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Onset of the adaptive immune response in mice infected with Mycobacterium tuberculosis is accompanied by
slowing of bacterial replication and establishment of a chronic infection. Stabilization of bacterial numbers
during the chronic phase of infection is dependent on the activity of the gamma interferon (IFN-y)-inducible
nitric oxide synthase (NOS2). Previously, we described a differential signature-tagged mutagenesis screen
designed to identify M. tuberculosis “counterimmune” mechanisms and reported the isolation of three mutants
in the H37Rv strain background containing transposon insertions in the rv0072, rv0405, and rv2958c genes.
These mutants were impaired for replication and virulence in NOS2™/~ mice but were growth-proficient and
virulent in IFN-y~/~ mice, suggesting that the disrupted genes were required for bacterial resistance to an
IFN-vy-dependent immune mechanism other than NOS2. Here, we report that the attenuation of these strains
is attributable to an underlying transposon-independent deficiency in biosynthesis of phthiocerol dimycocer-
osate (PDIM), a cell wall lipid that is required for full virulence in mice. We performed whole-genome
resequencing of a PDIM-deficient clone and identified a spontaneous point mutation in the putative polyketide
synthase PpsD that results in a G44C amino acid substitution. We demonstrate by complementation with the
wild-type ppsD gene and reversion of the ppsD gene to the wild-type sequence that the ppsD(G44C) point
mutation is responsible for PDIM deficiency, virulence attenuation in NOS2~'~ and wild-type C57BL/6 mice,
and a growth advantage in vitro in liquid culture. We conclude that PDIM biosynthesis is required for M.

tuberculosis resistance to an IFN-y-mediated immune response that is independent of NOS2.

Pathogenic mycobacteria possess a unique array of complex
cell wall-associated lipids. The most abundant of these lipids,
the phthiocerol dimycocerosates (PDIMs) (Fig. 1), are among
the best characterized (23). PDIMs contain long-chain diols
esterified by methyl-branched fatty acid chains. As early as
1974, it was recognized that a spontaneously arising PDIM-
deficient variant of the laboratory strain H37Rv was attenuated
in a guinea pig model of infection (11). Shortly thereafter, it
was shown that the in vivo survival of an avirulent Mycobacte-
rium tuberculosis strain was enhanced by coating the bacteria
with cholesterol oleate and purified PDIM (16). A genetic link
between PDIM production and virulence was not established
until a quarter century later, when a large chromosomal locus
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was identified as playing an essential role in the biosynthesis
and export of PDIM (3, 4, 6). Transposon insertions within the
fadD?26, fadD28, mmpL7, and drrC genes, and in the putative
transcriptional promoter region upstream of the fadD26 gene,
were identified in strains deficient in surface-localized PDIM.
The fadD26 and fadD28 mutants apparently fail to synthesize
PDIM, whereas the mmpL7 and drrC mutants produce PDIM
but accumulate it intracellularly, thus implicating these genes
in transmembrane transport of PDIM to the cell surface.
Strains deficient in production or surface localization of PDIM
are markedly attenuated for growth in the lungs of intrave-
nously (3, 6) or intranasally (28) infected mice, and in gamma
interferon (IFN-y)-activated but not in nonactivated macro-
phages (28).

Mutant strains that lack surface-localized PDIM display en-
hanced membrane permeability (3), but the precise role of
PDIM in virulence of M. tuberculosis is unclear. The attenu-
ated growth of PDIM-deficient M. tuberculosis in IFN-y-acti-
vated macrophages is reversed by treatment of the infected
macrophages with No-nitro-L-arginine methyl ester (L-
NAME), a small-molecule inhibitor of the mammalian induc-
ible nitric oxide synthase (NOS2), suggesting that PDIM might
play a role in countering the impact of this important host
antimicrobial mechanism (28). However, PDIM-deficient bac-
teria do not show increased sensitivity to reactive nitrogen
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FIG. 1. PDIM and p-HBAD biosynthesis in M. tuberculosis. (A) Genomic locus responsible for PDIM and p-HBAD-II biosynthesis. In M.
tuberculosis H37Rv and other members of the Euro-American lineage, a frameshift mutation (red triangle) disrupts the pksi5/1 open reading
frame. Other M. tuberculosis lineages have an intact pks15/1 locus that encodes a functional polyketide synthase. (B) Structures of p-HBAD-II and
PDIM. The polyketide synthase Pks15/1 adds malonyl coenzyme A (malonyl-CoA) units to p-hydroxybenzoic acid to generate p-hydroxyphenyl-
alkanoic acid derivatives, which are precursors of PGL biosynthesis (5). M. tuberculosis 37Rv lacks Pks15/1 activity and produces tri-glycosylated
p-hydroxybenzoic acid (p-HBAD-II) and PDIM instead. The Rv2962c, Rv2958¢, and Rv2957 glycosyl transferases add rhamnose — rhamnose —
fucose to p-hydroxyphenylalkanoic acid (25), and the Rv2959c methyltransferase O-methylates the C2 ring position of the proximal rhamnosyl

residue (24).

species (RNS) in vitro (3), suggesting that M. tuberculosis might
be sensitized to RNS during intracellular growth or that the
impact of L-NAME on intracellular bacteria might be indirect,
possibly via modulation of expression of host (9) or pathogen
(29, 35) genes that are RNS responsive. A detailed compara-
tive analysis of PDIM-proficient and PDIM-deficient M. tuber-
culosis strains in macrophages revealed that PDIM participates
in receptor-dependent phagocytosis and inhibition of phago-
some acidification (2). PDIM insertion in model membranes
caused alterations in membrane fluidity, suggesting that phys-
ical changes to the host cell membrane caused by interaction
with PDIM may influence the uptake and ultimate cellular
destination of M. tuberculosis (2).

Whereas all M. tuberculosis clinical isolates apparently pro-
duce PDIM, only a subset of isolates produce the closely re-
lated phenolic glycolipids (PGLs). The PGLs comprise a
PDIM lipid core that is terminated by a glycosylated aromatic
nucleus (26). A 7-bp deletion in the pksl5/1 polyketide syn-
thase locus, resulting in a translational frameshift, is responsi-
ble for the lack of PGL production by the H37Rv laboratory

strain and all other strains of the Euro-American M. tubercu-
losis lineage (5, 10). This frameshift abolishes production of
the Pks15/1 polyketide synthase that is responsible for biosyn-
thesis of the PGL precursor p-hydroxyphenylalkanoate from
p-hydroxybenzoic acid (5). In the absence of Pks15/1 function,
glycosylated p-hydroxybenzoic acid methyl esters (p-HBADs)
accumulate and are released into the culture medium (5, 25).
Three glycosyltransferases, encoded by the r2962c, rn2958c,
and 12957 genes, are thought to add, successively, two rham-
nosyl residues and one fucosyl residue to the p-hydroxybenzoic
acid moiety (Fig. 1B) (25). M. tuberculosis H37Rv produces the
triglycosylated p-HBAD (p-HBAD-II). Disruption of r2962
abolishes p-HBAD production entirely; disruption of the
rv2958c or w2957 gene results in the production of monogly-
cosylated p-HBAD (p-HBAD-I) (25).

In M. tuberculosis strains that produce PGL, a role for PGL
in immune modulation and virulence has been reported (26).
Whether the p-HBAD moieties secreted by PGL-negative M.
tuberculosis strains might also play a role in immune modula-
tion and virulence is not known. Previously, we described a
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genetic screen that was designed to identify M. tuberculosis
genes involved in countering IFN-y-dependent host immune
mechanisms other than NOS2 (12). Disruption of these “coun-
terimmune” (cim) genes severely attenuated growth and viru-
lence in NOS2™/~ mice but had little or no impact on bacterial
growth and virulence in IFN-y~/~ mice. One of the cim mu-
tants identified in this study contained a transposon (Tn) in-
sertion in the r2958¢ gene, suggesting that secreted
p-HBAD-II might, like full-length PGL, modulate the interac-
tion of the bacterium and the host immune response. Here, we
describe further studies to elucidate the role of the mn2962c,
r2958c, and rv2957 glycosyltransferases in M. tuberculosis vir-
ulence and counterimmunity. In contrast to our previous re-
port, we find that these genes are dispensable for bacterial
growth and survival in wild-type (C57BL/6) and NOS2 ™/~
mice. We demonstrate that the phenotypes we had previously
ascribed to disruption of the m2958¢c gene are attributable,
instead, to the spontaneous loss of PDIM production in the
rv2958c:: Tn mutant. Whole-genome resequencing of a sponta-
neous PDIM-deficient variant that arose during in vitro culti-
vation of M. tuberculosis H37Rv identified a single-nucleotide
polymorphism (SNP) in the ppsD gene, which encodes a mod-
ular polyketide synthase putatively involved in PDIM biosyn-
thesis (34). We demonstrate by complementation and rever-
sion that the spontaneous point mutation in the ppsD gene is
responsible for both the defect in PDIM production and at-
tenuation of virulence in mice. We additionally show that the
spontaneous PDIM deficient variant has an in vitro growth
advantage that allows it to replace the PDIM-proficient paren-
tal strain during subculture. We suggest that spontaneous loss
of PDIM production is likely to be a common phenomenon
that calls for a reexamination of published genetic studies of M.
tuberculosis in which complementation analysis was not done
or was unsuccessful.

MATERIALS AND METHODS

Bacteriology. M. tuberculosis strains from the McKinney lab were H37Rv
(parental strain) and Tn5370 (Tn) mutagenized derivatives v0072::Tn,
0405::Tn, and rv2958c::Tn, described previously (12). M. tuberculosis strains
from the Guilhot lab were H37Rv (parental strain), Arv2957, Arv2958¢, Arv2959c,
and Arv2962c, described previously (24, 25). Bacteria were cultured at 37°C in
Middlebrook 7H9 broth (Difco) containing 10% albumin-dextrose-saline, 0.5%
glycerol, and 0.05% Tween 80 or on Middlebook 7H10 agar (Difco) containing
10% oleic acid-albumin-dextrose-catalase (BD Biosciences) and 0.5% glycerol.
Cycloheximide was added at 10 pg ml™! to prevent fungal contamination, as
needed. Kanamycin (15 pg ml™"), hygromycin (50 pg ml™"), and sucrose (2%)
were added to the growth media, as needed. Frozen stocks were prepared by
growing liquid cultures in 7H9 broth to mid-log phase (optical density at 600 nm
[ODgg0] = 0.5) and freezing in aliquots at —80°C after the addition of glycerol
(15% [voljvol]).

Mouse infections. Male and female C57BL/6, NOS2/~, and IFN-y '~ mice,
5 to 8 weeks of age, were purchased from Jackson Laboratories and housed in
The Rockefeller University’s Laboratory Animal Research Center or the EPFL
Center of Phenogenomics under specific-pathogen-free conditions. Bacteria
were grown to mid-log phase (ODgg, = 0.5) in 7H9 broth, collected by centrif-
ugation (2,500 X g, 15 min), resuspended in phosphate-buffered saline containing
0.05% Tween 80 (PBST), and centrifuged at a low speed (150 X g, 5 min) to
remove clumps. The declumped supernatant was adjusted to an ODgq, of 0.1
(~10% CFU ml™') and further diluted 2-fold before being loaded into the
nebulizer. Mice were infected by the aerosol route with ~100 CFU using a
custom-built aerosol exposure chamber (Department of Mechanical Engineer-
ing, University of Wisconsin, Madison, WI) and an exposure time of 15 min, as
described previously (37). Infected mice were euthanized by CO, overdose.
Bacterial CFU were enumerated by plating serially diluted lung homogenates on
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TABLE 1. Oligonucleotide primers®
Name Sequence (5’ to 3")

..GCGAGGACCTGGTCGGTATC
GGCCTTGTTGAGGTTGGTC

ppsAF

GTCTTAATTAAGGAAACCCTGGGACTCGAC
TAGGCGCGCCGCCAAGTGAATTGCCACCAG
..CTGGAATTCTAAGAAGGAGATATACATATGAC
AAGTCTGGCGGAGC
CTGGTTAACTCGGGGATGCTCACAGGTC
..AAGCTTGAGGGCGGATGTGAT

AAATGCCGATATCCTATTGGC
..GTGGACCTCGACGACCTC

¢ Restriction enzyme sites are underlined. The strong ribosome-binding site in
primer ppsDF2 is indicated in italics.

7H10 agar and counting colonies after 3 to 4 weeks at 37°C. For survival exper-
iments, infected mice were monitored twice daily, and animals that showed signs
of illness (ruffled fur, immobility, hunched posture, labored breathing) were
euthanized by CO, overdose and scored as “died.” The animal protocols for
these studies were reviewed and approved by the Institutional Animal Care and
Use Committee (IACUC) of The Rockefeller University and by the chief vet-
erinarian of the Swiss Federal Institute of Technology Lausanne (EPFL), the
Service de la Consommation et des Affaires Vétérinaires of the Canton of Vaud,
and the Swiss Office Vétérinaire Fédéral.

p-HBAD-II glycosylation and PDIM production. p-HBAD-II biosynthesis by
wild-type and mutant strains of M. tuberculosis was analyzed by thin-layer chro-
matography (TLC) of extracted and purified glycolipids, as described previously
(25). PDIM biosynthesis was analyzed by growing bacteria to mid-log phase and
labeling 10 ml of culture for 24 to 48 h with 10 w.Ci of [1-'“C]-propionate (specific
activity of 54 Ci mol~1 [Amersham] or 55.9 Ci mol~! [Campro Scientific]).
Apolar lipids were extracted essentially as described previously (32). Labeled
cells were collected by centrifugation (2,500 X g, 10 min), resuspended in 5 ml of
10:1 (vol/vol) methanol/0.3% NaCl, and 5 ml of petroleum ether was added.
Samples were vortexed vigorously for 4 min and phase-separated by centrifuga-
tion (750 X g, 10 min). The upper layer was removed, and the extraction was
repeated with an additional 5 ml of petroleum ether. Remaining bacteria in the
combined petroleum ether fraction were killed by the addition of an equal
volume of chloroform. Extracts were reduced to ~10 ml by overnight evapora-
tion and spotted (25 to 30 pl) on a silica gel 60 F,5, TLC plate (5 by 10 cm;
Merck). TLC plates were developed in petroleum ether/diethyl ether (9:1 [vol/
vol]), air-dried, and visualized using a Typhoon PhosphorImager (Amersham
Biosciences).

Whole-genome resequencing. High-quality genomic DNA was prepared from
PDIM-positive and PDIM-negative isolates of H37Rv by the cetyltrimethylam-
monium bromide (CTAB)-lysozyme method (17). Genomic DNA fragment se-
quencing libraries were prepared using a genomic DNA sample prep kit (Illu-
mina) according to the manufacturer’s instructions, with 5 wg of purified
genomic DNA. Each genomic DNA fragment library was sequenced on one lane
of an Illumina genome analyzer IIx sequencing chip using a single-read cluster
generation kit v2 (Illumina) and a 36-cycle sequencing kit v2 (Illumina). Image
analysis and base calling were done using the Illumina Pipeline software package,
v1.32.

A total of 6.2 and 5.3 million reads 36 bases in length were obtained for the
PDIM-positive and PDIM-negative H37Rv clones, respectively. These sequence
reads were mapped to the reference M. tuberculosis H37Rv sequence using Maq
v0.7.1 via ungapped alignments allowing up to two mismatches per read. This
method mapped 95% and 89% of the PDIM-positive and PDIM-negative se-
quence reads, respectively, to the H37Rv genome. Maq was also used for SNP
calling and filtering out low-quality SNPs using the SNP filter designed for
single-end reads (18). SNPs identified in the ppsA4 and ppsD genes were further
confirmed by PCR and sequencing using the primer pairs ppsAF/ppsAR and
ppsDF/ppsDR (Table 1).

Plasmid construction. Oligonucleotide primers used for plasmid construc-
tion are listed in Table 1. For complementation of the ppsD(G44C) mutation,
the full-length ppsD gene was amplified from PDIM-positive H37Rv genomic
DNA using primers ppsDF2 and ppsDR2 that contain EcoRI and Hpal
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FIG. 2. Growth kinetics of M. tuberculosis strains H37Rv (wild type) and rv2958c::Tn in wild-type and immunodeficient mice. C57BL/6 (A),
NOS2™/~ (B), and IFN-y~/~ (C) mice were aerosol infected with M. tuberculosis strains H37Rv (squares) or rv2958¢::Tn (circles). These strains
were described previously (12). Groups of mice were sacrificed at the indicated time points, and bacterial CFU were enumerated by plating lung
homogenates on 7H10 agar and scoring colonies after 3 to 4 weeks of incubation at 37°C. Symbols represent means (n = 4 or 5 mice per group
per time point); error bars indicate standard errors. Asterisks indicate a statistically significant difference (P < 0.05) between the groups.

Representative results of two independent experiments are shown.

restriction sites, respectively. The ppsDF2 primer additionally harbors a
strong ribosome-binding site immediately upstream of the translational start
site of the ppsD gene. The resulting PCR products were cloned in pCR2.1-
TOPO (Invitrogen) and sequenced. Clones were identified that contained
wild-type ppsD sequence between a unique Ncol restriction site and the 3’
end of the ppsD gene and between a unique HindIII site and the unique Ncol
site. The first 979 bp of the ppsD gene 5’ to the unique HindIII site were
amplified by PCR from PDIM-positive H37Rv genomic DNA using primers
ppsDF2 and ppsDR4, cloned in pCR2.1-TOPO, and sequenced. The ppsD
5'-HindIII fragment was digested out of the pCR2.1 cloning vector with
EcoRI and HindIII and cloned downstream of the strong constitutive 2sp60
promoter in pMV361, a vector that integrates at the a#B site on the M.
tuberculosis chromosome and contains a Kan" marker for selection (33). The
resulting pMV361-ppsD 5’'-HindIII construct was digested with HindIII and
Hpal, and the HindIII-Ncol and Ncol-3’ fragments of the ppsD gene were
ligated together in the plasmid. The resulting full-length ppsD complemen-
tation construct, pAT223, was confirmed by sequencing.

For allelic exchange of the ppsD(G44C) point mutation, the wild-type ppsD
sequence approximately 450 bp up- and downstream of the point mutation
was amplified from PDIM-positive H37Rv genomic DNA using primers
ppsDF and ppsDR, which contain Pacl and Ascl restriction sites, respec-
tively. The resulting PCR product was digested with PacI and AscI and ligated
to Pacl/Ascl-digested pJG1100, a suicide vector that contains Kan" and Hyg"
markers for selection of recombinants and the sacB counterselectable marker
that confers sucrose sensitivity, to generate pAT221. The construct was con-
firmed by sequencing.

Strain construction. Oligonucleotide primers used in PCR confirmation of
strains are listed in Table 1. For complementation of the ppsD(G44C) point
mutation with pAT223, the plasmid was electroporated into the PDIM-negative
H37Rv ppsD(G44C) strain, and Kan® colonies were selected. The presence of
pAT223 was confirmed by PCR using primers MVinsF and ppsDR4. Reversion
of the ppsD(G44C) point mutation to the wild-type sequence was accomplished
by a two-step homologous recombination method. The pAT221 allelic exchange
vector was electroporated into the PDIM-negative H37Rv ppsD(G44C) strain,
and Kan" Hyg" colonies were selected. Isolates containing the pAT221 vector
integrated at the ppsD gene were identified by PCR with the primer pairs
ppsDF4/pJGR and pJGF/ppsDR4. These isolates were grown in 7H9 medium
without antibiotic selection to mid-log phase and plated on 7H10 agar containing
2% sucrose to select isolates that had undergone a second recombination. Ex-
cision of the plasmid in sucrose-resistant isolates was confirmed by PCR using
primers ppsDF4/ppsDR4, and the resulting PCR product was sequenced to
determine whether the wild-type ppsD sequence or the ppsD(G44C) mutant
sequence was present.

Statistics. Student’s unpaired ¢ test (one-tailed) was used to assess statistical
significance of pairwise comparisons between groups of mice infected with
PDIM-positive or PDIM-negative bacteria. The Mantel-Cox log-rank test was
used for comparison of Kaplan-Meier plots of mouse survival. P values were
calculated using GraphPad Prism 4.0 software (GraphPad Software, Inc.). P
values of <0.05 were considered significant.

RESULTS

A strain of M. tuberculosis with a Tn insertion in the rv2958¢c
gene is attenuated in wild-type, NOS2~/~, and IFN-y~'~ mice.
Previously, we reported the results of a pilot signature-tagged
mutagenesis screen to identify M. tuberculosis genes involved in
countering the impact of IFN-y-dependent immune mecha-
nisms other than NOS2 (12). This was accomplished by parallel
screening of Tn-induced mutants in intravenously infected
gene knockout mice to identify mutants that were attenuated
for growth and virulence in NOS2™/~ mice but unimpaired for
growth and virulence in IFN-y~/~ mice. One of the mutants
identified in this screen contained a Tn insertion in the rv2958¢
gene, encoding a putative rhamnosyl transferase involved in
biosynthesis of p-HBAD-II (25). To confirm the phenotypes
observed in the screen, we infected mice by the aerosol route
with the H37Rv parental strain or with the 72958c¢::Tn mutant
derived from it. Consistent with the results of the screen,
growth of the 2958c::Tn mutant was attenuated in C57BL/6
(wild-type) mice (Fig. 2A) and in NOS2™/~ mice (Fig. 2B). In
contrast to our previous results, however, we found that growth
of the w2958c::Tn mutant was also somewhat attenuated in
IFN-y~/~ mice (Fig. 2C). We do not know the reason for this
discrepancy. A possible explanation is that screening and re-
testing of mutants in our previous report were done in mice
infected by the intravenous route (12), whereas the experi-
ments reported here were done in mice infected by the respi-
ratory route, which is the natural route of infection.

Role of p-HBAD-II in M. tuberculosis growth in C57BL/6 and
NOS2™/~ mice. Concurrent with our report describing the
results of our pilot screen to identify M. tuberculosis “counter-
immune” (cim) mutants (12), another group reported the con-
struction of deletion mutations in the M. tuberculosis rv2962c,
2958¢, and rv2957 genes and the roles of the putative glycosyl
transferases encoded by these genes in the biosynthesis of
p-HBAD-II (Fig. 1) (25). In a separate report, the same group
also described the construction of a deletion mutation in the
rv2959c gene, encoding a methyltransferase responsible for
O-methylation of the first rhamnosyl residue linked to the
p-hydroxybenzoic acid moiety of p-HBAD-II (Fig. 1) (24). In
order to elucidate the contributions of these genes to M. fu-
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FIG. 3. p-HBAD-II biosynthesis is not required for M. tuberculosis
growth and survival in wild-type or immunodeficient mice. C57BL/6 (A,
C, E, and G) and NOS2™/~ (B, D, F, and H) mice were aerosol infected
with M. tuberculosis strains H37Rv (A to H, squares), Arv2962c (A and B,
triangles), Arv2958¢ (C and D, circles), Arv2958c (E and F, diamonds), or
Anv2959c (G and H, crosses). These strains were described previously (24,
25). Groups of mice were sacrificed at the indicated time points, and
bacterial CFU were enumerated by plating lung homogenates on 7H10
agar and scoring colonies after 3 to 4 weeks of incubation at 37°C. Symbols
represent means (n = 4 or 5 mice per group per time point); error bars
indicate standard errors. This experiment was performed once.

berculosis virulence and counterimmunity, our groups jointly
investigated the growth kinetics and virulence of the Arv2962¢
(Fig. 3A and B), Arv2958¢ (Fig. 3C and D), Arv2957 (Fig. 3E
and F), and Arv2959¢ (Fig. 3G and H) mutants in aerosol-
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infected mice. We found that none of these mutants was at-
tenuated for growth and persistence in aerosol-infected
C57BL/6 (Fig. 3A, C, E, and G) or NOS2~/~ (Fig. 3B, D, F,
and H) mice. These results were in sharp contrast to the phe-
notype of the v2958¢::Tn mutant isolated in our screen, which
was markedly attenuated in both C57BL/6 and NOS2 ™/~ mice
(Fig. 2) (12).

Loss of PDIM production in the M. tuberculosis rv2958c::Tn
strain. Analysis of bacterial cell wall lipid fractions by thin-
layer chromatography revealed that the m2958c::Tn mutant
(12) was deficient in PDIM production (Fig. 4A, lane 3), com-
pared to the H37Rv parental strain (Fig. 4A, lane 2). Loss of
Rv2958c function per se was not responsible for loss of PDIM,
because we found that the Arv2958¢ mutant (25) produced
wild-type levels of PDIM (not shown). Two additional mutants
identified in our counterimmune screen (12), containing Tn
insertions in the 0072 (Fig. 4B, lane 4) and 0405 (Fig. 4B,
lane 5) genes, were also found to be PDIM deficient. We
speculated that loss of PDIM production might have occurred
during the isolation of the r2958c::Tn, n0072::Tn, and
rv0405::Tn mutants, which involves clonal selection and expan-
sion of bacteria arising from a single transposition event. We
therefore derived eight independent cell lines from our paren-
tal H37Rv frozen stock, which had been used to generate the
Tn-induced mutants that were screened in mice (12), by plating
for single colonies on nonselective media and analyzing the
clonal cell lines derived from randomly selected individual
colonies for PDIM production. Of the eight clonal cell lines
that we analyzed, four were PDIM deficient (not shown), sug-
gesting that our parental H37Rv stock (Fig. 4A, lane 2; Fig. 4B,
lane 1) comprised a mixture of PDIM-positive and PDIM-
negative variants.

Consistent with this interpretation, we found that PDIM
production was dramatically reduced in the McKinney lab’s
parental H37Rv strain (Fig. 4A, lane 2) compared to that in the
Guilhot lab’s H37Rv strain (Fig. 4A, lane 1). We also found
that PDIM production by the McKinney lab’s parental H37Rv
strain was undetectable after only four rounds of in vitro sub-
culture from frozen stocks (Fig. 4B, lane 2). These observa-
tions suggest that spontaneously arising PDIM deficiency
might confer a growth advantage in vitro, thus promoting re-
placement of the parental PDIM-positive strain with PDIM-
negative variants during in vitro passage. To test this idea, we
compared the in vitro growth kinetics of independently derived
PDIM-positive and PDIM-negative H37Rv clones (see above)
and found that the PDIM-negative bacteria had a significant
and reproducible growth advantage over the PDIM-positive
bacteria (Fig. 4C). We found that the in vitro growth advantage
of PDIM-negative variants was particularly pronounced during
the early outgrowth of cultures inoculated from frozen stocks
(data not shown), which might reflect differential recovery of
PDIM-positive and PDIM-negative strains from the stress
caused by freezing/thawing.

Growth Kkinetics of PDIM-negative H37Rv, rv2958c::Tn,
rv0072::Tn, and rv0405::Tn strains in C57BL/6, NOS2~/~, and
IFN-y ™'~ mice. Previously, we reported that M. tuberculosis
rv0072::Tn, rv0405::Tn, and rv2958c::Tn mutants were severely
attenuated for growth and virulence in intravenously infected
NOS2~/~ mice but were only slightly attenuated in IFN-y /'~
mice (12). Our subsequent discovery that these strains were
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FIG. 4. PDIM deficiency confers an in vitro growth advantage in M. tuberculosis H37Rv. (A and B) Thin-layer chromatographic analysis of
PDIM biosynthesis. Bacteria were labeled with [**C]propionate, which preferentially labels PDIM (6), and cell wall lipids were extracted and
separated by thin-layer chromatography. (A) M. tuberculosis strains. H37Rv, Guilhot lab (25) (lane 1); H37Rv, McKinney lab (12) (lane 2);
2958¢::Tn (12) (lane 3). (B) M. tuberculosis strains, McKinney lab (12). H37Rv (lane 1), H37Rv after subculture (lane 2), v2958c::Tn (lane 3),
n0072::Tn (lane 4), rv0405::Tn (lane 5). (C) Independently derived subclones of PDIM-positive H37Rv (squares) and PDIM-negative H37Rv
(circles) were grown in 7H9 broth with aeration at 37°C. Growth of the cultures was monitored by withdrawing aliquots and measuring the ODy,
at the indicated time points (plotted on the primary y axis). The (PDIM-positive ODy,)/(PDIM-negative ODy,) ratios at each time point are
plotted on the secondary y axis (diamonds). Results are representative of three independent experiments.

PDIM deficient (Fig. 4A), presumably due to selection of pre-
existing PDIM-negative variants in our parental H37Rv stock
during Tn mutagenesis, suggested that the attenuation of these
mutants in mice might be due, at least in part, to their PDIM
deficiency. To test this idea, we compared the growth kinetics
of these mutants with a PDIM-negative H37Rv clone in aero-
sol-infected mice (Fig. 5). We found that the n0072::Tn (Fig.
5A to C), w0405::Tn (Fig. 5D to F), and rv2958¢::Tn (Fig. 5G
to I) mutants grew with kinetics similar to those of the PDIM-
negative H37Rv clone in C57BL/6 (Fig. 5A, D, and G),
NOS2~/~ (Fig. 5B, E, and H), and IFN-y/~ (Fig. 5C, F, and
I) mice. These observations suggest that the in vivo phenotypes
we reported previously for these mutants (12) were probably
due to the spontaneous loss of PDIM production in these
strains, rather than disruption of the r2958c¢, 0072, or rv0405
genes per se.

Growth kinetics of PDIM-positive and PDIM-negative
clones of H37Rv in C57BL/6, NOS2™/'~, and IFN-y~/~ mice.
To further test the idea that PDIM deficiency might contribute
to the in vivo attenuation of our rv2958c::Tn, rv0072::Tn, and
r0405::Tn mutants, we compared the growth kinetics of
PDIM-positive and PDIM-negative clones of H37Rv in aero-
sol-infected mice. We found that, compared to the PDIM-
positive H37Rv clone, the PDIM-negative H37Rv clone was
markedly attenuated for growth in CS57BL/6 (Fig. 6A),
NOS2~/~ (Fig. 6B), and IFN-y /" (Fig. 6C) mice. Virulence of
the PDIM-negative H37Rv clone, measured in terms of sur-
vival time of infected mice, was also attenuated in NOS2 ™/~
mice (P = 0.0005) and, to a lesser extent, in IFN-y~/~ mice
(P = 0.002) (Fig. 6D). Median survival time (MST) of
NOS2™/~ mice was >200 days after infection with PDIM-
negative H37Rv, compared to 64 days postinfection for
NOS2~/~ mice infected with PDIM-positive H37Rv (Fig. 6D).
The MST of IFN-y /~ mice was also longer for mice infected
with PDIM-negative H37Rv (MST, 82 days) compared to mice

infected with PDIM-positive H37Rv (MST, 59 days) (Fig. 6D).
These data strongly suggest that the in vivo attenuation of the
“counterimmune” mutants described in our previous report
(12) can be attributed to the fortuitous loss of PDIM produc-
tion in these strains.

Whole-genome resequencing of PDIM-negative H37Rv iden-
tifies a point mutation, ppsD(G44C), responsible for PDIM
deficiency. Since our results demonstrated a correlation be-
tween spontaneous loss of the ability to produce PDIM and
attenuation in the mouse model of infection, we sought to
identify the mutation responsible for PDIM deficiency in a
PDIM-negative clone. Analysis of the PDIM biosynthesis locus
(Fig. 1) by Southern blotting did not identify any major inser-
tions or genetic rearrangements (data not shown), suggesting
that a point mutation might be the cause of PDIM deficiency.
To identify putative point mutations that could contribute to
PDIM deficiency, we performed whole-genome resequencing
of PDIM-positive and PDIM-negative H37Rv clones using an
Illumina genome analyzer platform. In comparison to the
H37Rv reference sequence, our PDIM-positive H37Rv clone
had 161 putative SNPs and 15 putative small sequence inser-
tions or deletions (indels). The PDIM-negative H37Rv clone
had 151 putative SNPs and 15 putative indels. These sequence
alterations included 72 polymorphisms (57 SNPs and 15 indels)
that were recently identified by whole-genome resequencing of
six H37Rv isolates and that are likely to be errors within the
H37Rv reference sequence (14). Analysis of the remaining
sequence polymorphisms, excluding those in the highly repet-
itive GC-rich PE_PGRS coding regions, revealed 22 putative
SNPs unique to the PDIM-negative H37Rv clone.

Among the SNPs present only in the PDIM-negative H37Rv
isolate were two mutations in genes required for PDIM bio-
synthesis: a putative A to C at position 2544 in the pps4 gene
and a G to T at position 130 in the ppsD gene. Only the G to
T in the ppsD gene was predicted to be nonsynonymous, gen-
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FIG. 5. Growth kinetics of PDIM-negative H37Rv and M. tuberculosis rv0072::Tn, rv0405::Tn, and r2958c::Tn mutants in wild-type and
immunodeficient mice. C57BL/6 (A, D, and G), NOS2™/~ (B, E, and H), and IFN-y '~ (C, F, and I) mice were aerosol infected with M. tuberculosis
H37Rv PDIM-negative variant (A to I, squares), n0072::Tn (A to C, triangles), 0405::Tn (D to F, diamonds), or rv2958c::Tn (G to I, circles).
The PDIM-negative variant of H37Rv is described herein; the Tn mutant strains were described previously (12). Groups of mice were sacrificed
at the indicated time points, and bacterial CFU were enumerated by plating lung homogenates on 7H10 agar and scoring colonies after 3 to 4 weeks
of incubation at 37°C. Symbols represent means (n = 4 or 5 mice per group per time point); error bars indicate standard errors. This experiment

was performed once.

erating a glycine-to-cysteine transition at position 44 in the
PpsD protein. PpsD is a modular polyketide synthase, and the
G44C point mutation identified in our PDIM-negative clone is
located within the putative B-ketoacyl acyl carrier protein syn-
thase enzymatic domain (34). We reasoned that the G44C
mutation might interfere with the activity of PpsD, since an
additional cysteine residue could cause formation of aberrant
disulfide bonds, thereby preventing proper protein folding or
interfering with the function of the active site cysteine residue.
We confirmed that the ppsD(G44C) point mutation was
unique to the PDIM-negative clone by PCR and sequencing.
We were not able to confirm the point mutation in the ppsA4
gene by sequencing of a PCR product, suggesting that there
are likely to be some false positives among the SNPs identified
by whole-genome resequencing.

We attempted to restore PDIM production to the PDIM-
negative H37Rv ppsD(G44C) mutant using two approaches.
We complemented the ppsD(G44C) mutation in trans by pro-

viding a wild-type copy of the ppsD gene under the control of
a strong constitutive promoter on the vector pMV361, which
integrates in the M. tuberculosis chromosome at the unique
attB site. We also reverted the ppsD(G44C) mutation in the
PDIM-negative clone to the wild-type ppsD sequence by a
two-step homologous recombination method. Both strains
were tested for the ability to produce PDIM in vitro by thin-
layer chromatography of extractable cell wall lipids. Produc-
tion of PDIM was restored by either complementation or re-
version (ppsD rev) of the ppsD(G44C) point mutation (Fig.
7A), confirming that this spontaneous mutation is responsible
for the deficiency in PDIM production of our PDIM-negative
H37Rv clone.

The ppsD(G44C) point mutation enhances growth of H37Rv
in vitro. Since the ppsD(G44C) spontaneous point mutation
was responsible for PDIM deficiency, we sought to establish
whether the in vitro and in vivo growth characteristics of our
PDIM-negative H37Rv clone could also be attributed to this
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FIG. 6. Growth kinetics of PDIM-positive and PDIM-negative sub-
clones of M. tuberculosis H37Rv in wild-type and immunodeficient
mice. (A to C) C57BL/6 (A), NOS2™/~ (B), and IFN-y~/~ (C) mice
were aerosol-infected with PDIM-positive (filled squares) or PDIM-
negative (open squares) subclones of M. tuberculosis H37Rv. Groups
of mice were sacrificed at the indicated time points, and bacterial CFU
were enumerated by plating lung homogenates on 7H10 agar and
scoring colonies after 3 to 4 weeks of incubation at 37°C. Symbols
represent means (n = 4 or 5 mice per group per time point); error bars
indicate standard errors. Asterisks indicate statistically significant dif-
ferences (P < 0.05) between the groups. (D) Survival of NOS2™/~
(circles) and IFN-y /= (squares) mice (n = 5 or 6 per group) after
aerosol infection with PDIM-positive (filled symbols) or PDIM-nega-
tive (open symbols) subclones of M. tuberculosis H37Rv. This experi-
ment was performed once.

point mutation. We compared the in vitro growth kinetics
of the PDIM-positive ppsD+ clone, the PDIM-negative
ppsD(G44C) mutant, the ppsD(G44C) pMV-ppsD comple-
mented mutant, and the strain in which the ppsD gene was
reverted to the wild-type sequence (ppsD rev) in standard
liquid culture conditions. The PDIM-negative ppsD(G44C)
mutant consistently grew at a higher rate and to a higher cell
density in liquid culture than the PDIM-positive ppsD+ clone
(Fig. 7B). Either complementation or reversion of the
ppsD(G44C) point mutation restored growth to a rate similar
to the PDIM-positive ppsD+ clone (Fig. 7B). These data dem-
onstrate that the ppsD(G44C) point mutation is responsible for
the enhanced in vitro growth rate of the PDIM-negative
H37Rv clone.

The ppsD(G44C) point mutation attenuates replication and
virulence of H37Rv in mice. Next, we tested whether the spon-
taneous ppsD(G44C) mutation was also responsible for atten-
uation of the PDIM-negative H37Rv clone in the mouse model
of infection. For these experiments, we focused on the strain in
which ppsD was reverted to the wild-type sequence (ppsD rev),
because the complemented strain exhibited a moderately re-
duced in vitro growth rate (Fig. 7B). The PDIM-positive
ppsD+, PDIM-negative ppsD(G44C), and ppsD rev strains
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FIG. 7. The ppsD(G44C) point mutation is responsible for PDIM
deficiency and the in vitro growth advantage of the H37Rv PDIM-
negative subclone. (A) Thin-layer chromatographic analysis of PDIM
biosynthesis. Bacteria were labeled with ['*C]propionate, which is pref-
erentially incorporated into PDIM (6), and cell wall lipids were ex-
tracted and separated by thin-layer chromatography. M. tuberculosis
H37Rv strains: ppsD+ (lane 1), ppsD(G44C) (lane 2), ppsD rev (lane
3), ppsD(G44C) pMV361-ppsD (lane 4). Results are representative of
two independent experiments. (B) Bacteria were grown in 7H9 broth
with aeration at 37°C. Growth was monitored by withdrawing aliquots
and measuring the ODyy, at the indicated time points. M. tuberculosis
H37Rv strains: ppsD+ (filled squares), ppsD(G44C) (filled circles),
ppsD rev (open circles), ppsD(G44C) pMV361-ppsD (open triangles).
Results are representative of three independent experiments.

were introduced into the lungs of C57BL/6, NOS2™/~, and
IFN-y~/~ mice by the aerosol route, and replication of the
bacteria in the lungs and survival of the mice were monitored.
Consistent with previous experiments, the PDIM-negative
ppsD(G44C) mutant was attenuated for growth in the lungs of
C57BL/6 (Fig. 8A) and NOS2 ™/~ (Fig. 8B) mice. Virulence of
the PDIM-negative ppsD(G44C) mutant, measured by survival
time of infected mice, was likewise modestly attenuated in
IFN-y~/~ mice (Fig. 8C) (P = 0.0018) and dramatically atten-
uated in NOS2~/~ mice (Fig. 8D) (P = 0.0025). Reversion of
the ppsD(G44C) spontaneous point mutation to the wild-type
ppsD sequence reversed each of these phenotypes. The ppsD
rev strain replicated in the lungs of C57BL/6 (Fig. 8A) and
NOS2~/~ (Fig. 8B) mice with kinetics identical to those of the
PDIM-positive ppsD + clone. In addition, reversion to the wild-
type ppsD sequence restored virulence in IFN-y~/~ (Fig. 8C)
and NOS2~/~ (Fig. 8D) mice. Survival times of IFN-y~/~ and
NOS2™/~ mice infected with PDIM-positive ppsD-+ H37Rv or
the ppsD rev strain were not significantly different (for IFN-
v/~ mice, P = 0.159; for NOS2™/~ mice, P = 0.398). These
data confirm that a spontaneous point mutation, ppsD(G44C),
was responsible for both loss of PDIM production and atten-
uation of the PDIM-negative H37Rv clone in mice.

DISCUSSION

Long-term persistence in the face of innate and adaptive
immune responses is a hallmark of tuberculosis, yet little is
known about the “counterimmune” mechanisms that promote
the persistence of M. tuberculosis in immunocompetent hosts.
We previously identified the glycosyltransferase encoded by
the n2958¢ gene as a putative factor required to counter the
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FIG. 8. Reversion of the ppsD(G44C) point mutation restores wild-
type levels of growth and virulence in mice. (A to D) Mice were aerosol
infected with ppsD+ (filled squares), ppsD(G44C) (filled circles), or
ppsD rev (open circles) strains of M. tuberculosis H37Rv. (A and B)
Bacterial growth in the lungs of C57BL/6 (A) and NOS2~/~ (B) mice.
Groups of mice were sacrificed at the indicated time points, and bac-
terial CFU were enumerated by plating lung homogenates on 7H10
and scoring colonies after 3 to 4 weeks of incubation at 37°C. Symbols
represent means (n = 4 mice per group); error bars indicate standard
errors. Asterisks indicate statistically significant differences (P < 0.05)
in comparisons of ppsD(G44C) versus ppsD+ and ppsD(G44C) versus
ppsD rev strains. This experiment was performed once. (C and D)
Survival of IFN-y~/~ (C) and iNOS™/~ (D) mice (n = 5 mice per
group). This experiment was performed once.

impact of IFN-y-dependent immune mechanisms other than
NOS2 (12). Here, we tested mutants harboring targeted dele-
tions of genes that are required for biosynthesis of secreted
p-HBAD, including the rv2958c gene, for their ability to rep-
licate in the lungs of mice. Although none of the Arv2957,
Arv2958¢c, Arv2959c, or Arv2962¢ mutants were attenuated for
growth, it remains possible that secreted p-HBADs play a role
in virulence modulation that is not reflected in the bacterial
growth kinetics, as shown previously for PGL (26).

We attribute the discrepancy between the phenotypes of the
2958c::Tn and Arv2958c mutants in the mouse infection
model to the spontaneous loss of PDIM production in our
H37Rv parental strain and the r2958c::Tn mutant derived
from it. Our observations demonstrate a role for PDIM in
countering the impact of an IFN-y-dependent, NOS2-indepen-
dent immune mechanism, in addition to the previously postu-
lated role for PDIM in protecting the bacteria from the cidal
activity of RNS (28). Consistent with this idea, we found that
the survival time of IFN-y~/~ and NOS2™/~ mice was not
significantly different (P = 0.07) after infection with the PDIM-
positive H37Rv clone. In contrast, following infection with the
PDIM-negative H37Rv clone, NOS2 ™/~ mice survived signif-
icantly longer than IFN-y '~ mice (P < 0.001). Our results are
also consistent with the results of a recent screen for mutants
that specifically alter growth of M. tuberculosis in NOS2™/~
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mice, which identified two independent mutations in the drr4
gene encoding a putative PDIM transporter (22). The immune
mechanism responsible for this IFN-y-dependent, NOS2-inde-
pendent attenuation and the countermechanism by which
PDIM confers protection are currently unknown.

We demonstrated that a point mutation, ppsD(G44C), in a
PDIM-negative clone derived from our H37Rv parental strain
was responsible for both a defect in PDIM production and
attenuation in mice. To our knowledge, this is the first direct
evidence that PpsD is required for PDIM biosynthesis and
virulence. We consistently observed a low level of res-
idual PDIM production by the ppsD(G44C) mutant. The
ppsD(G44C) mutant was a clonal isolate from a single colony,
suggesting that weak PDIM production is a property of this
strain. It is possible that reversion of the G44C point mutation
or compensatory mutations elsewhere in ppsD that restore
PDIM synthesis occur spontaneously at some low frequency. It
is unlikely that such strains would become a significant fraction
of the population, however, since the ppsD(G44C) mutant
grows at a higher rate. We therefore favor the possibility that
the PpsDG44C mutant protein retains some residual activity
that enables weak PDIM production. The low level of PDIM
produced by the ppsD(G44C) mutant is apparently not suffi-
cient, however, to support normal replication in the lungs of
mice.

A correlation was previously observed between PDIM defi-
ciency and a growth advantage in liquid culture (7). Similarly,
our PDIM-negative ppsD(G44C) mutant had an enhanced in
vitro growth rate and grew to a higher cell density than PDIM-
positive clones. The in vitro growth advantage of such sponta-
neous PDIM-negative variants could explain why they are able
to supplant the parental strain during repeated cycles of
growth in vitro, for example, during mutant strain construction.
Indeed PDIM-negative variants were isolated with significantly
higher frequency in a culture that was serially passaged than in
a nonpassaged control (7). It has also been suggested that
spontaneous PDIM deficient variants might be selected by
genetic manipulations involving electroporation or bacterio-
phage infections (11, 26). Since our results indicate that these
spontaneous PDIM-deficient variants are attenuated for viru-
lence, care should be taken to minimize the number of pas-
sages during genetic manipulation of M. tuberculosis and to
ensure that strains used in animal infection studies are PDIM
proficient.

Spontaneously arising PDIM-deficient variants have been
described previously (1, 7, 8, 11, 15, 19-21) and are probably
more common than has been reported or realized. Although
spontaneous PDIM deficiency has most frequently been asso-
ciated with the H37Rv strain, it has also recently been de-
scribed for the M. tuberculosis Erdman strain and the clinical
isolate HN878 (7, 20). Many of the attenuated M. tuberculosis
mutants described in the scientific literature have not been
complemented, and in other cases, complementation restored
virulence only partially. Some of these mutants might have
acquired unrecognized secondary mutations causing PDIM de-
ficiency, which could be a factor contributing to their attenu-
ation. Moreover, a number of genes have been implicated in
PDIM synthesis, based on the PDIM-negative phenotypes of
the corresponding mutants, in the absence of confirmatory
complementation (for example, see references 13, 27, 28, 30,
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31, and 36). Some of these mutant strains might contain un-
recognized secondary mutations that are the true cause of their
PDIM deficiency. This phenomenon might also explain the
observation that Mycobacterium leprae produces PDIM despite
lacking functional copies of certain polyketide biosynthesis
genes that were reported to be essential for PDIM production
in M. tuberculosis (discussed in reference 36).

Construction and characterization of random or targeted
gene-disrupted mutants is a powerful technique to assign bio-
logical functions to biochemical pathways in mycobacteria.
However, our findings underscore the idea that any functional
assignment must be tentative in the absence of complementa-
tion analysis, even in cases where the mutation is not polar on
the expression of neighboring genes.
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