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Mpycoplasma genitalium causes persistent urogenital tract infection in humans. Antigenic variation of the protein encoded by
the MG192 gene has been proposed as one of the mechanisms for persistence. The aims of this study were to determine MG192
sequence variation in patients with chronic M. genitalium infection and to analyze the sequence structural features of the
MG192 gene and its encoded protein. Urogenital specimens were obtained from 13 patients who were followed for 10 days to 14
months. The variable region of the MG192 gene was PCR amplified, subcloned into plasmids, and sequenced. Sequence analysis
of 220 plasmid clones yielded 97 unique MG192 variant sequences. MG192 sequence shift was identified between sequential
specimens from all but one patient. Despite great variation of the MG192 gene among and within clinical specimens from differ-
ent patients, MG192 sequences were more related within M. genitalium specimens from an individual patient than between pa-
tients. The MG192 variable region consisted of 11 discrete subvariable regions with different degrees of variability. Analysis of
the two most variable regions (V4 and V6) in five sequential specimens from one patient showed that sequence changes increased
over time and that most sequences were present at only one time point, suggesting immune selection. Topology analysis of the
deduced MG192 protein predicted a surface-exposed membrane protein. Extensive variation of the MG192 sequence may not
only change the antigenicity of the protein to allow immune evasion but also alter the mobility and adhesion ability of the organ-
ism to adapt to diverse host microenvironments, thus facilitating persistent infection.

As a sexually transmitted human pathogen, Mycoplasma geni-
talium causes nongonococcal urethritis (NGU) in men and is
associated with genital tract inflammatory diseases in women, in-
cluding endometritis, cervicitis, pelvic inflammatory disease, and
tubal factor infertility (reviewed in reference 1). Additionally,
there are increasing numbers of studies suggesting that M. genita-
lium increases the risk of HIV-1 acquisition and/or transmission
(2—4). Like other pathogenic mycoplasmas, M. genitalium is capa-
ble of causing chronic infections, as has been documented in cul-
tured human endocervical epithelial cells (5), in animal models (6,
7), in men with NGU (8, 9), and in women with cervicitis (10).
The mechanisms for persistence remain poorly understood.

The MgPa operon in the M. genitalium genome encodes three
proteins, MG190 (mgpA), MG191 (mgpB or P140), and MG192
(mgpC or P110). The latter two are the known major adhesion
proteins located on the surface of the terminal structure of M.
genitalium, which plays a major role in the attachment of the or-
ganism to host epithelial cells (11, 12). Both proteins are highly
antigenic and capable of eliciting strong antibody responses in M.
genitalium-infected patients and experimentally infected animals
(6, 12—14), suggesting an important role in pathogenesis. Accord-
ing to the genome sequence of M. genitalium, there is a single
expression site for the MgPa operon while there are nine repetitive
elements in the form of truncated copies of the MG191 and
MG192 genes dispersed throughout the genome, which are desig-
nated MgPa repeats or MgPar sequences (15-19). It is believed
that the MgPar sequences are not translated unless they are trans-
located into the expression site (18-20). Because M. genitalium is
haploid, a single organism can express only a single MG191-
MG192 isoform at a given time. Changing the gene sequence at the
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expression site results in an organism that has a different MG191-
MG192 protein on its surface. The mechanism of such changes
involves gene crossover and possibly also gene conversion (18,
21). It has been hypothesized that this recombination mechanism
generates antigenic variation, allowing M. genitalium to evade the
host immune response and to adapt to diverse host microenviron-
ments, thus establishing persistent infection.

We have been particularly interested in studying the MG192
gene. Our previous studies showed that in the M. genitalium type
strain G37, the MG192 sequence changes during in vitro passage as
aresult of recombination with MgPar sequences (18). Subsequent
studies of sequential urine specimens from two M. genitalium-
infected men with NGU identified extensive variation and rapid
shift of the MG192 sequence over a 10- to 11-day follow-up pe-
riod, with all sequence changes explained by recombination with
MgPar sequences (18, 20). Similar MG192 variations also were
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TABLE 1 MG192 variants and strain typing of M. genitalium clinical specimens

MG192 sequence Genotype
Region and Specimen Date No. of clones MG309 MG191
patient no.” no. (mo/day/yr) sequenced Unique sequence variant(s)” STR no. type no.”
LA
64 64.0 6/10/2002 14 64.0a 10,11, 12 4
64.1 6/21/2002 9 64.1b 10,11, 12 4
111 111.0 8/5/2002 5 111.0a, 111.0b, 111.0c* 13 51
111.2 9/10/2002 5 111.2d*, 111.2¢, 111.2f 13 51
137 137.0 10/30/2002 7 137.0a* 9 8
137.2 11/25/2002 5 137.1b* 9 8
168 168.0 11/18/2002 7 168.0a%, 168.0b, 168.0c*, 168.0d 10 44
168.1 12/3/2002 5 168.1¢%, 168.1f, 168.1g* 10 44
199 199.0 1/28/2003 10 199.0a, 199.0b, 199.0c 10 4
199.1 2/7/2003 18 199.1d, 199.1e, 199.1f 10 4
IN
31 413 4/30/2001 7 31.0a, 31.0b, 31.0¢ 16 61
688 1/14/2002 6 31.3d, 31.3e 16 61
61 269 11/20/2000 8 61.0a 17 2
420 5/7/2001 6 61.2b, 61.2¢, 61.2d, 61.2¢, 61.2f 17 2
105 711 1/31/2002 6 105.0a 13 62
952 9/30/2002 6 105.2b, 105.2¢, 105.2d, 105.2¢, 105.2f 13 62
126 126.0 10/23/2001 10 126.0a, 126.0b, 126.0c, 126.0d 16 4
126.1 1/15/2002 10 126.1e, 126.1f, 126.1g, 126.1h, 126.1i, 126.1j, 126.1k 16 4
126.2 6/26/2002 10 126.21, 126.2 m, 126.2n, 126.20, 126.2p 16 4
126.3 9/17/2002 10 126.3q, 126.3r1, 126.3s, 126.3t, 126.3u, 126.3v, 126.3w, 126.3x 16 4
126.4 12/3/2002 10 126.4.1, 126.4.2, 126.4.3, 126.4.4, 126.4.5, 126.4.6, 126.4.7, 16 4
126.4.8, 126.4.9
136 961 10/7/2002 5 136.0a, 136.0b, 136.0c, 136.0d 13 63
1050 12/30/2002 6 136.1e, 136.1f, 136.1g, 136.1h, 136.1i 13 63
165 982 10/22/2002 6 165.0a, 165.0b, 165.0¢, 165.0d 12 4
1261 7/8/2003 5 165.2¢, 165.2f, 165.2g 12 4
172 1520 1/26/2004 7 172.0a 8 8
2391 3/21/2005 6 172.2b, 172.2¢, 172.2d, 172.2¢, 172.2f 8 8
325 2300 2/11/2005 6 325.0a, 325.0b, 325.0c, 325.0d, 325.0e 10 8
2769 7/29/2005 7 325.2f 10 8

“ LA, Louisiana; IN, Indiana.

b Sequences identical in specimens from the same patients are indicated by the same symbols (* or $).

¢ According to the numbering systems of Hjorth et al. (27) and Cazanave et al. (47).

observed in vitro by other investigators in the G37 strain as well as
in sequential cervical specimens from a woman infected by M.
genitalium (21). In our recent studies of the complete MgPa
operon in 13 M. genitalium axenic isolates, both MG192 and
MG191 genes showed extensive interstrain variation (20). How-
ever, the intrastrain variation of the MG192 or MG191 gene (ob-
served in only 5 of the 13 axenic isolates) appeared to be less
extensive than that reported in clinical specimens, which is ex-
pected since all of these isolates except for one had been cloned by
standard filtration or limiting dilution and passed in vitro a few
times. Thus, the isolates used in the in vitro sequencing studies
probably do not represent all sequence variants present in the
original clinical specimens. These studies show that sequence vari-
ation of the MG192 and MG191 genes occurs slowly during serial
in vitro passage, and thus analysis of cultured clinical specimens
may not reflect the in vivo events. So far, in vivo studies of the
MG192 or MG191 sequence variation have been limited to clinical
specimens from the three patients described above. There is a lack
of information about the relationships of MG192 variants among
different M. genitalium strains.
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The primary goal of this study was to determine the MG192
sequence variation in a collection of 29 clinical specimens from 13
patients with chronic M. genitalium infection. We analyzed the
dynamic changes and phylogenetic relationships of MG192 vari-
ants in these specimens over time and explored the MG192 se-
quence structural features of these changes.

(Part of this work was presented at the 108th General Meeting
of the American Society of Microbiology, Boston, MA, 1 to 5 June
2008.)

MATERIALS AND METHODS

M. genitalium clinical specimens. Two to five sequential urogenital spec-
imens were obtained from 13 M. genitalium-infected patients who were
followed for as few as 10 days and up to 14 months (Table 1). The five
study subjects from New Orleans, LA, were men with symptomatic NGU
who attended an urban sexually transmitted disease (STD) clinic and were
treated with doxycycline at the time the initial specimen included in this
study was obtained (22, 23). As this study demonstrated, doxycycline is
usually ineffective for the treatment of M. genitalium infections. Archived
specimens from Indianapolis, IN, were from eight subjects from a cohort
of sexually active adolescent girls who were enrolled in a long-term study
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of risk factors for incident sexually transmitted infections (STIs). They
were not treated with antibiotics during the course of this study (24).
Genomic DNA in all specimens was extracted by use of a High Pure PCR
Template Preparation Kit (Roche Diagnostic Corporation, Indianapolis,
IN) as previously described (22). Informed consent was obtained from
patients, and study protocols were approved by the Louisiana State Uni-
versity Health Sciences Center and the Indiana University School of Med-
icine Institutional Review Boards.

M. genitalium strain typing. To differentiate M. genitalium strains
among the clinical specimens and to investigate the possibility of coinfec-
tion with two or more strains, all specimens were subjected to genotyping
based on the variable numbers of short tandem repeats (STRs) in the
putative lipoprotein gene MG309 (25, 26) and single-nucleotide poly-
morphisms (SNPs) in the MG191 conserved AB region (27). Both loci are
present in a single copy in the genome and have been shown to provide
excellent discriminatory power for M. genitalium strain typing.

PCR amplification and sequencing of the MG192 gene. From each
specimen, we amplified the entire variable region of the MG192 gene,
designated the JKLM region (approximately 1.4 kb). To obtain DNA in
sufficient quality and quantity for sequence analysis, we performed a pri-
mary PCR for all samples and a secondary nested PCR for those samples
for which the initial PCR products were not visible or were very faint on
agarose gels. All primers used have been reported elsewhere (18, 28), with
primers 5346F and 227567R for the primary PCR and primers MG192A
plus 227529R for the nested PCR. These primers are located in MG192
conserved regions with no homology to any of the MgPar sequences,
ensuring that only the MG192 gene would be amplified. The primary PCR
was performed with AmpliTaq Gold DNA polymerase (Applied Biosys-
tems) and a touchdown protocol as described previously (29). The nested
PCR was performed with high-fidelity Pfu DNA polymerase (Stratagene).
PCR products were subcloned into the pCR2.1-Topo vector by use of a
TOPO TA cloning kit (Invitrogen, Carlsbad, CA).

To rule out the possibility of PCR-related artifacts, nine specimens
(including two from patient 64, two from patient 199, and five from pa-
tient 126) were amplified in two independent PCRs, followed by separate
cloning and sequencing as described previously (18, 20, 29). For each of
these specimens, a total of 9 to 18 clones were obtained (Table 1). Signif-
icant differences in the distribution of sequence variants between different
PCR runs were not found (18, 20, 29). Therefore, all other specimens were
each amplified in only one PCR followed by one cloning experiment,
which yielded a maximum of 5 to 9 clones per specimen (Table 1).

DNA sequencing and sequence analysis. DNA sequencing was car-
ried out commercially by Macrogen, Inc. (Seoul, South Korea), using the
dideoxy chain termination reaction method. Nucleotide sequences were
analyzed by use of the Sequencher software (version 4.10.1; Gene Codes
Corporation, Ann Arbor, MI) and MacVector, version 12.6 (MacVector,
Inc.). A “sequence variant” represents a unique sequence present in one or
more plasmid clones obtained from the specimen studied. Phylogenetic
analysis was performed using MEGAS5 (30). Membrane topology analysis
was conducted using the TMpred, TMHMM, TOPCONS, TopPred,
HMMTOP, and SCAMPI programs, each of which is available from the
World Wide Web. Antigenicity was predicted in silico using the protein
analysis tools of the MacVector software. Pearson’s correlation coefficient
was used to assess the association between the time of sample collection
and the sequence changes or diversity scores. A significant P value means
that as the time increases, the sequence changes increase. With an n of 5
(time points), only very strong correlations are statistically significant.

Nucleotide sequence accession numbers. Nucleotide sequences of all
unique MG192 variants identified in this study have been deposited in the
GenBank under accession numbers JX857881 through JX857971.

RESULTS

M. genitalium strain typing. As shown in Table 1, the genotypes
at MG309 STRs and MG191 SNPs differed among the specimens
from the 13 patients studied. The sequential specimens from each
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patient showed identical genotypes at both MG309 STRs and
MG191 SNPs, thus indicating that each patient was infected with
a single M. genitalium strain.

Extensive variation of MG192 among and within clinical
strains. We sequenced a total of 220 plasmid clones for 29 clinical
specimens (5 to 18 clones/specimen) from 13 patients and ob-
tained 97 unique MG192 variant sequences. The variant se-
quences from two patients (patients 64 and 199) were described in
our previous reports (18, 20). Only eight specimens showed ho-
mogenous sequences (identical sequences from multiple plasmid
clones) while all others showed heterogeneous sequences with two
to nine variant sequences per specimen (Table 1). No variants
were shared between any two patients. Compared to the G37 type
strain MG192 sequence, all variants contained apparent base sub-
stitutions, insertions, and/or deletions (8.6 to 15.8% difference),
which resulted in significant changes in predicted amino acid se-
quences (4.2 to 11.7% difference). Despite this sequence differ-
ence, the intact reading frame was preserved in all variants.

The MG192 variable region is composed of 11 discrete sub-
variable regions with different variabilities. Alignment of all
MG192 variant sequences revealed 11 discrete subvariable regions
(designated V1 to V11), each flanked by highly conserved regions.
These subvariable regions exhibited different degrees of sequence
variation within and among clinical specimens, with V1 and V9
being the least variable and V4 and V6 the most variable (Fig. 1
and Table 2). The V10 region consisted primarily of variation in
the size of the polyserine tract as a result of changes in the copy
number of the AGT triplet repeats (29).

Transmembrane topology prediction of the deduced MG192
protein. We used six computational programs to predict trans-
membrane topology for the deduced full-length MG192 protein
sequence in the type strain G37. Two transmembrane helices
(TM1 and TM3) were consistently recognized by all six programs
while another transmembrane helix (TM2) was recognized by
only two programs (TMpred and TopPred) (Fig. 1 and Table 3).
The central region (including the entire variable region) was pre-
dicted to be located outside the cell membrane, and both termini
were predicted to be inside the membrane by all three algorithms
capable of predicting surface orientation (TMHMM, TOPCONS,
and SCAMPI).

Prediction of antigenic sites of the deduced MG192 protein.
According to in silico antigenicity prediction using three com-
monly used methods, antigenic sites were present in all of the
11 subvariable regions of the deduced MG192 protein by at
least two prediction methods (see Fig. S1 in the supplemental
material). The antigenicity of these regions was further sup-
ported by the high surface probability predicted in all regions
except for the V1 region (see Fig. S1 in the supplemental ma-
terial). There were six subvariable regions (including V2, V3,
V4, V5, V8, and V11) that were consistently shown to be anti-
genic by all three prediction methods and with high surface
probability. Of note is the observation that the most variable
region V4 showed strong antigenicity and high surface proba-
bility by all prediction methods.

MG192 sequence changes over time. Except for the two se-
quential specimens from one patient (number 137), which
showed an identical sequence, two or more MG192 variants were
detected from at least one time point in the other 12 patients
(Table 1). Each MG192 variant from the 12 patients was detected
at only one time point except for one variant in patient 111 and
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FIG 1 Sequence architecture of the MG192 protein. (A) Schematic drawing of the MG192 protein sequence based on the type strain G37. The region highlighted
in gray (residues 42 to 516) represents the variable region, which is further divided into 11 subvariable regions, named V1 through V11 (indicated by hatched
boxes). The degree of variation of each subvariable region is shown in Table 2. (B) Transmembrane prediction by the TMpred program. Positive values in the
graph depict the probability of transmembrane helices. Three predicted transmembrane regions (TM1, TM2, and TM3) are indicated. (C) Transmembrane
prediction by the TMHMM program. Red bars indicate transmembrane domains, blue lines indicate intracellular helices, and magenta lines indicate extracellular

helices. Dotted vertical lines indicate borders for the subvariable regions.

TABLE 2 Sequence variation of MG 192 subvariable regions based on
sequence analysis of 97 variant sequences from 29 M. genitalium clinical
specimens

Subvariable Length of subvariable ~ Frequency of amino
region Location (aa)®  region” acid change®
Vi 52-67 16 0.0052

V2 83-106 20-27 0.0095-0.0129
V3 119-146 28 0.0107

V4 170-192 21-23 0.0215-0.0236
V5 202-217 16 0.0064

A% 237-267 28-34 0.0131-0.0158
V7 277-287 11-12 0.0069-0.0075
V8 328-336 9 0.0080

\&] 363-370 8 0.0052

V10 409-419 4-12 (polyserine) 0.0112-0.0335
V11 471-497 27-29 0.0124-0.0130

two variants in patient 168 which were detected at two sequential
time points. In three patients (numbers 61, 105, and 172), a single
MG192 sequence was detected at the first visit, and five MG192
variants were detected at the second visit. These data show that
MG192 is changing and suggest that variation might be accumu-

TABLE 3 Topology analysis of deduced MG192 protein by different
computational programs

Transmembrane region” Surface orientation”

Program TM1 ™2 ™3 Inside Outside
TMpred 14-30  302-325 939-965 NA° NA
TopPred 11-31  306-326  947-967 NA NA
HMMTOP  12-30 NP’ 943-967 NA NA
TMHMM 13-30 NP 939-961 1-12,962-1053  31-938
TOPCONS  12-32 NP 946966  1-11,967-1052  33-945
SCAMPI 12-32 NP 947-967  1-11,968-1052  33-946

“ Relative to the predicted MG192 amino acid sequence of the type strain G37
(GenBank accession no. NC_000908). aa, amino acids.

® Number of amino acids.

¢ Calculated by dividing the number of unique sequences for each region by the total
number of MG192 variants (97) and then by the number of amino acids in each region.

March 2014 Volume 82 Number 3

“ Numbers represent the amino acid location of each protein segment based on the
predicted MG192 amino acid sequence of the type strain G37 (GenBank accession no.
NC_000908).

¥ NP, not present.

“NA, not available.
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TABLE 4 MG192 sequences of M. genitalium specimens collected from
five time points from patient 126

Avg no. of
nucleotide Avg no. of amino
Specimen  Sampling date  No. of changes acid changes
no. (mo/day/yr) variants®  (*=SD)>¢ (=SD)b
126.0 10/23/2001 4 343 +243 123 *85
126.1 1/15/2002 7 495+ 251 168 84
126.2 6/26/2002 5 91.2 £12.0 344*47
126.3 9/17/2002 8 103 * 18.9 37.7 %76
126.4 12/3/2002 9 83.4 =259 30.2*10.7

@ Pearson’s correlation coefficient r = 0.77, P = 0.1294.

b Relative to the MG192 sequence of the variant 126.0a (GenBank accession no.
JX857911), which is the most predominant variant from the first specimen 126.0.
¢ Pearson’s correlation coefficient r = 0.88, P = 0.0465.

4 Pearson’s correlation coefficient r = 0.87, P = 0.0547.

lating over time. To study this issue more closely, we examined the
entire MG192 variable region in five sequential specimens ob-
tained from one patient (number 126) who was followed for a
14-month period. Different numbers of variants were detected by
sequencing 10 plasmid clones from each time point (Table 1).
Quantitative assessment of nucleotide and predicted amino acid
changes revealed progressive increases in MG192 sequence varia-
tion over the entire variable region (Table 4). Further analysis of
each subvariable region found that, generally, sequence variation
progressively increased over the 14-month observation period
(see Table S1 in the supplemental material). Additionally, as V4
and V6 are the most variable regions, we compared these two
regions in the five sequential specimens from patient 126 and
found that a only a few sequences were present at multiple time
points, while most sequences were unique at each time point (Fig.
2; see also Fig. S2 in the supplemental material).

Phylogenetic relationships of the MG192 variants. Phyloge-
netic analysis by the neighbor-joining method with either nucle-
otide or deduced amino acid sequences showed that MG192 vari-
ants from the same patients clustered together in the same
branches except for one variant from patient 172, which was only
distantly related to the other variants from this patient. This clus-
tering pattern was supported by strong bootstrap values of at least
98% and 82%, based on nucleotide and deduced amino acid se-
quences, respectively. The only exceptions are the variants from
patient 126, which grouped together with a bootstrap value of
64% and 27% based on nucleotide and deduced amino acid se-
quences, respectively. The phylogenetic tree based on deduced
amino acid sequences is shown in Fig. 3. We also constructed
phylogenetic trees by the maximum-likelihood method and un-
weighted pair group method with arithmetic mean. These analy-
ses yielded clustering patterns very similar to those obtained by the
neighbor-joining method (data not shown). The clustering pat-
terns were not associated with geographic location or sample date
(data not shown).

DISCUSSION

Antigenic variation is one of the most common and effective strat-
egies of immune evasion found in a variety of human pathogens,
including bacteria, fungi, and parasites (31). Despite its small ge-
nome, M. genitalium also has the ability to generate extensive vari-
ation of the major surface proteins encoded by the MgPa operon,
as demonstrated in this and previous studies (16-21). Variation in
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these genes is hypothesized to contribute to M. genitalium im-
mune evasion and persistence of infection. The genetic architec-
ture of the MgPa operon in M. genitalium is most similar to that of
the P1 operon in Mycoplasma pneumoniae, the closest known rel-
ative to M. genitalium. However, the P1 operon undergoes only
limited variation (32-34). It is of interest that the MgPa variation
system closely resembles the extensively studied TprK variation
system of Treponema pallidum, another sexually transmitted
pathogen (35-37). In both systems, there is a single expression site
per genome, but there are multiple donor sites that can be recom-
bined into the expression site. Each donor site contains only a
portion of the gene to be expressed; within the variable region of
the expressed gene, there are multiple discrete subvariable regions
(7 in Tprk and 11 in MG192 as described below), each flanked by
highly conserved regions. However, in contrast to the TprK sys-
tem in which each subvariable region contains interspersed tet-
ranucleotide repeats, the subvariable regions of MG192 do not
contain any repeats except for V10, which contains tandem trinu-
cleotide repeats. The concept that MG192 and MG191 play essen-
tial roles in the in vivo survival of M. genitalium is supported by
their exposure to the environment external to the host cell, strong
recognition by serum antibodies in infected patients (13, 14), and
involvement in cell adhesion (11), as well as the complete preser-
vation of the intact reading frame in the approximately 120
MG192 and MGI91 variant sequences described in the present
study and in previous reports (16, 18-21).

Based on various computational analyses, the MG192 protein
contains an N-terminal transmembrane domain, which may rep-
resent a cleavable signal sequence, and a C-terminal transmem-
brane domain, which may serve to anchor the protein into the cell
membrane (Fig. 1). The entire variable region is predicted to be
located external to the cell membrane. Each of the 11 subvariable
regions is predicted to be antigenic (see Fig. S1 in the supplemen-
tal material). These topology analyses provide further evidence of
the MG192 protein as a surface-exposed membrane protein. Vari-
ation of the MG192 sequence may change not only the antigenic-
ity of the protein but also the mobility and adhesion properties of
the organism.

In this study, we identified a total of 97 unique MG192 variant
sequences in clinical specimens from 13 patients with M. genita-
lium infection and found great MG192 variation among and
within patient specimens, consistent with previous studies of
small numbers of specimens (20, 21). Strikingly, no variants were
shared between any two patients. Genotyping confirmed that each
patient was infected with a single M. genitalium strain, and thus
the MG192 variations observed in these patients are not likely the
result of coinfections with multiple strains. Phylogenetic analysis
demonstrated that MG192 sequences within M. genitalium spec-
imens from an individual patient were more related than se-
quences between patients (Fig. 3), and therefore the MG192 se-
quence variability is more limited within an M. genitalium strain
than between strains. This phenomenon is very similar to the find-
ings for the TprK gene of T. pallidum (37). The observations sug-
gest that each patient was infected by only one M. genitalium strain
and that MG192 variants in individuals were derived from a single
or at least limited number of variants in the original inoculum. As
it has been confirmed that MG192 variation results from recom-
bination with MgPar sequences (18, 20, 21), the presence of a
unique set of MG192 variants in each strain is consistent with the
notion that each strain may have a unique set of MgPar sequences
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A MG192 V4 region
126.0a KGKTQREVHLGINQATQOWTSQRNQHGLNNNPSPNASTGFKL I
126.0b KGKTQREVHLGMNQATOWTSQRNQHGLNNNPSPNASTGFKL I
126.0c KGKTQREVHLGNQATOWTSQORNQHGLNNNPSPNASTGFKL I
126.0d KGKTQREVHLGNQATOWTSQRNQHGLNNNPSPNASTGFKL I
126.1e KGKSQREVHLG-GQATQOWTSQORNQHGLNNNPSPNASTGFKL II
126 .1f KGKTQREVHLGSGQATQOWTSQRNQHGLNNNPSPNASTGFKL IITI
126.1g KGKTQKEVHLGSGQATNWQSMRDSIGLNNNPSPNASTGFKL IV
126.1h KGKTQREVHLGMNQATQOWTSQRNQHGLNNNPSPNASTGFKL I
126.1i KGKSQREVHLG-GQATQWRSMRDQHGLNNNPSPNASTGFKL V
126.1j KGKTQREVHLGMNQANQOWQSMRNQHDLNNNPSPNASTGFKL VI
126.1k KGKTQKEVHI.GSG%TQWTSQRNQHGLNNN PSPNASTGFKL VII
126.21 KGKTQREVHLG-GQANQWTSQRNQHGLNNNPSPNASTGFKL VIII
126.2m KGKTQREVHLG-GQANQWTSQRNQHGLNNNPSPNASTGFKL VIII
126.2n KGKSQREVHLG-GQATQWRSMRDQHDLNNNPSPNASTGFKL IX
126.20 KGKTQREVHLG-GQANQWTSQRNQHGLNNNPSPNASTGFKL VIII
126 .2p KGKTQREVHLG-GQANOWTSQRNQHGLNNNPSPNASTGFKL VIII
126.3q KGKTQKEVHLGSGQATOWRSMRDQHGLNNNPSPNASTGFKL X
126 .3r KGKTQREVHLG-GQATQWRSMRDQHGLNNNPSPNASTGFKL XI
126.3s KGKTQKEVHLGSGQATQWQSMRDQHDLNNNPSPNASTGFKL XIT
126 .3t KGKTQKEVHLGSGQATNWQSMRDSIGLNNNPSPNASTGFKL IV
126.3u KGKTQKEVHLGSGQATQWQSMRDQHDLNNNPSPNASTGFKL XIT
126.3v KGKTQREVHLG-GQANQOWTSORNQHGLNNNPSPNASTGFKL VIII
126 .3w KGKTQKEVHLGSGQATNWQSMRDSIGLNNNPSPNASTGFKL IV
126.3x KGK'.EQREVHI.G—GQQQWTSQRNQHGLNNN PSPNASTGFKL VIII
126.4.1 KGKTQKEVHLGSGQATNWQSMRDSIGLNNNPSPNASTGFKL IV
126.4.2 KGKTQKEVHLGSGQATNWQSMRDSIGLNNNPSPNASTGFKL IV
126.4.3 KCGKTQKEVHLGSGQATNWQSMRDSIGLNNNPSPNASTGFKL IV
126.4.4 KGKTQKEVHLGSGQATNWQSMRDSIGLNNNPSPNASTGFKL IV
126.4.5 KGKTQKEVHLGSGQATNWQSMRDSIGLNNNPSPNASTGFKL IV
126.4.6 KGKTQKEVHLGSGQATNWQSMRDSIGLNNNPSPNASTGFKL IV
126.4.7 KGKTQKEVHLGSGQATNWQSMRDQHDLNNNPSPNASTGFKL XIII
126.4.8 KGKTQKEVHLGSGQATNWQSMRDSIGLNNNPSPNASTGFKL IV
126.4.9 KCGKTQKEVHLGSGQATNWQSMRDSIGLNNNPSPNASTGFKL IV
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FIG 2 Sequence shift in the MG192 subvariable region V4 in sequential specimens from patient 126. (A) Alignment of the deduced amino acid sequences of

MG192 variants. The label on the left side is for the full-length variant sequences obtained. Roman numbers I through XIII on the right side represent unique
sequence types only for the V4 region shown. Amino acids identical to the variant 126.0a sequence are highlighted with shading. (B) Distribution of the MG192
V4 region sequences over time. Roman numbers I through XIII on the y axis correspond to the sequences I through XIII in the MG192 V4 region shown in panel
A. The presence and absence of the sequences are indicated by the filled and empty circles, respectively. The sampling dates are indicated at the bottom as

month/day/year.

that have evolved independently in different strains (20). The sig-
nificant variation of MG192 between different strains theoreti-
cally would impair the host’s ability to develop an effective im-
mune response against new infection with a different strain, thus
contributing to chronic infection.

Comparison of MG192 variant sequences in this study revealed
11 discrete subvariable regions. The finding of different degrees of
variability in these subvariable regions suggests that these regions
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had different intrinsic rates of sequence change or may have been
under different levels of selective pressure. The high frequency of
variation in the V4 and V6 regions suggests that these regions of
the protein may be especially susceptible to attack by the host
immune system. Interestingly, previous studies of serial in vitro
passages of the M. genitalium type strain G37 has also found se-
quence changes in these two regions as well as in other subvariable
regions (18, 21). Perhaps the spontaneous changes confer replica-
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FIG 3 Phylogenetic analysis of the MG192 variant sequences in clinical specimens from 13 M. genitalium-infected patients. The tree was constructed using the
neighbor-joining method and deduced amino acid sequences of the MG192 gene and rooted by using the type strain G37. Labels on the right end of each line
correspond to the MG192 variants in Table 1, with patient identification numbers and sources indicated outside the right bracket. LA, Louisiana; IN, Indiana.
Bootstrap values (percentages) indicated at the nodes were determined from 1,000 replicates. Only bootstrap values of >60% for the branches are shown except
for the branch (27%) containing the variants from patient 126. The branch for all variants from patient 126 was separated at the bottom right to reduce the height
of the image.
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tive advantages to the organism and may be necessary to produce
escape variants under selection pressure from the host immune
system as has been suggested from studies of other bacteria (38,
39). In the current study, analysis of the V4 and V6 regions in five
sequential specimens obtained from one patient showed increased
sequence diversity over the 14-month observation period (Fig. 2).
Only 3 of 13 V4 variants were present at multiple time points, and
this was also true for only 3 of 10 V6 variants. The presence of
unique variants at only one time point suggests immune selection
during infection. The persistence of a variant (Fig. 2, variant IV,
for example; see also Fig. S2, variant A, in the supplemental ma-
terial) over an observation period of about 1 year or longer is likely
due to the lack of antigenicity of the V4 or V6 sequence in this
variant. Given the similarities of the MgPa and TprK systems as
described above, it would be of interest to investigate if the MG192
subvariable regions are targeted by the humoral response while
the conserved flanking regions are targeted by T cell responses, as
has been demonstrated for the TprK gene (40). Additionally,
given that the MG192 protein together with the MG191 protein
has been shown to play a role not only in cellular adhesion and
terminal organelle development but also in regulating cell division
(11, 41), it is likely that variation in the amino acid sequence also
may occur in response to in vivo environmental changes and/or
the availability of certain human cell types, thus optimizing cell
adherence, motility, and cell division.

A limitation of the study lies in the method used to identify
MG192 variants, which was based on sequencing plasmid clones fol-
lowing PCR amplification of clinical specimens, as has been described
in previous studies of the MG192 and MG191 genes (16, 18,20, 21) as
well as of the variable antigen genes in other pathogens (42, 43). This
method is relatively insensitive for the detection of minority sequence
populations. To overcome this limitation and improve the efficiency
of variant identification, high-throughput next-generation sequenc-
ing (NGS) technologies would appear to be the answer. However, the
short read length and high data volume from NGS technologies cre-
ate problems for assembling highly repetitive sequences (44). In our
genome sequencing studies of M. genitalium (45) and Pneumocystis
(L. Ma et al., unpublished data; also http://www.broadinstitute
.org/annotation/genome/Pneumocystis_group.2/MultiHome
.html), we found that it is impossible to assemble highly repetitive
sequences (>1.5 kb) using short reads generated by the 454 and
Mlumina platforms. One potential alternative approach is the
newly developed PacBio SMRT sequencing technology, which is
able to generate sequence reads longer than 3 kb (46). However,
currently this technology is not widely available or affordable and
requires sophisticated bioinformatics analysis, especially in rela-
tion to the correction of the high error rate of sequence reads
inherent in this technology (46).
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