All PCR products were sequenced by the
DNA Core Facility (Health Canada, Winnipeg, Manito-
ba, Canada), using an ABI PRISM 377 DNA Sequencer.

RT-PCR analysis of C. trachomatis transcript expression.
HeLa cell monolayers in T175 flasks were infected with
C. trachomatis EBs at an moi of 3–5 IFUs/cell. The infect-
ed flasks were incubated with complete DMEM-10 as a
control or with complete DMEM-10 further supple-
mented with 5 ng/ml recombinant human IFN-γ with
or without the addition of 50 µM indole or 1 mg/ml
tryptophan. The cells were incubated for 24–36 hours
at 37°C, and total RNA was prepared from the cells
using Trizol reagent according to the manufacturer’s
instructions (Invitrogen). One microgram of total RNA
was treated with DNase I (Invitrogen), reverse tran-
scribed using random hexamer primers and Thermo-
script reverse transcriptase (Invitrogen), and treated
with RNase H (Invitrogen). The nucleotide sequences
of the primers used are listed in Table 1. For quantita-
tive PCR, amplifications were carried out according to
the manufacturer’s instructions using the LightCycler
and SYBR Green I as the fluorophore (Roche Diagnos-
tics, Laval, Quebec, Canada). Briefly, 2 µl of cDNA was
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Table 1
Primer sequences for PCR, nucleotide sequencing, and RT-PCR

Primer Sequence 5′→3′
PCR/sequencing

ompA

CT1 GCCGCTTTGAGTTCTGCTTCCTC
CT5 ATTTACGTGCAGCTCTCTCAT
VD1 TGACTTTGTTTTCGACCGTGTTTT
VD4 TTTTCTAGATTTCATCTTGTTCAAYTG

trpBA

Trp.1 GCGACATTACTGAAGAC
Trp.2 GCAAGACTATCAAGAGTG

5′ TrpB-L AGCTGGCGCTTATCTACT
3′ TrpB-L ACACTGACCAAGAGCATT
5′ TrpB-M ATAGAAGTAAGAGCGTC
3′ TrpB-M CTCCCCGCATAGTTTTTC
5′ TrpA-L ATGAGTAAATTAACCCA
3′ TrpA-L TCCATTGTTGTCTGATGA
5′ TrpA-M GCTACTACAATCCGCTTC
3′ TrpA-M TTCTATCTACAATTGGAA

5′ TrpA-L#2 CTGATTGCATGTATCGGA
3′ TrpA-L#2 TCCAATCCTACAGCTAA
5′ TrpA-M#2 GAAGCGGATTGTAGTAG
3′ TrpA-M#2 TATACATTAGCCACCGAT

Primers for RT-PCR

5′ 16SrRNA GGAGAAAAGGGAATTTCAC
3′ 16SrRNA TCCACATCAAGTATGCATC

5′ TrpBA GCATTGGAGTCTTCACATGC
3′ TrpBA ACACCTCCTTGAATCAGAGC
5′ TrpR AATCAAGAGGAGTCTGGCT
3′ TrpR GAGGATCTGATCCTTTAAG



amplified in a 20-µl reaction mixture containing 0.5
µM primers, 5 mM MgCl2, and 2 µl of FastStart DNA
Master SYBR Green I mix. The cycling program was
95°C for 10 minutes followed by 40 cycles of 5 seconds
at 95°C, 10 seconds at 60°C, and 15 seconds at 72°C.
Melting curves determined for all products indicated
that primer dimers were not amplified in any of the
reactions. Transcript levels were quantified using the
LightCycler Data Analysis software from standard
curves generated by amplification of known quantities
of plasmid DNA containing the amplicon of interest.
Results were normalized against the copy number of
16S rRNA transcripts in each cDNA preparation and
are presented as transcript copy number per micro-
gram of total RNA.

Western blot analyses. HeLa cell monolayers in T175
flasks were infected with C. trachomatis EBs at an moi of
3–5 IFUs/cell. The infected flasks were incubated with
complete DMEM-10 as a control or with complete
DMEM-10 further supplemented with 5 ng/ml recom-
binant human IFN-γ with or without the addition of 50
µM indole or 1 mg/ml tryptophan. After incubation at
37°C for 30–48 hours, the cells were harvested by gentle
scraping and were sonicated briefly. The sonicated cells
were then centrifuged at 500 g for 10 minutes to pellet
host cell debris. The supernatant was then ultracen-
trifuged for 1 hour at 16,000 g over a 30% MD-76
(Mallinckrodt) cushion. The pellet of semipurified EBs,
reticulate bodies (RBs), and aberrant forms was collected,
resuspended in 200 µl of 2× Laemmli electrophoresis
sample buffer, and heated at 95°C for 10 minutes. The
proteins were resolved on a 12% acrylamide gel and elec-
trophoretically transferred to a nitrocellulose membrane.
TrpB and TrpA were detected using polyclonal antibod-
ies raised against the corresponding C. trachomatis L2
recombinant proteins (16), followed by enhanced chemi-
luminescence (Amersham Biosciences, Baie d’Urfe, Que-
bec, Canada). As a positive control, purified recombinant
TrpB and TrpA were included on each gel. Duplicate
blots were probed with monoclonal antibody to the
chlamydial Hsp-60 to ensure equal loading of all samples.

Results
IFN-γ inhibition of C. trachomatis infectivity and rescue of
infectivity by indole. We have previously shown that the
infectivity of all human C. trachomatis serovars was
inhibited when grown in tryptophan-deficient medium
and, importantly, that the addition of exogenous
indole to the growth medium rescued the infectivity of
genital (D–K, L1–L3) but not ocular (A–C, Ba) serovars
(16). This indole “rescuable” phenotype was unam-
biguously associated with a functional tryptophan syn-
thase present in genital but not ocular serovars. We
expanded on these findings here to include experi-
ments that more closely mimicked the immunobio-
logical conditions that exist in vivo. This was accom-
plished by treating infected HeLa cells with IFN-γ to
deprive chlamydiae of tryptophan and then elucidating
whether infectivity could be rescued from treated cul-

tures by the addition of exogenous indole. We chose to
use serovars A, D, I, and L2 for these experiments
because they represent the four trpA genotypes defined
in our previous work (16): an ocular serovar with a
truncated trpA (A) and genital serovars with a full-
length trpA but possessing changes in trpA that result
in TrpA amino acid polymorphisms CQ, YQ, and YE
(D, I, and L2, respectively) (Figure 1a). The infectivity
of all serovars was markedly reduced in IFN-γ–treated
HeLa cell cultures (Figure 2), a finding consistent with
other reports (34). Infectivity of both ocular and geni-
tal serovars was reversed by the addition of exogenous
tryptophan, an expected finding because rescue did not
depend on any of the serovars possessing a functional
tryptophan synthase. Relevant to this study was the
finding that the infectivity of the genital serovars, but
not the ocular serovar, was rescued from the effect of
IFN-γ by the addition of exogenous indole. Thus, these
findings corroborate and expand on our earlier work
but, most importantly, illustrate the potential relevance
of indole rescue of infectivity to natural infection;
specifically evasion of host immunity.

Sequence analysis of trp genes from C. trachomatis clinical iso-
lates. Sequence analysis of the trpRBA operon genes of
the 14 C. trachomatis reference serovars showed that
these serovars possessed a mutational hot spot at
nucleotides position 531 of the trpA gene; the exception
was serovar B, in which the entire trpRBA operon was
deleted from the chromosome (Figure 1a) (16). It was
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Figure 2
Effect of indole or tryptophan on the growth of C. trachomatis refer-
ence serovars A, D, I, and L2 cultured in the presence of IFN-γ. HeLa
cell monolayers were infected with EBs at an moi of 3–5 IFUs/cell.
For serovar L2 but not A, D, or I, HeLa cell monolayers were pre-
treated with IFN-γ (5 ng/ml) for 24 hours before infection. Infected
HeLa cells were cultured in the presence of complete DMEM-10
(+Trp), complete DMEM-10 plus 5 ng/ml IFN-γ (+IFN), complete
DMEM-10 plus IFN-γ and 100 µM indole (IFN+Ind), and complete
DMEM-10 plus IFN-γ and supplemented with 1 g/l tryptophan
(IFN+Trp). After 48 hours for serovar L2 and 72 hours for serovars
A, D and I, infected cells and culture supernatants were collected and
used to infect a new HeLa cell monolayer for enumeration of recov-
erable IFUs. Data are presented as IFUs (log10) and represent the
means ± SD of triplicate determinations.



imperative to extend the findings obtained with C. tra-
chomatis reference serovars to more recently isolated nat-
urally occurring strains because of the potential impor-
tance these mutations might have in the pathogenesis
of infection and as novel epidemiological markers. We
therefore sequenced the trpRBA region from a total of
94 trachoma isolates and 214 genital isolates obtained
from distinct geographical areas within Africa, China,
Canada, and the USA. A summary of the clinical isolates
by disease, ompA, and trpA genotype together with the
trpA genotype from each isolate is shown in Tables 2
and 3 and schematically in Figure 1b. The results
showed that there was an absolute correlation between
ocular and genital isolates and the presence of specific
mutations in the trpA genes. Remarkably, every ocular
isolate displayed mutations that resulted in an inter-
rupted trpA or trpB open reading frame or a complete
loss of both genes due to large deletions (Table 2 and
Figure 1b). As striking, we found no such mutations in
trpA for any of the genital isolates (Table 3 and Figure
1b). Six different types of inactivating mutations were
identified among the ocular isolates.

The vast majority (65 of 66) of Gambian isolates had
the same mutation (single-nucleotide deletion at posi-
tion 531) previously described for trachoma reference
serovars A, Ba, and C (16, 35). The bulk of Tanzanian iso-
lates, and a single Gambian isolate, were found to have
a 2-bp (TG) insertion at nucleotide 118 in trpA. Two Tan-
zanian isolates had a 22-bp deletion (nucleotides 11–32)
in trpB, and one had a single-base deletion (nucleotides
470) in trpA. Finally, one Tanzanian isolate that ompA
typed as serovar B and one isolate from China, ompA
type serovar C, had the entire trp region deleted, much
like the mutation in reference serovar B (16, 35),
although the limits of the deleted regions were different
(data not shown). Of particular interest, we observed a
three-base deletion (nucleotides 408–410) in trpA for all
ocular isolates that had trp genes, a finding we previous-
ly reported for reference ocular strains (16). This deletion
was not present in the trpA of any genital strain and
occurred irrespective of the geographical location or
ompA genotype of the ocular isolate. Thus, the trpA geno-
typic marker might prove useful for epidemiological typ-
ing of ocular and genital strains.

Conversely, the trpA genes of all genital serovars
encoded intact open reading frames giving rise to a
functional tryptophan synthase, regardless of ompA
genotype or the geographic location of the isolate
(Table 3 and Figure1b). Furthermore, each isolate typed
as one of the three distinct trpA genotypes that we had
previously found with the reference serovars based on
changes surrounding the mutational hot spot at
nucleotides 531 (16). These changes resulted in a
region of polymorphism in TrpA which we refer to as
Group 1 (YQ), Group 2 (CQ), and Group 3 (YE); the
Group 3 genotype was found exclusively in LGV iso-
lates. In contrast, Group 1 and 2 polymorphisms
occurred independently of ompA (D–K) genotype, and
there was a predominance of Group 1 over Group 2
sequences (136 out of 170) among genital isolates.

trpRBA gene expression in clinical ocular and genital C. tra-
chomatis isolates. To determine if the trp genes were
expressed and regulated by tryptophan availability in
the clinical isolates during a HeLa cell infection, repre-
sentative ocular (A-2497) and genital (E-IU823) serovars
were chosen for more in-depth analysis. For real-time
quantitative RT-PCR analysis, total RNA was isolated
from midcycle (36-hour) infected HeLa cell cultures

1762 The Journal of Clinical Investigation | June 2003 | Volume 111 | Number 11

Table 3
Sequence polymorphism in trpA from clinical genital isolates

trpA genotype sequence per serovar

ompA Number of tatcaa (1)A tgtcaa (2) tatgaa (3)
type isolates (B, D–K) (B, D–K) (L1–L3)

D 47 38 9 0
E 39 38 1 0
F 14 13 1 0
G 7 3 4 0
H 10 8 2 0
I 20 17 3 0
J 8 7 1 0
K 10 8 2 0
B 9 4 5 0
L1 15 0 0 15
L2 35 0 0 35
Total 214 136 28 50

All of the genital isolates tested were indole rescuable. AGenotypic groups with-
in the trpA mutational hot-spot region: Group 1 (encoding YQ), Group 2
(encoding CQ), and Group 3 (encoding YE).

Table 2
Sequence polymorphism in trpBA from clinical ocular isolates

Tryptophan synthase inactivating mutation

Single deletion Single deletion 2-bp 22-bp
ompA Number of isolates trpA hot spot trpA addition trpA deletion trpB Complete trp
type ta-caa tc-gga gtgtgtc (nucleotides 11–32) deleted region

(nucleotide 531) (nucleotide 470) (nucleotide 118)

A 48 25 – 23 – –
B 32 28 1 – 2 1
Ba 13 13 – – – –
C 1 – – – – 1
Total 94 66 1 23 2 2

All ocular isolates that have a trp region have the specific trpA codon deletion (nucleotides 408–410). None of the ocular isolates tested were indole rescuable.



grown in the presence of complete DMEM-10, complete
DMEM-10 plus IFN-γ, complete DMEM-10 plus IFN-γ
and indole, and complete DMEM-10 plus IFN-γ and
excess tryptophan. As shown in Figure 3, trpR and trpBA
expression is detectable in HeLa cells infected with
either the ocular or the genital isolate. In general, the
level of expression is lower in cells infected with the ocu-
lar isolate, a result that could be caused by Rho-depend-
ent termination due to the premature stop codon in
trpA of this isolate. In both the ocular and the genital
isolates, trpR and trpBA expression are dramatically
upregulated by the presence of IFN-γ, suggesting that
there is induction of expression under tryptophan-lim-
iting conditions. Addition of excess exogenous trypto-
phan to IFN-γ–treated cultures repressed the expression
of trpR and trpBA in both serovars. In contrast, indole
reversed the IFN-γ–induced increase in trp gene expres-
sion in the genital but not the ocular isolate. This result
suggests that, unlike the genital isolate, the ocular iso-
late is incapable of converting indole into tryptophan.

Polyclonal antibodies to TrpA and TrpB were used for
Western blot analysis to assess whether the encoded
messenger RNA was translated into protein products
(Figure 4). For the genital serovar E strain, protein
bands of the same electrophoretic mobility as purified
recombinant TrpA and TrpB were detected in semipu-
rified chlamydiae prepared from IFN-γ–treated cul-
tures, which corresponds well with the increased level
of transcript detected under these culture conditions.

The amounts of immunoreactive TrpA and TrpB are
substantially reduced when indole is added and are
below the level of detection in control cultures or cul-
tures treated with IFN-γ in the presence of excess tryp-
tophan. Different results were observed for the ocular
serovar A clinical isolate in that no TrpA protein band
was detected under any of the conditions tested. This
is not surprising since the two-base insertion mutation
in trpA in this isolate occurs at bases 118–119. This
frame shift mutation gives rise to a new stop codon
(nucleotides 136–138) with a resulting truncated pro-
tein product of 4.7 kDa, a size not detectable under our
experimental conditions. An anti-TrpB immuno-
reactive band, of the correct mobility, was detected in 
IFN-γ–treated cultures and IFN-γ–treated cultures plus
indole but not in control or IFN-γ–treated cultures plus
excess tryptophan. These results correlate well with the
RT-PCR data and suggest that, even in the ocular
serovars in which tryptophan synthase is inactive, trp
gene expression is regulated by tryptophan availability.

Effect of various culture conditions on the yield of infectious
chlamydial EBs. To determine if indole could rescue the
clinical serovar A and E isolates from the effects of 
IFN-γ in vivo, we calculated the level of recoverable IFUs
from infected HeLa cell cultures treated with IFN-γ. As
shown in Figure 5, both serovars were sensitive to IFN-γ,
and the inhibition was reversed by the addition of excess
exogenous tryptophan. Addition of indole to the cul-
ture medium reversed the growth inhibitory effect of
IFN-γ on the genital serovar E but not the ocular serovar
A. These findings are in keeping with the expression
data and suggest that the genital, but not the ocular,
isolate produces a functional tryptophan synthase.

Comparison of the IFN-γ sensitivity and indole rescuabili-
ty of clinical serovar I isolates with a YQ or CQ genotype. The
amino acid changes in TrpA of the Group 1, 2, and 3
genotypes occur in loop 6, a region of the protein
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Figure 3
RT-PCR quantitation of trpBA and trpR mRNA isolated from HeLa
cell monolayers infected with C. trachomatis ocular (serovar A 2497)
and genital (serovars E IU823) clinical isolates cultured in the pres-
ence of IFN-γ. Culture and chlamydiae infection conditions were as
described in the legend to Figure 2. Infected HeLa cells were cultured
in the presence of complete DMEM-10 (+Trp), complete DMEM-10
plus 5 ng/ml IFN-γ (+IFN), complete DMEM-10 plus IFN-γ and 100
µM indole (IFN+Ind), and complete DMEM-10 plus IFN-γ and sup-
plemented with 1 g/l tryptophan (IFN+Trp). RNA was isolated 36
hours after infection. The RNA was reverse transcribed using random
hexamer primers, and the cDNA was used for quantitative PCR
amplifications with primers specific for trpBA or trpR. Quantitative
PCR reactions were carried out using the LightCycler and SYBR Green
I as the fluorophore. See Methods for details.

Figure 4
Western blot analysis of TrpA and TrpB expression in HeLa cell
monolayers infected with C. trachomatis ocular clinical isolate serovar
A 2497 or genital clinical isolate serovar E IU823 cultured in the pres-
ence of IFN-γ. Infected HeLa cells were cultured in the presence of
complete DMEM-10 (+Trp), complete DMEM-10 plus 5 ng/ml 
IFN-γ (+IFN), complete DMEM-10 plus IFN-γ and 100 µM indole
(IFN+Ind), and complete DMEM-10 plus IFN-γ and supplemented
with 1 g/l tryptophan (IFN+Trp). Infected cells were harvested 48
hours after infection and sonicated, and chlamydial particles were
semipurified over a 30% MD-76 cushion. The resulting pellet was
lysed in Laemmli sample buffer, and proteins were separated by SDS-
PAGE (12%) and then transferred to nitrocellulose. Proteins were
detected using polyclonal antibodies raised against recombinant L2
TrpB or TrpA. The respective recombinant proteins (Recomb) were
included as positive controls.



important for substrate binding and subunit-subunit
interaction (17, 18). After sequencing the trp region of
all reference serovars (16), we noticed that there was
an association between the genital serovar trpA geno-
type and the IFN-γ sensitivity as reported by Morrison
(34). The Group 1 serovars (I, J, G, and F) were most
sensitive to IFN-γ followed by Group 2 serovars (D, K,
E), with the Group 3 (LGV) serovars being the most
resistant. To determine if the Group 1 and 2 geno-
types were associated with IFN-γ sensitivity and/or
indole rescuability, we chose to compare these prop-
erties in a pair of clinical serovar I isolates, one Group
1 and the other Group 2. The results shown in Figure
6a indicate that the Group 1 serovar I isolate was
more sensitive to IFN-γ and could be rescued with

lower concentrations of indole than could its coun-
terpart Group 2 serovar I isolate (Figure 6b).

Characterization of C. trachomatis genital serovar B. An
interesting group of clinical isolates among the samples
we tested were the genital samples ompA sequenced that
typed as serovar B. Although serovar B is most com-
monly associated with ocular trachoma (2, 4, 5), it has
also been isolated from patients with urogenital disease
(6–8, 36). Since these genital Bs represent an unusual
example of a crossover serovar, we decided to charac-
terize them in more detail. To confirm the serotype
specificity of the genital B clinical isolates, we tested a
representative isolate by immunofluorescence antibody
(IFA) against mAbs specific to OmpA that discriminate
among C. trachomatis serovars based on differences in
OmpA antigenicity. HeLa cells infected with a B genital
isolate (B clinical), or the reference laboratory serovars
B, D, or L2 were tested by IFA using the following mAbs
specific to OmpA: mAb BB6 (serovar B specific), mAb
JG9 (serovar D specific), mAb BB5 (B/D specific), and
mAb L2I-10 (C. trachomatis species specific, all serovars).
As shown in Figure 7, the serovar B–specific mAb BB6
was immunoreactive with both the B reference strain
and the B genital isolate. In contrast, the serovar D–spe-
cific mAb JG9 was not reactive with either the B refer-
ence serovar or genital B isolate. Interestingly, the B
clinical isolate was reactive with mAb BB5 (B/D specif-
ic), clearly demonstrating antigenic relatedness between
OmpA of the B and D serovars. As expected, mAb 
L2-10, a species-specific antibody, reacted with all the
strains. To confirm the serotyping, we sequenced the
complete ompA gene from several of these genital B 
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Figure 6
IFN-γ sensitivity and indole rescue of paired I serovariants as a func-
tion of the Group 1/2 polymorphism in trpA. (a) Chlamydial isolates
were grown in the presence of a range of IFN-γ concentrations in com-
plete DMEM-10 in the absence of cyclohexamide on HeLa monolay-
ers at an moi of 0.1. After 48 hours, cultures were harvested and
recoverable IFUs were enumerated. Graphed values represent the per-
cent recovery from each concentration of IFN-γ based on the 0 IFN-γ
well of each isolate equaling 100% recovery. (b) Chlamydial isolates
were grown in complete DMEM-10 or DMEM-10(-Trp) on HeLa
monolayers at an moi of 0.5. Tryptophan minus wells were rescued
24 hours after infection with three different indole concentrations.
After a further 48 hours, cultures were harvested and recoverable IFUs
were enumerated. Graphed values represent the percent recovery from
each indole concentration based on the plus tryptophan well of each
serovar equaling 100% recovery. The differences in recovery were sig-
nificant (P < 0.05) at the 1 and 10 µM indole concentrations.

Figure 5
Effect of indole or tryptophan on the growth of C. trachomatis ocular
(serovar A 2497) and genital (serovar E IU823) clinical isolates cul-
tured in the presence of IFN-γ. Culture and chlamydiae infection con-
ditions were as described in the legend to Figure 2. Infected HeLa cells
were cultured in the presence of complete DMEM-10 (+Trp), com-
plete DMEM-10 plus 5 ng/ml IFN-γ (+IFN), complete DMEM-10 plus
IFN-γ and 100 µM indole (IFN+Ind), and complete DMEM-10 plus
IFN-γ and supplemented with 1 g/l tryptophan (IFN+Trp). After 72
hours, cultures were harvested and recoverable IFUs were enumerat-
ed. Data are presented as IFUs (log10) and represent the means ± SD
of triplicate determinations.



isolates from distinct geographic locations. All the
ompA sequences were identical (data not shown). Fur-
thermore, the ompA sequence of these isolates was iden-
tical to that of the genital Bb isolate initially reported
by Frost et al. (36) and the genital isolate B/IU1226 sub-
sequently reported by Stothard et al. (7). Interestingly,
these isolates differ from serovar D and H genotypes by
one base in conserved segment 1 but are identical to
serovar B/Ba throughout the rest of the gene (7). We
also sequenced the trpA and trpB genes from these clin-
ical B isolates. In contrast to what we found with the
ocular B serovars, all of the genital B isolates showed
intact tryptophan synthase genes similar to those
found with all the classical genital serovars (D–K). As
with the other genital isolates, we found both the
Group 1 and 2 genotypes in the trpA hot-spot region.

To determine if these isolates expressed TrpA and
TrpB and whether their expression was regulated, we
carried out Western blot analysis on semipurified
chlamydiae particles prepared from IFN-γ–treated and

untreated infected HeLa cells. The results shown in Fig-
ure 8a indicate that immunoreactive material with the
same electrophoretic mobility as full-length recombi-
nant TrpA and Trp B was detected. The expression of
both TrpA and TrpB was upregulated by IFN-γ, and the
induction was repressed by the addition of excess exoge-
nous tryptophan or indole. Finally, just as we had seen
with the genital serovar E, genital serovar B growth, as
assessed by quantitation of recoverable IFUs, was inhib-
ited by IFN-γ, and the inhibition was reversed by the
addition of exogenous tryptophan or indole (Figure 8b).

Discussion
Interestingly, only the genes required for the last stages
of the tryptophan biosynthetic pathway (trpRBA) are
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Figure 7
Indirect fluorescent antibody staining of C. tra-
chomatis–infected HeLa cells with mAbs specific
to ompA. Note that the B genital isolate reacts
with the same specificity as the ocular B labora-
tory reference strain. Strains tested are shown
across the top of the figure; mAbs used to stain
infected cells are shown on the left hand side of
the figure. HeLa cells were infected with an moi
of 0.2. Monolayers were fixed in methanol at
36–48 hours after infection. Chlamydiae were
detected by reacting fixed cells with individual
mAbs followed by staining with an FITC goat
anti-mouse Ig antiserum. The specificity of the
mAbs are as follows: BB6 (serovar B), JG9
(serovar D), BB5 (serovars B and D), and L2I-10
(all C. trachomatis serovars, A-L3).

Figure 8
(a) Western blot analysis of TrpA and TrpB expression in HeLa cell
monolayers infected with a C. trachomatis clinical B isolate. Cell cul-
ture conditions, harvesting, chlamydial protein sample preparation,
and Western blot procedure were as described in the legend to Fig-
ure 4. (b) Effect of indole or tryptophan on the growth of C. tra-
chomatis genital serovar B clinical isolate cultured in the presence of
IFN-γ. Cell culture conditions, harvesting at 72 hours after infection,
and enumeration of recoverable infectious chlamydial EBs were as
described in the legend to Figure 2. Data are presented as IFUs (log10)
and represent the means ± SD of triplicate determinations.



contained in the C. trachomatis PZ (15, 16, 20), explain-
ing chlamydial tryptophan auxotrophy but leaving no
obvious connection for retaining the ability to both
regulate and make tryptophan synthase. The possible
role of these genes as virulence factors becomes clearer
when they are considered in the context of the key role
of IFN-γ in host defenses against chlamydial infection.
In vivo, IFN-γ is a key cytokine in the development of
antichlamydial protective immunity (12, 14, 23, 37).
Although its effector function has yet to be precisely
determined in vivo, the antichlamydial activity of 
IFN-γ in chlamydia-infected epithelial cells is well
understood. Binding of IFN-γ to its receptor activates
the L-tryptophan decyclizing enzyme IDO, which
degrades tryptophan to N-formyl kynurenine (38).
Deprivation of L-tryptophan inhibits chlamydial repli-
cation and prevents transmission of infection by block-
ing the differentiation of metabolically active RBs to
infectious EBs (21, 39). Thus, the ability to synthesize
tryptophan within an IFN-γ–rich environment would
be an important virulence determinant and a parasitic
strategy for evading the host defense.

We recently described the genomic sequences of the
tryptophan operon region (trpRBA) from all 14 human
C. trachomatis serovars (16) because of its possible
importance in the pathogenesis of chlamydial infec-
tion. We found a striking correlation among ocular
serovars and genital serovars with respect to genetic
mutations within the trpA gene. Ocular serovars (A, Ba,
C) all had a frame-shift mutation in trpA resulting in
the synthesis of a truncated protein. In contrast, all
genital serovars (D–K) encoded a full-length TrpA. Fur-
ther, these mutations resulted in measurable biological
differences in the TrpA function between ocular and
genital serovars; the tryptophan synthase from ocular
serovars was enzymatically inactive, whereas the syn-
thase from genital serovars was active when indole was
provided as a substrate.

Because these original findings were made with ref-
erence serovars that had been passaged many times in
vitro, we felt it necessary to verify the results using
recent clinical specimens that represented diverse epi-
demiological and geographical populations. Here, we
show that all C. trachomatis specimens sequenced,
regardless of geographical origin, adhered to the para-
digm established using laboratory reference strains —
namely, that ocular serovars possess a dysfunctional
tryptophan synthase, whereas genital serovars possess
a functional tryptophan synthase. Perhaps the
strongest evidence in support of this paradigm was the
finding that the rare genital isolates of serovar B, a
serovariant usually associated with ocular disease (2, 4),
had intact trp genes that encoded a functional TrpBA
complex, a characteristic associated exclusively with
genital serovars. From an epidemiological perspective,
this makes the trp locus useful for differentiating ocu-
lar and genital infections with serovar B isolates.

Sequencing of the trpA region from ocular clinical
isolates uncovered four new inactivating mutations in

addition to the complete trp region deletion and trpA
frame-shift mutation (nucleotide 531) originally
described in the ocular reference strains (16, 35). Inter-
estingly, the chlamydial isolate(s) infecting a particu-
lar geographic region appear to be clonal with regard
to the trp locus. For example, 65 out of 66 isolates
from Gambia, regardless of ompA serotype, had a
frame-shift mutation at base 531 of trpA, the same
mutation originally described with reference serovars
A, Ba, and C (16, 35). Similarly, all isolates from Tan-
zania had the same inactivating mutation, a two-base
insertion at nucleotide 118 of trpA. These data suggest
that the chlamydiae strains infecting these popula-
tions are clonal and that the trp inactivating mutation
predates ompA variation. The clonality of these popu-
lations may reflect the limited opportunities for inter-
change of the strains that occur between the remote
trachoma-endemic villages where the samples were
collected. Determination of the trp genotype may
prove useful for molecular epidemiological studies
aimed at identifying chlamydial reservoirs and evalu-
ating transmission patterns.

In free living organisms, de novo tryptophan biosyn-
thesis requires the sequential action of seven gene
products, encoded by trpA through trpG, by a repressor
encoded by trpR (40, 41). Intriguingly, none of the
chlamydial genomes sequenced to date contains the
full complement of genes required to synthesize tryp-
tophan — that is, none of the genes in C. pneumoniae
(15, 42), one (trpF) in C. trachomatis MoPn (15), four
(trpFRBA) in C. trachomatis serovar D (20) and six (trpA,
B, C, D, F, R) in C. psittaci GPIC (http://www.tigr.org).
Since mammalian cells are auxotrophic for tryptophan,
these findings imply that to be able to synthesize tryp-
tophan, chlamydiae must acquire the required biosyn-
thetic intermediates from the environment. Previous-
ly, we showed that indole could rescue the growth of
genital but not ocular reference serovars of chlamydi-
ae, when cultured in medium lacking tryptophan (16).
Here, we show that the addition of exogenous indole
can reverse the effects of tryptophan starvation
induced in a more physiologically relevant manner,
namely the addition of IFN-γ. Together, these findings
support the previously expressed view that, as with
Toxoplasma gondii (43, 44), the inhibitory effect of 
IFN-γ on chlamydiae is through IDO-induced trypto-
phan degradation (25, 26, 45). Taken together, our
findings generate the fascinating hypothesis that gen-
ital strains have evolved to utilize indole for the syn-
thesis of tryptophan as an immunoavoidance strategy,
thereby explaining the retention of the trpRBA operon.

Two obvious questions arise from our observations.
First, what selective pressure exists on genital but not
ocular serovars of chlamydiae to retain a functional
TrpBA complex? Second, what is the in vivo source of
indole that is needed as a precursor for tryptophan
biosynthesis by genital isolates? Our studies indicate
that there is strong selective pressure for genital but not
ocular serovars to retain the ability to synthesize tryp-
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tophan. Because they lack the other genes of the tryp-
tophan operon needed for de novo indole biosynthesis
(trpE, G, D, C), and because under normal physiological
conditions indole is not present in mammalian cells,
genital strains probably acquire indole from their envi-
ronment. We suggest that the most likely source of
exogenous indole is the other microorganisms known
to colonize the female genital tract. Interestingly, the
predominant organism present in the normal vagina,
lactobacillus, does not produce indole. However, many
other organisms present in the vaginal microflora,
including Peptostreptococcus species, Fusobacterium
species, Bacteriodes species, and aerobic gram-negative
rods such as E. coli, do produce indole (46–48). Inter-
estingly, many of these microbes, especially the anaer-
obes, are present in much higher concentrations in
women with bacterial vaginosis, whereas lactobacilli are
reduced or absent in these women (49–52). It is known
that coinfection with the organisms that cause bacter-
ial vaginosis and chlamydiae is common. Moreover,
these coinfections significantly increase the risk of
complications such as pelvic inflammatory disease
(53–55). Thus, it is possible that genital strains evolved
the capability to synthesize tryptophan from indole
produced by other vaginal microbes and that this host
microbe-microbe interplay is essential in the ability of
these strains to avoid IFN-γ–mediated host defense
mechanisms and establish persistent infection, partic-
ularly in the female host. Our studies indicate that even
low concentrations of indole (0.1–1.0 µM) allow recov-
ery of EBs in the presence of IFN-γ. This highly efficient
escape mechanism from the inhibitory effect of IFN-γ
could result in the development of infectious EBs that
would maintain the pathogen’s ability to persist in the
presence of an active immune response and to be trans-
mitted from person to person. The ability to establish
such a unique polymicrobial host interaction may
explain why chronic infection and associated harmful
sequelae are more common in women than men, in
whom the sparse urethral flora would most likely gen-
erate little indole. It would also establish women as a
key reservoir of infection, an important epidemiologi-
cal niche since the pathogen does not have a known
nonhuman infection reservoir (2).

We described three genotypes in our previous work
using genital reference strains that result from changes
in a trpA mutational hot spot (16). Here, we have
defined three genotypic groups within this region:
Group 1 (encoding YQ), Group 2 (encoding CQ), and
Group 3 (encoding YE). All LGV clinical isolates are
Group 3 genotypes. In contrast, all other clinical geni-
tal serovars (D–K) may be Group 1 or 2. The fact that no
other amino acid changes were found suggests that the
spectrum of mutations allowed may be limited, pre-
sumably by the need for a functional enzyme. Given
that these amino acids lie in TrpA loop 6, a region iden-
tified in the tryptophan synthase crystal structure as
being important for subunit-subunit interactions
between TrpB and TrpA, metabolite channeling, and

substrate binding (17, 18, 56) it is quite possible that the
mutations have an effect on enzyme catalytic activity or
efficiency. This hypothesis can be tested by direct
enzyme kinetic characterization using purified chlamy-
dial recombinant TrpA and TrpB. There are two lines of
experimental evidence that link these mutational
changes with function. First, the mutations do corre-
late, albeit not perfectly, with the resistance of the refer-
ence serovars to the in vitro inhibitory effect of IFN-γ.
For example, all three LGV serovars (Group 3) are sig-
nificantly more resistant to IFN-γ than the other
serovars, followed by serovars with intermediate sensi-
tivity (Group 2) and those with the greatest sensitivity
(Group 1) to IFN-γ, respectively (34). Second, our results
using clinical pairs of Group 1 and Group 2 genotypes
of the same serovariant (serovar I) showed that the in
vitro growth of the Group 1 clinical isolate was more
susceptible to IFN-γ than the Group 2 isolate. Moreover,
the infectivity of the Group 1 variant was more readily
rescued with lower amounts of exogenous indole than
the Group 2 trpA genotype. Clearly, definitive conclu-
sions await experimental findings using more serovar
pairs with different hot-spot sequences. Whether these
genotypic differences in trpA, unlike those reported for
ompA (7), will reflect differences in susceptibility to host
defenses, persistence, or transmission awaits future
molecular epidemiological investigations.

We have presented what we believe to be a reasonable
hypothesis of why genital strains have maintained a
functional tryptophan synthase. However, we are left
with explaining the more difficult observation of why
trachoma serovariants have evolved an equally power-
ful negative selection to mutate the synthase.

Not unlike chlamydial genital infection, chlamydial
ocular infections also persist, and persistence has been
suggested as a mechanism that leads to the late dam-
aging inflammatory and scarring stages of the disease
(2, 10, 11). Genital serovars do infect the conjunctivae
of infants during their passage from the birth canal.
However, these infections produce a self-limiting
neonatal conjunctivitis that does not progress to more
chronic eye disease characteristic of trachoma (2, 4).
This suggests that these strains are highly susceptible
to the inhibitory effects of IFN-γ in the environment of
the eye, perhaps because the eye represents a more ster-
ile habitat lacking other microflora that could provide
a source of exogenous indole. In the late stages of tra-
choma, there are reports that coinfection might con-
tribute to disease transmission (2, 57, 58).

In contrast to the flora of the female genital tract,
however, the ocular microflora are more limited in
diversity (57, 58), and of those associated with trachoma
only H. influenza is an established producer of indole
(59). Perhaps there are alternate sites of infection in the
eye than the conjunctival epithelium, and the trachoma
serovars have adapted a strategy of interacting with
these different cellular environments that allows for
both productive and persistent infection. The conjunc-
tival epithelium is an immunocompetent tissue in
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which infection induces IFN-γ, and analysis of both sys-
temic and local cytokine profiles among subgroups of
individuals differing in trachoma disease status impli-
cate an IL-12 Th-1 type of immunity in resistance to the
progression of chronic scarring inflammatory disease
(60, 61). Thus, trachoma conjunctival infection of ado-
lescents would mimic in many aspects neonatal con-
junctivitis caused by genital serovars in that it is would
be self-limiting and effectively cleared from this tissue
by the host immune response (2, 4).

Why would it be an advantage for these serovars to
have a dysfunctional (non–indole rescuable) synthase?
Perhaps secondary infection targets exist in immuno-
privileged areas of the eye that are sites in which
chlamydiae establish persistent growth. If this were the
case, then the ocular serovars might require a strategy
that would allow for their growth and survival in mul-
tiple host cells of the eye. Clearly, there would be little
need to maintain a functional synthase if (a) there were
not environmental sources of exogenous indole (con-
junctivae) and (b) secondary infection sites were
devoid of lymphocytes and IFN-γ, as is the situation in
immunoprivileged tissues of the eye (62, 63). In fact,
being “rescuable” in a persistent immunocompro-
mised environment could be a disadvantage, since it
would compromise the ability of the pathogen to sus-
tain a persistent infection. The possibility that the ocu-
lar serovars might reside in an immunoprivileged envi-
ronment is indirectly supported by the limited
number of serovariants (A, B, and C) associated with
trachoma, as compared with the numerous (D, E, F, G,
H, I, J, K, L1, L2, L3) genital serovariants. This indicates
that the ocular strains have been exposed to less
immune selection than the genital strains.

Although we are at present unsure of the precise
molecular mechanisms involved, the evidence is
irrefutable that there is a strict correlation among ocu-
lar and genital strains in their ability to maintain a func-
tional tryptophan synthase. We believe that this strong
evolutionary selection is critical to the pathogen’s abil-
ity to both infect and persist in different mucosal tissues
of the human host. Our results indicate that the ability
to synthesize tryptophan is a biological characteristic
that has been retained or lost in order to allow chlamy-
diae to adapt to different environments within a human
host. Moreover, our findings showing that polymor-
phisms in tryptophan synthase reflect functional
changes in the organism’s sensitivity to IFN-γ justify
future molecular epidemiological studies focused on
defining whether these specific mutations correlate
with differing clinical manifestations of chlamydial gen-
ital infection. Our findings also support the develop-
ment of in vivo animal models to directly test the
hypothesis that polymicrobial host interactions of the
female genital tract are important determiners of
chlamydial pathogenesis. Clearly, our interpretations
are limited by our current incomplete knowledge of the
biological differences between ocular and genital
serovars. To address this, we are sequencing the genome

of serovar A so that a comparative genomic analysis can
be done with the published serovar D genome. It will be
of interest to see what other if any genetic differences
exist between ocular and genital strains.
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