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Summary
The Mycobacterium tuberculosis PE_PGRS multigene family is thought to be involved in antigenic
variation, which can be generated by differential regulation of expression and a high frequency of
genetic polymorphism. PE_PGRS16 and PE_PGRS26 are inversely regulated during persistent M.
tuberculosis infection, suggesting that differential regulation of the expression of these two
PE_PGRS genes may have a role in latency. To understand how genetic diversity, in addition to
differential regulation, contributes to antigenic variability, we investigated the sequence variations
in the PE_PGRS16 and PE_PGRS26 genes among 200 clinical M. tuberculosis strains, in comparison
to the sequenced laboratory strain H37Rv, using PCR and DNA sequencing. Among the 200 strains,
102 (51%) and 100 (50%) had sequence variations within the PE_PGRS16 gene and the PE_PGRS26
gene, respectively. In-frame insertions and deletions, frameshifts, and SNPs were observed in both
the PE_PGRS16 gene and the PE_PGRS26 gene. However, the frequency of frameshifts and in-
frame deletions differed between the two PE_PGRS genes. Examining the profile of the PE_PGRS16,
PE_PGRS26, and the previously investigated PE_PGRS33 amino acid sequences for each of the 200
strains, 72 different profiles were observed with frequencies ranging from 0.5% to 13%. In
conclusion, a remarkable level of genetic diversity exists in the PE_PGRS16 and PE_PGRS26 genes
of M. tuberculosis clinical strains. The significant sequence variations in the two PE_PGRS genes
observed in this study could impact the function of these two PE_PGRS proteins and be associated
with differences in the ability of the tubercle bacilli to remain persistent within the host.
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Introduction
Mycobacterium tuberculosis, killing approximately 2 million people worldwide each year, has
been called the most successful human pathogen. Controlling tuberculosis will require a better
understanding of the mechanisms which allow M. tuberculosis to evade the immune system
and remain persistent in the host. Sequencing of the genomes of M. tuberculosis strains has
provided important insights into possible mechanisms of persistence, including the discovery
of the multigene family of ~ 60 genes named PE_PGRS that is thought to be involved in
antigenic variation. The PE domain of the PE_PGRS protein has a proline-glutamic acid
sequence near the amino terminus and the PGRS domain of the protein varies in size and
contains many repeats of alanine and glycine 1. There is evidence that at least some members
of this gene family are expressed on the cell surface during M. tuberculosis infection and
recognized by the host immune system 2 – 5. The maintenance of this large multigene family
in the M. tuberculosis genome suggests that these genes are important to the success of the
organism, perhaps because the variability of the PE_PGRS protein surface antigens may
contribute to the ability of M. tuberculosis to persist in the face of the host immune system.

The regulation of gene expression is one mechanism for generating antigenic diversity. There
is evidence that M. tuberculosis PE_PGRS genes are variably expressed in different conditions
and during different time points of infection 6 – 8. In a study of persistent M. tuberculosis
infection in a mouse model, PE_PGRS16 and PE_PGRS26 were inversely regulated, with
expression of PE_PGRS16 being significantly up-regulated and expression of PE_PGRS26
being significantly down-regulated, suggesting that differential regulation of these two
PE_PGRS genes may have a role in latency and that the inverse expression of these two genes
could potentially serve as a marker of latent infection 7.

Antigenic variation of an organism can also be generated by a high level of genetic variability
of the genes that encode antigens. Thus, to understand the full scope of surface antigen
variability generated by the PE_PGRS gene family, it is important to investigate the genetic
diversity of these genes among clinical isolates. The sequence variations in one member of this
gene family, PE_PGRS33, have been characterized for 123 clinical M. tuberculosis strains and
included single nucleotide polymorphisms (SNPs), insertions, deletions, and a frameshift
mutation. These sequence variations were observed in different combinations resulting in 23
different PE_PGRS33 alleles 9. Furthermore, in a population-based study of 649 clinical M.
tuberculosis isolates, patients infected with M. tuberculosis isolates having large changes to
the PE_PGRS33 protein were 1.9 times more likely to belong to a cluster of tuberculosis cases,
defined by M. tuberculosis genotyping, and 1.6 times more likely to lack cavitations in the
lungs than were patients infected with M. tuberculosis isolates having no or minimal change
to the PE_PGRS33 protein. This suggests that PE_PGRS33 may have an important role in M.
tuberculosis persistence 10.

To extend our knowledge of the genetic diversity of M. tuberculosis generated by the PE_PGRS
genes and to understand how genetic diversity, in addition to differential regulation, contributes
to antigenic variability, we investigated the sequence variations within the PE_PGRS16 and
PE_PGRS26 genes among 200 clinical M. tuberculosis strains. The frequency of different
types of sequence variations was compared between the PE_PGRS16 gene and the
PE_PGRS26 gene and the potential antigenic diversity of the 200 strains generated by sequence
variations in three PE_PGRS genes, the PE_PGRS16 and PE_PGRS26 genes and the
previously investigated PE_PGRS33 gene, was examined.
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Materials and Methods
M. tuberculosis strains

A study sample of 200 M. tuberculosis strains was selected from 705 isolates collected in
Arkansas between 1996 and 2000. Strains were selected based on the isolate genotyping data
that were available from the Mycobacteriology Research Laboratory at the Central Arkansas
Veterans Healthcare Center to represent the broad range of strains found in this population-
based isolate collection. The IS6110 copy numbers of each strain ranged from one to 22. The
sample included 94 strains representing 94 clusters and 106 unique strains based on a
combination of IS6110 and pTBN12 fingerprinting data 11 – 13. The sample contained strains
from all three Principal Genetic Groups (PGG) 14 with 20 (10%), 130 (65%), and 50 (25%)
of the 200 strains belonging to PGG1, PGG2, and PGG3, respectively. The PE_PGRS33 gene
sequences for these 200 strains were previously determined 9.

PCR of the PE_PGRS16 and PE_PGRS26 genes
The PE_PGRS16 gene and the PE_PGRS26 gene of each strain were PCR amplified for DNA
sequencing. The primers used for the PCR amplification of the PE_PGRS16 gene were
PE_PGRS16-F and PE_PGRS16-R and the primers used for the PCR amplification of the
PE_PGRS26 gene were PE_PGRS26-F and PE_PGRS26-R (Table 1). The primers were
located in the regions flanking the respective target gene and were determined to be specific
for the amplification of the target gene using the BLAST program of the National Center for
Biotechnology Information (www.ncbi.nlm.nih.gov/BLAST). The PE_PGRS16 gene was
PCR amplified using the EPICENTER MasterAmp™ Extra-Long PCR Kit (EPICENTER,
Madison, WI). Each standard 50 µl reaction consisted of 25 µl of 2X Premix #7 (containing
PCR buffer and dNTPs) from the kit, 20 pmol of each primer in 2 µl, 2.5 U MasterAmp™
Extra-Long DNA Polymerase in 1 µl, 50 ng DNA template in 5 µl, and 15 µl PCR grade water.
The thermocycling program used was 1 cycle at 94°C for 3 minutes, 31 cycles of 94°C for 1
minute, 68°C for 1 minute, and 72°C for 14.5 minutes, and one final cycle at 72°C for 10
minutes. The PE_PGRS26 gene was PCR amplified using the BD Advantage™-GC 2 PCR
Kit (BD Biosciences Clontech, Palo Alto, CA). Each standard 50 µl reaction consisted of 10
µl of 5X reaction buffer, 5 µl of GC Melt, 20 pmol of each primer in 2 µl, 1 µl of a 50X dNTP
mix, 1 µl of 50X BD Advantage™ 2 Polymerase Mix, 2 µl DNA solution containing 20 ng
DNA template, and 27 µl PCR grade water. The thermocycling program used was 1 cycle at
94°C for 1 minute, 30 cycles of 94°C for 30 seconds, 61°C for 30 seconds, and 72°C for 2.5
minutes, and a final cycle at 72°C for 10 minutes. The PCR products were examined by 0.8%
(w/v) agarose gel electrophoresis performed in 1X TBE buffer.

Automated DNA sequencing
The PCR products were sequenced to identify any insertions, deletions, or SNPs in the DNA
sequences of the PE_PGRS16 and the PE_PGRS26 genes. The PCR products used for DNA
sequencing were purified using QIAquick® PCR Purification Kit following the manufacturer’s
instructions (QIAGEN Inc., Stanford, Valencia, CA). DNA sequencing of the PE_PGRS16
gene was performed first with the PE_PGRS16-F and PE_PGRS16-R primers that were used
for the PCR amplification and then with the primers PE_PGRS16-F2 and PE_PGRS16-R2,
located within the PE_PGRS16 gene. DNA sequencing of the PE_PGRS26 gene was first
performed with PE_PGRS26-F and PE_PGRS26-R primers that were used for the PCR
amplification. All SNPs were confirmed by double strand sequencing. Primers used for the
PE_PGRS16 SNP confirmation were PE_PGRS16-SeqR, PE_PGRS16-SeqR2, and
PE_PGRS-SeqF. Primers used for the PE_PGRS26 SNP confirmation were PE_PGRS26-
SeqR and PE_PGRS26-SeqF (Table 1). Sequencing was performed in Applied Biosystems
DNA Sequencers (Models 3700 and 3730 sequencers) at the Sequencing Core of the University
of Michigan.
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Sequence data analysis
The PE_PGRS16 and PE_PGRS26 gene sequences were compared to that of the M.
tuberculosis reference strain H37Rv using the BLAST program of the National Center for
Biotechnology Information (www.ncbi.nlm.nih.gov/BLAST). The effect of each identified
insertion, deletion, and SNP on the predicted amino acid sequence of the PE_PGRS16 and the
PE_PGRS26 proteins was then determined. The locations of the sequence variations of each
PE_PGRS gene were mapped on to the respective gene sequence map of strain H37Rv to
illustrate patterns in the distribution of the sequence variations. The profile of PE_PGRS16,
PE_PGRS26, and the previously investigated PE_PGRS33 9 amino acid sequences for each
of the 200 clinical M. tuberculosis strains was then examined to investigate the potential
antigenic diversity generated by sequence variations in these three PE_PGRS genes.

The relationships among the sequence variations within the PE_PGRS16 and PE_PGRS26
genes were examined by constructing a branched diagram of the PE_PGRS16 alleles and the
PE_PGRS26 alleles, respectively. Each branched diagram was constructed by connecting each
observed PE_PGRS allele with the most similar observed allele or alleles, based on the presence
or absence of sequence variations. In-frame deletions and insertions, frameshifts, and SNPs
were included in the analysis and each was scored as one sequence variation. The length of the
lines connecting the observed PE_PGRS alleles represents the number of differing sequence
variations between the two alleles.

Results
PE_PGRS16 gene sequence variations

The genetic diversity of the PE_PGRS16 gene, the expression of which was up-regulated
during the course of persistent infection 7, was investigated. Among the 200 strains, 98 (49.0%)
had PE_PGRS16 gene sequences identical to that of strain H37Rv and 102 (51.0%) had one
or more sequence variations within the PE_PGRS16 gene sequence. Thirty-three different
sequence variations were observed including two in-frame insertions, 11 in-frame deletions,
17 SNPs, and three frameshift mutations resulting from a single nucleotide insertion or deletion
(Table 2).

The two in-frame insertions, one 18 bp and one 171 bp, were repeats of the region of
PE_PGRS16 gene sequence adjacent to the insertion site. The 11 in-frame deletions ranged in
size from three bp to 252 bp. The 17 SNPs included 12 non-synonymous SNPs and five
synonymous SNPs (Table 2). All the in-frame insertions and in-frame deletions and two of the
three frameshift mutations were located within the PGRS domain of the PE_PGRS16 gene.
The remaining frameshift mutation, FS1, was located where the PGRS domain joins with an
atypical sequence at the carboxy-terminus. Of the 17 SNPs, one was in the PE domain, 11 were
in the PGRS domain, and seven were in the atypical domain of the PE_PGRS16 gene (Figure
1A).

Seventy-nine (39.5%) of the 200 strains (77.5% of the 102 strains having PE_PGRS16 gene
sequence variations) had a frameshift mutation in the PE_PGRS16 gene that would result in a
premature stop codon. The FS1 frameshift would result in a change in amino acid sequence
for 86 amino acids and then a loss of the last 181 amino acids due to the premature stop codon,
affecting a total of 29% of the M. tuberculosis H37Rv PE_PGRS16 amino acid sequence that
is 923 amino acid long in the atypical domain at the carboxy-terminus. The FS2 frameshift and
the FS3 frameshift would both affect 42% of the M. tuberculosis H37Rv PE_PGRS16 amino
acid sequence. The FS2 frameshift would result in a change in amino acid sequence for 115
amino acids and then a loss of the last 270 amino acids due to the premature stop codon while
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the FS3 frameshift would result in a change in amino acid sequence for 27 amino acids and
then a loss of the last 358 amino acids due to the premature stop codon.

PE_PGRS16 alleles
The PE_PGRS16 allele observed with the highest frequency in the sample was the H37Rv-
type allele, with 98 (49.0%) of the 200 strains having this allele. Among the 102 (51.0%) of
the 200 strains having at least one sequence variation, 32 different PE_PGRS16 alleles were
observed, resulting from different combinations of sequence variations. Six of the 102 strains
having a non-H37Rv-type PE_PGRS16 allele had only synonymous SNPs and therefore would
have an H37Rv-type amino acid sequence. The most frequently observed non-H37Rv-type
allele was the FS1 allele, having a frameshift mutation that would result in a premature stop
codon, and this allele was observed in 43 (21.5%) of the 200 strains. The other 31 PE_PGRS16
alleles were each observed in less than 10% of the strains (Figure 2).

A branched diagram of the 32 non-H37Rv-type PE_PGRS16 alleles and the H37Rv-type allele
illustrates the relationships among the PE_PGRS16 sequence variations (Figure 2). Twelve
PE_PGRS16 alleles had the FS1 frameshift and six of these 12 alleles had the FS1 frameshift
and the S1 non-synonymous SNP together. The S13 synonymous SNP, the D2 deletion, and
the FS2 frameshift were each present in two PE_PGRS16 alleles. Four different PE_PGRS16
alleles had the D1 deletion. However, the D1 FS1 S1 allele was more similar to the FS1 S1
allele than to the other three alleles having the D1 deletion and therefore these four alleles are
not all connected in the branched diagram.

PE_PGRS26 gene sequence variations
The genetic diversity of the PE_PGRS26 gene, the expression of which was down-regulated
during the course of persistent infection 7, was then examined. One hundred (50.0%) of the
200 strains had PE_PGRS26 gene sequences identical to that of H37Rv. Among the remaining
100 strains, which had one or more sequence variations within the PE_PGRS26 gene sequence,
38 different sequence variations were observed. These 38 sequence variations included five
in-frame insertions, 15 in-frame deletions, 17 SNPs, and one frameshift mutation resulting
from a one bp insertion. All five in-frame insertions, either nine or 18 bp, were repeats of the
region of PE_PGRS26 gene sequence adjacent to the insertion site. The 15 in-frame deletions
ranged in size from three bp to 150 bp. The 17 SNPs included 15 non-synonymous SNPs and
two synonymous SNPs. The frameshift mutation, observed in only 4 (2%) of the 200 strains,
would result in a premature stop codon (Table 3).

The five in-frame insertions, 15 in-frame deletions, and one frameshift mutation were all
located within the PGRS domain of the PE_PGRS26 gene. While the insertions were
distributed throughout the PGRS domain, the deletions were mostly in one region of the PGRS
domain. Twelve of the 15 deletions were contained within a 300 bp region of the PGRS domain
and 56 (28.0%) of the 200 strains (56% of the 100 strains having PE_PGRS26 gene sequence
variations) had a deletion in this region. Of the 17 SNPs, 14 were distributed throughout the
PGRS domain and three, all non-synonymous, were in the PE domain of the PE_PGRS26 gene
(Figure 1B).

PE_PGRS26 alleles
In addition to the H37Rv-type allele, 34 non-H37Rv-type PE_PGRS26 alleles, resulting from
a combination of different sequence variations, were observed among the 200 strains. All of
the non-H37Rv-type alleles would result in a change to the PE_PGRS26 amino acid sequence.
The H37Rv-type PE_PGRS26 allele, present in 100 (50.0%) of the 200 strains, was the
PE_PGRS26 allele observed with the highest frequency. The non-H37Rv-type PE_PGRS26
allele observed with the highest frequency was the D1 allele, having a 57 bp deletion, and this
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allele was observed in 27 (13.5%) of the 200 strains. The other PE_PGRS26 alleles were
observed with a frequency of less than 10% (Figure 2).

A branched diagram of the 34 non-H37Rv-type PE_PGRS26 alleles and the 37Rv-type allele
illustrates the relationships among the PE_PGRS26 sequence variations (Figure 2). Seven
PE_PGRS26 alleles had the S1 non-synonymous SNP, while four had the D1 deletion, and
two had the I1 insertion. The I2 insertion was present in two of the PE_PGRS26 alleles.
However, the I2 S7 S8 S17 allele was as similar to the I2 S1 allele as it was to the H37Rv-type
allele. Five PE_PGRS26 alleles had the D2 deletion and eight PE_PGRS26 alleles had the S2
non-synonymous SNP. Four of these alleles had both the D2 deletion and the S2 non-
synonymous SNP. In addition, three of the eight PE_PGRS26 alleles having the S2 non-
synonymous SNP also had the S3 non-synonymous SNP.

Genetic diversity among the Principal Genetic Groups
Twenty (10%), 130 (65%), and 50 (25%) of the 200 strains belonged to PGG1, PGG2, and
PGG3, respectively. Of the 20 strains belonging to PGG1, 10 (50%) had a PE_PGRS16 gene
sequence that was H37Rv-type and 10 (50%) had PE_PGRS16 gene sequence variations. All
20 of the PGG1 strains had non-H37Rv-type PE_PGRS26 alleles and all had either the S2 non-
synonymous SNP or the D2 18 bp deletion. Nineteen (95%) of the 20 strains had the S2 non-
synonymous SNP and 13 (65%) of the 20 strains had the D2 18 bp deletion in the PE_PGRS26
gene.

Of the 130 strains belonging to PGG2, 51 (39.2%) had a PE_PGRS16 gene sequence that was
H37Rv-type and 79 (60.8%) had non-H37Rv-type alleles. Of these 79 PE_PGRS16 variants,
72 (91.1%) had a frameshift. Sixty-seven (51.5%) of the 130 PGG2 strains had an H37Rv-type
PE_PGRS26 allele and 63 (48.5%) had a sequence variation in the PE_PGRS26 gene. Fifty-
three (84.1%) of these 63 variants had either the D1 57 bp deletion or the S1 non-synonymous
SNP.

Of the 50 PGG3 strains, 37 (74%) had H37Rv-type PE_PGRS16 alleles and 13 (26%) had non-
H37Rv-type alleles. Seven (53.8%) of the 13 PGG3 strains with non-H37Rv-type PE_PGRS16
alleles had a frameshift. Thirty-three (66%) of the 50 PGG3 strains had PE_PGRS26 gene
sequences that were H37Rv-type and 17 (34%) had non-H37Rv-type PE_PGRS26 alleles.

Comparison of genetic diversity between the PE_PGRS16 and PE_PGRS26 genes
Of the 200 strains, 40 (20%) had H37Rv-type alleles for both the PE_PGRS16 and PE_PGRS26
genes, 60 (30%) had sequence variations exclusively in the PE_PGRS16 gene, 58 (29%) had
sequence variations exclusively in the PE_PGRS26 gene, and 42 (21%) had sequence
variations in both the PE_PGRS16 and PE_PGRS26 genes. In-frame insertions and SNPs were
observed with a similar frequency in the PE_PGRS16 and PE_PGRS26 genes among the 200
strains. Three (1.5%) and 7 (3.5%) of the 200 strains had in-frame insertions in the PE_PGRS16
and PE_PGRS26 genes, respectively (p = 0.20), and 39 (19.5%) and 48 (24.0%) of the 200
strains had SNPs in the PE_PGRS16 and PE_PGRS26 genes, respectively (p = 0.28). However,
a difference in the frequency of frameshifts and in-frame deletions between these two
PE_PGRS genes was observed. Seventy-nine (39.5%) of the 200 strains had a frameshift
mutation in the PE_PGRS16 gene, while only 4 (2.0%) strains had a frameshift within the
PE_PGRS26 gene (p < 0.0001). On the other hand, 68 (34%) of the 200 strains had in-frame
deletions within the PE_PGRS26 gene, while only 19 (9.5%) strains had in-frame deletions
within the PE_PGRS16 gene (p < 0.0001).
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Profile of three PE_PGRS amino acid sequences
The profile of the PE_PGRS16, PE_PGRS26, and PE_PGRS33 amino acid sequences for each
of the 200 clinical M. tuberculosis strains was examined to investigate the potential antigenic
diversity generated by DNA sequence variations in these three PE_PGRS genes. The H37Rv-
type amino acid sequence was the most frequently observed amino acid sequence for each of
the three PE_PGRS. Among the 200 strains, 103 (51.5%), 100 (50.0%), and 71 (35.5%) had
H37Rv-type amino acid sequences for PE_PGRS16, PE_PGRS26, and PE_PGRS33,
respectively. However, only 26 (13%) of the 200 strains had an H37Rv-type amino acid
sequence for all of the three PE_PGRS proteins. Among the 200 strains, 72 different profiles
were observed, based on a combination of amino acid sequences of the PE_PGRS16,
PE_PGRS26, and PE_PGRS33 proteins. The frequencies of the different profiles ranged from
1 (0.5%) to 26 (13%) of the 200 strains, with the H37Rv-type amino acid sequence profile
being the most frequently observed. Forty-nine (68.1%) of the 72 different amino acid sequence
profiles were unique among the 200 sample strains.

Discussion
To better understand the M. tuberculosis PE_PGRS gene polymorphisms and the potential
antigenic diversity generated by sequence variations in members of this gene family, we
investigated the genetic diversity of the PE_PGRS16 and PE_PGRS26 genes, which are
hypothesized to have a role in mediating the latent state through differential regulation based
on a previous study 7. A high frequency of genetic variation was observed for both the
PE_PGRS16 and the PE_PGRS26 genes, although there were differences in the frequency and
location of different types of sequence variations between the two genes. In addition, 72
different amino acid sequence profiles of PE_PGRS16, 26, and 33 were observed among the
200 strains, demonstrating the potential for antigenic variability generated from the genetic
diversity of just three of the ~60 PE_PGRS genes.

The genetic diversity of the PE_PGRS33 gene among 123 clinical M. tuberculosis strains,
which are included within the sample of 200 strains in the present study, was previously
reported 9. All three PE_PGRS genes have a high frequency of genetic variations and a higher
frequency of non-synonymous changes than synonymous changes, a finding that supports the
role of these genes as variable surface antigens that interact with the host immune system. In
addition, all three genes had a higher number of different in-frame deletions than in-frame
insertions, in relation to the sequence of M. tuberculosis H37Rv, and the in-frame insertions/
deletions and frameshifts occurred within the PGRS domain whereas the SNPs were distributed
throughout the gene. However, while frameshifts are the predominant type of sequence
variation found within the PE_PGRS16 gene and in-frame deletions are the predominant type
of sequence variation found within the PE_PGRS26 gene, the predominant types of sequence
variations within the PE_PGRS33 gene were in-frame insertions, observed in 68 (55.3%) of
the 123 strains, and SNPs, observed in 72 (58.5%) of the 123 strains.

There is evidence that naturally-occurring PE_PGRS gene sequence variations can have an
effect on the function of the protein. A recent study of sequence variations observed in the
PE_PGRS33 gene found that large insertions and deletions in the PE_PGRS33 gene
significantly decreased the stimulation of TNF-α production but small insertions and deletions
as well as SNPs did not show a significant difference in stimulation of TNF-α production
compared to the H37Rv-type PE_PGRS33 15. While PE_PGRS16 and PE_PGRS26 may have
a role in mediating the latent state by differential regulation, the specific function of either of
these genes is not known. The potential implications of the sequence variations observed in
the PE_PGRS16 and PE_PGRS26 genes remains to be understood in the context of the specific
role that these genes play in M. tuberculosis infection. Although as a typical comparative
genomics study, the present study did not provide a functional analysis of the PE_PGRS16 and
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26 genes, it generated data useful to prioritizing the selection of alleles for studies of the
naturally-occurring sequence variations’ impact on the protein function and clinical relevance
using either functional assays or population-based association studies. In particular, studies of
sequence variations in the PE_PGRS16 and PE_PGRS26 genes between the isolates obtained
from patients' primary disease and isolates obtained from their reactivated diseases will aid in
the understanding of the role of these two genes in latency.

The finding that 40% of the 200 strains had a frameshift that would result in a premature stop
codon in the PE_PGRS16 gene was surprising because a five-fold increase in expression of
this gene was observed over the course of persistent M. tuberculosis infection of mice,
suggesting an important role in immune evasion or latency 7. It is not known if a PE_PGRS16
gene having one of the naturally-occurring frameshifts is expressed by M. tuberculosis or if
the significant change to the protein has an effect on the course of M. tuberculosis infection.
It is interesting to note that 71 (89.9%) of the 79 isolates having a frameshift in the PE_PGRS16
gene would only have loss of the atypical sequence at the carboxy-terminus of the PE_PGRS16
protein. While it is not clear what the role of this atypical sequence is, it is possible that the
FS1 frameshift could be an adaptive change to the PE_PGRS16 protein. However, it is also
possible that the PE_PGRS16 protein does not have a specific, non-redundant function or, i it
does, that changes in other PE_PGRS genes in the strains having the PE_PGRS16 frameshift
are able to compensate for the loss of function of the PE_PGRS16 protein.

There are also potential biological implications of the in-frame deletion hotspot in the
PE_PGRS26 gene. Twelve of the 15 deletions observed in the PE_PGRS26 gene were within
a 300 bp region of the PGRS domain and 56 (28.0%) of the 200 strains had a deletion in this
region. The high number of in-frame deletions in this region could be due to a greater number
of repeated nucleotide sequences in that region compared to the rest of the gene, resulting in
a higher frequency of replication slippage events. Examination of the deletions revealed that
many different repeated nucleotide sequences of varying lengths were responsible for the
slippage events and repeated sequences are found throughout the PE_PGRS26 gene. Another
possible explanation is that there may be selective forces acting on the PE_PGRS26 gene that
are either favoring changes in the hotspot region or conservation of the rest of the gene or both.
If the hotspot region is a part of the protein that interacts with the host immune system, then
selective pressure may favor deletions in this region. On the other hand, if regions of the
PE_PGRS26 protein other than the hotspot region are critical to the function of this protein,
then there may be selection against deletions in the functionally important regions. However,
this is unlikely to be the case because of the number of insertions and non-synonymous SNPs
that are distributed throughout the length of the gene.

Along with the variable expression of the PE_PGRS genes, the genetic diversity of the members
of this gene family among clinical strains also contributes to the antigenic diversity of M.
tuberculosis. Examining the genetic diversity of just three of the ~60 PE_PGRS genes
demonstrates the potential for generating differences in available antigenic repertoire among
different M. tuberculosis strains. It is possible that each M. tuberculosis strain has a unique
profile of PE_PGRS antigens. Investigation of the genetic diversity of all the members of the
PE_PGRS gene family among clinical M. tuberculosis strains will help to answer this question.
While we have not seen evidence that PE_PGRS genes change rapidly during the course of an
infection 10, genetic variability of the profile of PE_PGRS genes among M. tuberculosis strains
may contribute to the ability of M. tuberculosis to cause exogenous re-infection.

Future studies of the expression patterns of the entire family of PE_PGRS genes among
different M. tuberculosis strains will need to also take into account the genetic variability of
the PE_PGRS genes. If variability in PE_PGRS gene expression is seen among different
strains, knowledge of the PE_PGRS genetic variations of the strains will be necessary to
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determine if the differences are attributable to significant genetic disruption of the PE_PGRS
gene (i.e. as the result of a frameshift) or differences in regulation among the strains. The
genetic variability of a PE_PGRS gene also needs to be evaluated if expression of the gene is
being considered for use as a diagnostic marker. A high frequency of genetic variations that
would change the amino acid sequence was observed in both the PE_PGRS16 gene and the
PE_PGRS26 gene and 79 (39.5%) of the 200 strains in the study sample had a frameshift in
the PE_PGRS16 gene that would result in a premature stop codon. Sequence variations
resulting in significant changes to the PE_PGRS protein could affect the detection of expression
and therefore the ability to use inverse expression of PE_PGRS16 and PE_PGRS26 as a
diagnostic marker of latent M. tuberculosis infection.

In summary, a high frequency of PE_PGRS16 and PE_PGRS26 genetic variation was observed
among a sample of 200 clinical M. tuberculosis strains. The observed sequence variations could
impact the function of these two PE_PGRS proteins and be associated with different M.
tuberculosis clinical manifestations. Additionally, investigation of the genetic diversity of three
members of this gene family demonstrates the variability in the PE_PGRS protein profile
among M. tuberculosis isolates. Understanding of the antigenic variation generated by genetic
changes in the PE_PGRS genes coupled with the variability in PE_PGRS expression will
further our knowledge of how M. tuberculosis is able to evade the immune system and remain
persistent in the host. The genetic diversity described by this study can inform the rational
design of studies of association that investigate the clinical relevance of the PE_PGRS16 and
PE_PGRS26 gene polymorphisms and also provide a basis for functional studies of the
naturally-occurring PE_PGRS16 and PE_PGRS26 alleles. Future studies of the association
between these gene polymorphisms and clinical characteristics will generate hypotheses for
functional studies and, in turn, future studies of the impact of the gene polymorphisms on the
function the PE_PGRS16 and PE_PGRS26 proteins will aid in the design and the interpretation
of association studies.
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Figure 1.
Map of the positions of different sequence variations found in the M. tuberculosis PE_PGRS16
(Panel A) and PE_PGRS26 (Panel B) genes. The PE domain is shaded in dark grey and the
PGRS domain is shaded in light grey. The striped region in Panel A represents an additional
atypical sequence at the carboxy-terminus of PE_PGRS16. Triangles represent insertions, bold
lines represent deletions, open circles represent synonymous SNPs, and solid circles represent
non-synonymous SNPs. The asterisk in Panel A represents a one bp deletion.
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Figure 2.
Branched diagrams showing the relationships among the different alleles of the PE_PGRS16
and PE_PGRS26 genes based on the in-frame deletions, in-frame insertions, frameshifts, and
SNPs identified within the two genes' sequences. For each of the observed PE_PGRS16 and
PE_PGRS26 alleles, the number and percentage of the 200 clinical M. tuberculosis strains
having a given allele are indicated. The length of the lines connecting the observed PE_PGRS
alleles represents the number of differing sequence variations between the two alleles. The
PE_PGRS16 gene sequence variations are described in Table 2 and the PE_PGRS26 gene
sequence variations are described in Table 3.
* This PE_PGRS26 allele shares only the I2 insertion with the S1 I2 allele.
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Table 1
Primers used in this study for the PCR amplification and DNA sequencing of the M. tuberculosis PE_PGRS16 and
PE_PGRS26 genes

Primer Sequence Positiona

PE_PGRS16-F 5' - GGG ATC GGC GAC GCT ACC AAC CAA - 3' 164 bp left of start
PE_PGRS16-R 5' - GCC CGC TGC AGA CGC CCC TTC C - 3' 47 bp right of end
PE_PGRS16-F2 5' - CGG GCT GCT ATT CGG CAA CGG T - 3' 633
PE_PGRS16-R2 5' - TCG CGT TGG TCA ACG TGG TGC TG - 3' 1972
PE_PGRS16-SeqR 5' - ATC ACT TCC CGC GGT GGC CAT - 3' 1209
PE_PGRS16-SeqR2 5' - GGC ACC ACC GTT GCC GAA TAG C - 3' 660
PE_PGRS16-SeqF 5' - TCG GCG GAA TTA ACG GCA CGT TCG - 3' 1832
PE_PGRS26-F 5' - GCT GTT CGT TAC CGG CAT CTG - 3' 206 bp left of end
PE_PGRS26-R 5' - AGA CCT GCA TTT GCA GCA GTC - 3' 117 bp right of start
PE_PGRS26-SeqF 5' - GCT GCT GCC ATT GCC GAT GGT C - 3' 1167
PE_PGRS26-SeqR 5' - ACG GCG GGG ATG CCG GAA TGT T - 3' 476

a
Positions of primers are based on the M. tuberculosis strain H37Rv genome sequence (NC_000962) and are in relation to the coding strand for the

PE_PGRS16 gene (rv0977) and the PE_PGRS26 gene (rv1441c). The positions of the primers used for PCR (PE_PGRS16-F, PE_PGRS16-R,
PE_PGRS26-F, and PE_PGRS26-R) are outside of the target gene. The positions of all other primers are within the target gene sequence.
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