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Expanded Discussion of H37Ra-specific Variants

Background on Genes

Supplementary Table [I] shows the breakdown of the genes affected by reported
“H37Ra-specific’ variants (Table 1) by their confirmation status and Tuber-
cuList functional categories [1]. Of the 18 genes adjusted or supported, 7
functional categories are represented. PE_ PPE (6 genes) and intermediary
metabolism (3 genes) comprise half of these genes. This updated polymor-
phism distribution reduces the set of genomic factors potentially causal to the
phenotype of H37Ra, but does not preclude the possibility of multiple distinct
processes contributing.

Below, the published information on each of the genes with variants reported
as unique to H37RaJH with respect to H37Ra are reviewed in the context of
our updated assembly. They are subdivided by TubercuList functional category.
Several of the variants in H37RaJH with respect to H37Rv supported by our
assembly (Table 1c, Supplementary Table , particularly hypothetical genes,
are not well-studied. These genes, though they should not be excluded from
consideration for conferring the attenuated virulence phenotype to H37Ra, are

not discussed at length in the following subsections.

Regulatory and information pathways

Of the four genes of the regulatory and information pathways classification, our

assembly contradicts the polymorphism upstream of sigC, while it corroborates
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those in mazG and phoP. We determined that including the variant in nrdH in
the set of HC genes by Zheng and colleagues was a mistake, as it is also present

in CDC1551.

s1gC

Interestingly, the transversion 51bp upstream of sigC, contradicted by our as-
sembly, has been cited as the cause of the differential expression of SigC in the
E phase and in macrophages relative to H37Rv [2,3], but it appears there in-
stead must be a distal causative factor [4]. The decreased expression of SigC in
macrophage is interesting nonetheless, as its expression is necessary for inducing
murine death [5]. Levels of sigC mRNA decrease dramatically in response to
stress [6], which suggests that increased stress in the macrophage environment

in H37Ra may underlie the observed decreased SigC expression in macrophage.

Further background on phoP

Chesne-Seck and colleagues uncovered part of the mechanism through which
this phoP polymorphism may affect the phenotype of H37Ra. They showed
that complementation of H37Ra with phoP from H37Rv restored synthesis and
production of both sulfolipids (SL) and the acyltrehaloses (ATHLSs), but not ph-
thiocerol dimycocerosates (PDIMs), all of which are lacking in H37Ra relative to
H37Rv. This suggests that the mutation upstream of phoP leads to diminished
SL and ATHL activity in H37Ra but does not account for the altered activity of
PDIMs. Chesne-Seck et al. used a pks2-3/4 (polyketide synthetase, a necessary
precursor of SLs and ATHLs) knock-out H37Rv mutant to assess the effects
of the absence of SLs and ATHLSs on the virulence of M. tuberculosis in mice.
The knockout mutants did not exhibit attenuated virulence, which implicates
that other mechanisms underlie the effect of phoP on virulence attenuation of

H37Ra [7]-



48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

In a study contrasting expression levels between H37Rv and H37Ra grown
in mouse macrophage and nutrient broth, PhoP was expressed at higher levels
in H37Ra [§]. Of the 50 genes exhibiting differential expression between the two
media, 12 were under the regulon of phoP. Most interestingly, ppe18—one of
the 29 contradicted genes, and under the regulon of pho P—was underexpressed
in H37Ra relative to H37Rv. A potential explanation for this is that PhoP may
have not been able to bind to the promoter of ppe18 due to the SNP-induced aa
substitution in the DNA-binding domain of PhoP, which could cause reduced
PPE18 expression [7].

The polymorphism in the DNA-binding domain of phoP perturbs its au-
toregulation, altering its expression levels in H37Ra [9}/10]. Though evidence
for which direction (positive vs. negative) this point mutation steers the feed-
back loop in H37Ra is equivocal [9,10], influence in either direction would have
downstream effects on all genes under the regulon of phoP. Thus, this mutation
could affect expression of its regulon both as a result of the change in PhoP’s
DNA-binding affinity as well as the resulting change in its concentration due to
autoregulation.

A recent study by Solans and colleagues [11] provides greater insight into
the regulatory role of phoP by using ChIP-seq and RNAseq to characterize its
regulon. They found that about 2% of the Mtb genome is regulated by phoP.
Thirty genes were bound by phoP directly, while an additional 110 had altered
expression levels, presumably due to amplification in the signal strength of reg-
ulatory cascades initiated by genes under the regulon of phoP, such as espR,
whiB1, whiB3, and whiB6. Interestingly, lpdA—found to have a quintuplication
of a 58-bp region of its promoter in H37Ra (current study), and differentially
expressed in H37Ra relative to H37Rv |4|—appears to be regulated by phoP,

but not through the known binding motif of phoP. The authors propose that an-



74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

20

91

92

93

94

95

926

97

98

other protein may be mediating the interaction between PhoP and the promoter
of IpdA. Also of great interest is their finding that PhoP-mediated transcription
of Mcr7, a small nc-RNA, appears to inhibit translation of TatC through oc-
clusion of its ribosomal binding site. Comparing phoP mutants to wild-type,
the authors found many putative TAT-secreted substrates to be secreted at sig-
nificantly higher levels in the phoP-mutants. TAT-dependent substrates have
been shown to influence immunogenicity. Through RT-qPCR, the authors con-
firmed that Mcr7 is secreted at lower levels in H37Ra. Considering its effect
on secretion of TAT-mediated substrates implicated in immunogenicity, it ap-
pears that immunogenic proteins may be excreted at higher levels in H37Ra
due to the polymorphism in the DNA-binding site of phoP. The levels of ESX-
1 proteins under the regulon of phoP were unaffected by the differing levels of
Mecr7, implying that the two mechanisms of phoP-mediated phenoptypic change
are distinct: lack of ESX-1 protein expression leads to diminished synthesis of
SL and ATHL, while the reduced expression of Mcr7 may reduce the post-
transcriptional repression of Tat proteins, potentially affecting secretion rates

of substrates involved in immunogenicity.

ftsH

Our assembly contradicts the transversion and deletion reported upstream of
ftsH, but this does not alter the picture of what contributes to virulence signif-
icantly as it has not, to our knowledge, been implicated in the literature as a

virulence factor of any sort.

Cell wall and processes

Our assembly modifies the variant profile of Rv0039c¢, a possible conserved trans-

membrane protein, and Rv0037¢c, a probable conserved membrane protein. Nei-
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ther Rv0037c or Rv0039c have been implicated as causal to the unique pheno-

types of H37Ra, so we cannot speculate further on their involvement.

espK

In H37Ra, espK has a SNP that results in an M228I amino acid change, the
effect of which may be worth examining. Though espK has been characterized
as an ESX-1 secretion associated protein, it has not been implicated in the

attenuated virulence of H37Ra to our knowledge.

Intermediary metabolism

In the intermediary metabolism functional category, our assembly contradicts
polymorphisms in two genes, modifies the variant profile of one gene, and sup-

ports all polymorphisms in four genes.

hadC

The recent work by Slama and colleagues is highly important, as it brings the
truncating frameshift 1-bp insertion of H37Rv into view as one of the largest
contributors to attenuation of virulence in H37Ra compared to H37Rv. It is
especially interesting to note that hadC was, until quite recently, considered a
conserved hypothetical gene [12]|. This illustrates the importance of experimen-

tally addressing genes with unknown functions.

lpdA

This repeat region is an experimentally confirmed promoter region of IpdA. The
additional repeats may alter the affinity with which SigF—a known regulator
of LpdA |13[—binds to the promoter of IpdA, which modulates the expression

of LpdA. IpdA was also found to be under the regulon of phoP, though through
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a regulatory mechanism other than direct binding to the motif for which the
polymorphism in phoP affects the binding affinity |[11]. However, the mutation
in phoP could still influence LpdA transcription through altered levels of PhoP,
due to autoregulatory effects. Though it is unclear whether the differing copy
numbers between our assembly and that of H37RV, H37RaJH, and the other
H37Rv assemblies were sequencing/assembly errors, or true variation, it is clear
that the copy number of this tandem repeat does not underlie the attenuated
virulence of H37Ra. The observed differential expression of IpdA may be due to
altered regulation by PhoP, and may contribute to virulence attenuation—but
not due to copy number variation of the 58bp tandem repeat in the promoter

of IpdA.

tlvD

The contradicted nsSNP in ilvD eliminates the only variant directly implicated
in amino acid biosynthetic pathways, which suggests that disruption of these

pathways does not contribute significantly to the phenotype of H37Ra.

nadD

While the polymorphism in nadD was also corroborated and falls in this func-
tional category, it was included erroneously in the HC gene set (Table 1d, Sup-
plementary Table . We conclude this because when reproducing Zheng’s re-
sults, we found that this polymorphism was also present in CDC1551, violating

the requirements for the HC gene set [4].

pleD

Our assembly confirms the 8kb deletion in H37Rv relative to H37Ra reported in
H37RaJH, which changes the point of disruption of plcD from after the 696th bp

in H37Rv to after the 476th bp in H37Ra. plcD is a known hotspot for IS6110
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insertion [14] and strains of H37Rv from other laboratories possess IS6110 in
multiple loci in pleD [15]. Therefore, it is unlikely that this difference in plcD

disruption contributes to phenotypic differences in H37Ra.

pabB

We could find no known mechanism of the corroborated promoter-region transver-
sion 66bp upstream of pabB, which encodes a precursor to folate biosynthesis,
contributing to virulence. However, it is worth noting that H37Ra comple-
mented with pabB from H37Rv created significantly larger granulomas in skin
lesions of infected rabbits compared to wild-type H37Ra, and that mutations
in pabB have been shown to attenuate virulence in the bacterium Burkholde-
ria pseudomallei, which suggests pabB may play a role in virulence yet to be

characterized [4}16].

Lipid Metabolism
pks12

Disruption of pks12 would dampen PDIM production, which is one of the lipids
lacking in H37Ra relative to H37Rv [7,/17] and also deficient after excessive
subculturing in wvitro |18]. In mice, PDIMs have been shown to contribute
to growth, and protect tubercle bacilli from reactive nitrogen species in the
macrophage environment [19]. PDIM production is not under the influence of
phoP so, with our refutation of the two SNPs in phoP, suggests that there exists
a distinct genomic or epigenomic feature causal to the relative lack of PDIM

expression in H37Ra [7}20].
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nrp

A nonsense SNP resulting in a truncating stop codon in the nrp (non-ribosomal
polyketide synthetase) was supported by our assembly. Transposon mutagenesis
of the ppel-nrp(Rv0096-Rv0101) operon in M.bovis resulted in a strain avirulent
in guinea pigs, which suggested nrp may play a role in virulence [21}[22].
Additionally, this truncation was thought to potentially affect polyketide
synthesis |2]. However, it was later revealed a spontaneous SNP elsewhere in
the genome caused the attenuation, implying that mutagenesis of the ppel-
nrp(Rv0096-Rv0101) operon did not confer attenuated virulence to M.bovis
[21H23]. Though this weakens the argument for the nrp truncation affecting

virulence, it does not necessarily preclude it.

PE_PPE

Specifically, variants in 3 of 15 pe pgrs and 3 of 6 ppe genes were supported
or adjusted, while the variant in pe15 was contradicted. While our results dis-
tinguish which H37Ra PE _PPE genes are polymorphic with respect to H37Ryv,
this does not tell the whole story. Of the 5 PE_PPE family members sup-
ported or modified by our assembly, all were members of PE_PPE sublineage
V. All five were also present in a proteomic sampling in vivo of guinea pig lung
(using mass spectometry) 90 days following M.tuberculosis challenge, of which
four were present 30 days following the challenge as well [24]25]. Though far
from conclusive, this points to subfamily V members of the PE_PPE family as
potentially more important in virulence than other PE_PPE family members,
at least in the case of the differences between H37Rv and H37Ra.

Zhang and colleagues [26] used evolutionary genomics to find genes positively
selected for in H37Ra using H37RaJH. They concluded that six genes—four of

which were PE _PPE family members—were under positive selection. However,
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we contradicted polymorphisms in three of the four (pe pgrs22, ppel3, and
pe_pgrs59) PE_PPE genes and found numerous additional polymorphisms in
pe__pgrsdy.

An in silico proteomic study by Kohli and colleagues was also affected greatly
by our updated sequence |27], as our assembly alters the amino acid sequence of
the majority of PE_PPE genes, which they compared against that of reference
sequence H37Rv to make predictions about structural and functional differences

between PE_PPE members of the two strains.

Hypothetical and Unknown Genes

Our assembly either modified or supported in full four genes with hypothetical
or unkown function. Very little is known about the role the products of these
genes may play in virulence, but their variants in H37Ra with respect to H37Rv
may be worth exploring. None of the hypothetical or unknown genes for which
our assembly contradicted all variants had been implicated in the literature as

critical to virulence.

Rv0010c

Interestingly, the corroborated variant with respect to H37Rv which affects
Rv0010c is an 1S6110 element inserted 51bp upstream of the TSS. This is in
range to potentially affect transcription through disruption the promoter region

for Rv0010c by separating it from its TSS.

Rv1006

The supported variant affecting Rv1006 is a SNP 50bp upstream of its TSS,

which could potentially affect its promoter region and, in turn, its expression.
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Structural Variants

In addition to the novel structural variants discussed in the main text, our
assembly also supported several structural variants reported in H37RaJH.

Our assembly confirmed the presence of RvD2 in H37Ra, an 8kb region
deleted in H37Rv which has been determined not to contribute to differences in
virulence between H37Ra and H37Rv [28].

Strikingly, the tandem duplication of 1728bp within the coding region of
pped was identical to the 1728bp deletion in pped of H37TRaJH with respect
to H37Rv. To illuminate this curiosity, we examined ppes4 of several de novo
assembled clinical isolates (unpublished data) of various lineages. Surprisingly,
none of the isolates we examined belonging to the Euro-American lineage—the
lineage that H37Ra has been assigned to [29]—had this tandem duplication,
while many of our East Asian isolates did (in preparation). Further, none of the
East Asian isolates with tandem duplications were identical, though they were
highly similar (>99% identity), while the tandem duplication in our assembly
had identical sequences. In light of this, the deletion in H37RaJH is unlikely to
be an assembly error, though we cannot rule out this possibility. If this 1728bp
deletion in H37RaJH is correct, then, by our logic, there are two possibilities.
One is that the tandem duplication arose in H37Ra in culture prior to the last
common ancestor of the culture from which H37RaJH was derived and ours,
and both copies of the 1728bp region were deleted in the culture sequenced by
Zheng and colleagues [4]. The second possibility is that the most recent common
ancestor of H37RaJH and our strain had one copy of the 1728bp region, and both
the deletion in H37RaJH and the tandem duplication in our assembly occurred
after they diverged from one another. The 100% identity between each 1728bp

duplicate of the tandem repeat suggests that the latter scenario is more likely.

10
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Table 1: Functional category and confirmation status of genes

reported as affected by H37Ra-specific mutations

previously

Status

Functional Category (Count)

Gene

Contradicted

lipid metabolism (1)

Rv2048¢

information pathways (1)

Rv2069

cell wall and cell wall processes (2)

Rv0037¢c
Rv0383c

insertion seqs and phages (2)

Rv2649
Rv3191c

PE/PPE (16)

Rv0124
Rv0279c
Rv0578¢c
Rv0977
Rv1068c
Rv1091
Rv1196
Rv1386
Rv1450c
Rv1802
Rv2098¢
Rv2396
Rv3350c
Rv3388
Rv3507
Rv3595¢

intermediary metabolism and respiration (6)

Rv0189c
Rv1095

Rv2068c
Rv2202¢
Rv3303c
Rv3389c

regulatory proteins (1)

Rv0880

conserved hypotheticals (7)

Rv1929c
Rv2733c
Rv2734
Rv2825¢
Rv3031
Rv3192
Rv3611

Adjusted

insertion seqs and phages (1)

Rv1764

PE/PPE (3)

Rv3343c
Rv3508
Rv3514

Supported

lipid metabolism (1)

Rv0101

cell wall and cell wall processes (3)

Rv0010c
Rv0039c
Rv3879c

PE/PPE (3)

Rv0878¢c
Rv1759¢
Rv2352c

intermediary metabolism and respiration (4)

Rv0635
Rv0637
Rv1005¢
Rv1755¢

regulatory proteins (1)

Rv0757

conserved hypotheticals (2)

Rv1006
Rv1021

Erroneous

information pathways (1)

Rv3053c

intermediary metabolism and respiration (1)

Rv2421c

Genes originally reported to be affected by H37Ra-specific mutations [4]
were placed into the four groups “contradicted”, “adjusted”, “supported”,
and “erroneous” based on replicative analysis and comparisons with our
assembly of the H37Ra genome (Main text: Results, Table 1). The
genes in each of these four groups are further categorized here by their
TubercuList functional categories |1}.
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