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Abstract

Advances in sequencing technologies and increasingly sophisticated computational tools
for analyzing sequence data have facilitated in-depth characterization of genomic variation in
bacterial pathogens. In this thesis, | examine the evolution of pathogenic bacteria across three
scales, intragenomic, within-host and across the globe, using whole genome sequence data
(WGS) from natural populations.

The plasticity of bacterial genomes facilitates intragenomic conflict, particularly when
DNA is acquired from lateral gene transfer (LGT), but intragenomic conflict can be resolved
through co-adaptation. Using WGS from natural populations of Neisseria gonorrhoeae, |
characterized the evolutionary history of the gonococcal genetic island (GGI), which encodes a
Type IV secretion system that facilitates LGT, and investigated co-adaptation between the GGI
and N. gonorrhoeae’s core genome. | identified patterns of core genome recombination that
differentiate GGI+ and GGlI- populations. Additionally, | found evidence of interactions and co-
adaptation between the GGI and N. gonorrhoeae’s core genome.

Most genomic studies of bacterial pathogens are based on single isolates cultured in
vitro. However, in their natural hosts, bacteria comprise complex populations that diversify over
the course of infection. In order to elucidate differences between evolutionary pressures
encountered within the host and in vitro, | compared patterns of genetic diversity of pathogenic
mycobacteria in sputum to bacteria grown in vitro. | identified effects of sampling, patient, and
sample type on bacterial genetic diversity. Genetic diversity was more variable and higher in
sputum than in culture samples, which suggests in vitro manipulation reshapes bacterial
populations.

As bacterial pathogens diversify and spread to new hosts, they acquire mutations that
can be used to reconstruct their migratory history. Using distinct methods of demographic

inference, | reconstructed the migratory history of two M. tb lineages. Inferring the migratory



history of M. tb Lineage 1, | found SFS based methods performed poorly. Using Bayesian
methods, | reconstructed M. tb L4.4.1.1’s migratory history in the South Pacific and found it was
likely dispersed from Europe via colonial migrations.

This work provides new insights into the evolution of bacterial pathogens and
demonstrates the power of WGS and associated analytical methods to characterize the ecology

and evolution of infectious disease.
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Chapter 1: Introduction



Advances in sequencing technologies, as well as decreasing costs of sequencing, have
increased the accessibility and affordability of whole genome sequencing as a tool for
generating bacterial sequence data (1). Hundreds of thousands of whole-genome sequences
(WGS) are now publicly available for a wide range of bacterial pathogens. The National Center
for Biotechnology Information’s Pathogen Detection Isolates Browser alone consists of
~380,000 genomes from over 25 pathogenic bacterial species (2). Additionally, method
development and analysis tools for WGS are advancing alongside sequencing (3).

This wealth of genomic data and analytical tools allows for in-depth characterization of
genomic variation in natural populations of bacterial pathogens (4). Additionally, WGS is being
used increasingly in clinical settings to identify outbreaks (5—8), detect antibiotic resistance (9—
17), perform pathogen surveillance (7, 13, 18, 19), and enhance diagnostics (20-24).

My research has been focused on understanding the evolution of bacterial pathogens
using WGS from natural populations. Each of my projects has examined bacterial evolution at a
different scale: intragenomic, within hosts, and across the globe. In this chapter, | review
bacterial genomic plasticity and its role in intragenomic interactions. Additionally, | review the
selective pressures that shape the genomes of bacterial pathogens during infection and insights
into within-host evolution gained from WGS. Finally, | review the role of WGS in analyzing
pathogen migratory histories and notable examples of pathogen dispersal facilitated by human

migrations.

Genomic plasticity and its role in intragenomic interactions

Bacterial genomes exhibit a wide range of plasticity (25, 26), which facilitates adaptation
to selective pressures bacteria encounter in their environment. Broadly, sources of bacterial
genomic plasticity include point mutations, genomic rearrangements and lateral gene transfer.

Point mutations provide the raw material for bacterial evolution, and the accumulation of

point mutations varies across bacterial species due to differences in per site mutation rates.



Additionally, some bacteria are hypermutators: they have higher rates of point mutation due to
the disruption of genes encoding mismatch repair (MMR) systems or components of other
systems that ensure replication fidelity and prevent DNA damage (25, 27). For example,
mutation accumulation analysis has shown MMR-deficiency in Escherichia coli can resultin a
138X increase in the number of base-pair substitutions (28). Hypermutators have been
observed in several species of bacterial pathogens (29-34) and appear commonly associated
with infectious disease (35, 36); despite the potential fithess effects of rapidly accumulating
(potentially deleterious) mutations, hypermutation may accelerate the evolution of bacterial
pathogens by increasing the variation of surface antigens recognized by the host immune
system and facilitating the acquisition of pathoadaptive and/or antibiotic resistance mutations
(29, 30, 37-40).

Genome rearrangements, which affect long segments of the chromosome and can occur
during DNA recombination, replication and repair, produce structural variants (SVs) in bacterial
chromosomes (41). SVs can be divided into five major classes: deletions, insertions,
duplications, inversions and translocations. Genome rearrangements can alter gene function
and expression, but the consequences vary depending on their length and the region of the
chromosome they affect (42). For example, large inversions may attenuate virulence and alter
growth kinetics as in Bacillus anthracis (43) or affect cell viability as in E. coli (44). Additionally,
the frequency and significance of genome rearrangements differs between and within bacterial
species. Genome rearrangements played a role in the divergence of Burkholderia mallei from
Burkholderia pseudomallei, (45, 46), and pathogenic Yersinia, Bordatella pertussis and
Gardnerella vaginalis differ widely in their genomic synteny (47-49).

Arguably the largest contributor to bacterial genomic plasticity is lateral gene transfer
(LGT), the process by which bacteria exchange DNA. LGT facilitates bacterial adaptation by

shuffling beneficial and deleterious alleles and is the dominant source of novel gene content in



bacterial populations. LGT occurs within and between bacterial species (28, 50), and many
species differ in their propensity to engage in LGT (51, 52).

The three classical mechanisms of LGT are conjugation, transduction and
transformation. Conjugation involves the transfer of plasmids, self-replicating extrachromosomal
molecules of DNA, from donor to recipient cell via a Type IV secretion system [T4SS; (53)].
Transduction is mediated by the bacteria specific viruses known as bacteriophage. Bacterial
DNA can be mistakenly packaged within the phage particle during phage replication and
assembly; this DNA can be integrated into the chromosome of a new host upon phage infection
(54). Transformation involves the uptake of environmental DNA by a cell followed by
recombination into the cell’'s chromosome. Homologous recombination of the environmentally
acquired DNA may replace the DNA encoded at that locus, while illegitimate recombination
introduces new gene content into the recipient chromosome (55).

Mobile genetic elements (MGES) are vectors of LGT; they encode machinery to facilitate
their transfer within and between genomes. MGEs comprise a wide set of elements, including
the previously described plasmids and phage. Other MGEs include insertion sequences,
transposons, genomic islands and many other elements that are genetic mosaics of plasmid
and phage (56). Many MGEs carry beneficial traits such as virulence factors and antibiotic
resistance (57-61), but they may also carry addiction modules than ensure their maintenance at
the expense of their host (62, 63). Additionally, the integration of MGEs can contribute to
genomic plasticity by inducing rearrangements in their host chromosomes (64—68).

The acquisition of novel gene content via LGT creates a wide variability in the gene
content present within a bacterial species (69, 70). The genes shared by all members of a
bacterial species are known as the core genome, while genes shared by fewer than all
members are known as the accessory genome. The pan-genome refers to the collection of all

genes present within a bacterial species.



While genomic plasticity allows bacteria to adapt to different selective pressures, it can
result in genomes that are mosaics of interacting loci with aligned and/or competing interests.
This is frequently the result of LGT events. When novel gene content enters a new genetic
background, it often functions inefficiently because it has evolved under different selective
pressures. This can impose a fitness cost for the cell and creates intragenomic conflict (71).
Fitness costs imposed by LGT include chromosome and/or regulatory network disruption
[described above under genomic rearrangements; (72, 73)], cytotoxicity (74), increased
metabolic burden (75) and sequestration of limited resources (76, 77). Additionally, as
previously described, many MGEs are “selfish” elements that ensure their own replication and
transmission by imposing the direct fithess cost of cell death (62, 63, 78, 79).

Fitness costs imposed by LGT may be mitigated by compensatory mutations in the
chromosome, laterally acquired elements or both (80-84). For example, experimental evolution
of E. coli containing a tetracycline resistance plasmid has shown that, over the course of
antibiotic treatment, mutations facilitating co-adaptation occur on both the chromosome and the
plasmid. Mutations that conferred antibiotic resistance through reduced membrane permeability
and increased chromosomally encoded drug efflux emerged on the host chromosome, while
mutations that impaired plasmid encoded drug efflux arose on the tetracycline resistance
plasmid. Together, these co-adaptations allowed for the maintenance of the resistance plasmid
while reducing the associated fitness cost (85). Laterally acquired genes and/or elements can
also interact with one another, and their fithess costs can be reduced by co-adaptation.
Experimental evolution and RNA-seq experiments have shown costly changes in gene
expression induced by the acquisition of a small plasmid in Pseudomonas aeruginosa can be
mitigated by compensatory mutations that inactivate two genes encoded on recently
acquired, chromosomally integrated MGEs (86, 87).

In chapter 2 of this thesis, | use WGS from natural populations of Neisseria gonorrhoeae

to characterize the evolutionary history of the gonococcal genetic island (GGI), a genetic island



encoding a T4SS that secretes DNA, and investigate co-adaptation between the GGI and N.

gonorrhoeae’s core genome.

Within-host evolution of bacterial pathogens

The plasticity of bacterial genomes allows bacteria to respond to selective pressures
they encounter and adapt to changes in their environment. The host environment is extremely
hostile and exerts numerous selective pressures on bacterial pathogens, which necessitates
adaptation during the course of infection. Selective pressures bacteria face in the host
environment include the host immune system, competition with the native microbiota and
medical interventions like antibiotic treatment (88).

Innate immunity includes defenses such as physical barriers (i.e. mucosal epithelium),
the complement system and phagocytic cells, while adaptive immunity includes antibody
production via B cells and subsequent cytotoxicity via T cells. Bacterial pathogens can evolve
many different mechanisms to evade and survive their hosts’ immune system, both innate and
adaptive (89). The mucosal layer can be broken down by mucinases such as the Pic enzyme of
Shigella spp. (90), which is encoded on a pathogenicity island, or the sialidases of Gardnerella
vaginalis (91). Staphylococcus aureus possesses a complement inhibiting protein,
the staphylococcal complement inhibitor (SCIN), which is also encoded on a pathogenicity
island (92). To evade intracellular killing by phagocytes, N. gonorrhoeae has evolved the
capacity to delay phagosomal maturation by inhibiting granule fusion with phagosomes (93).
Finally, pathogenic Neisseria spp. can avoid recognition by human antibodies through
recombination of loci associated with their pilin protein, a process known as antigenic variation
(94).

Invading pathogens must also compete with the host’s resident microbiota for space and
nutrients (95). Bacteria can eliminate their competition by producing bacteriocins, antibacterial

peptides that are primarily encoded on plasmids and produced by a wide range of bacteria (95,



96). For example, the enteric pathogen Salmonella enterica upregulates bacteriocin production
in the presence of inflammation, giving it a fithess advantage over commensal E. coli (97).
Additionally, many bacterial pathogens utilize Type VI secretion systems, which inject effectors
directly into other bacterial cells, to kill their hosts’ microbiota (98—100). Alternatively, bacterial
pathogens can sequester nutrients from competing resident microbes. Iron is limited in the host
environment, and bacterial pathogens have evolved several mechanisms to scavenge iron
(101). One notable adaptation is the iron-chelating siderophores, some of which are species-
specific and require specific re-uptake machinery to bind and import the iron-siderophore
complex (102).

Antibiotics are the primary host medical intervention used against bacterial pathogens.
As antibiotic resistance has risen to dangerous levels across the globe (103), antibiotic
resistance has become one of the most widely studied examples of bacterial adaptation to a
within-host selective pressure. Bacterial pathogens have evolved many mechanisms of
resistance to avoid killing by antibiotics, which can be broken down into four categories:
modification/destruction of the antimicrobial, decreased antimicrobial penetrance and drug
efflux, changes to the target site, and resistance due to global cell adaptation (104). Destruction
of the amide bond in B-lactam antibiotics is a classic example of antibiotic resistance facilitated
by modification/destruction of the antibiotic. B-lactamases are encoded on both chromosomes
and MGEs, and over 2000 B-lactamases from > 500 bacterial species have been described
(105), highlighting the numerous ways bacteria have evolved to combat this class of antibiotics.
Additionally, resistance to B-lactam antibiotics epitomizes the rapid adaptation of bacterial
populations to host medical interventions: Widespread resistance to the p-lactam penicillin, and
eventually its synthetic successors, emerged in hospital settings within a decade after their
introduction as therapeutics (106—108).

Until the advent of WGS, little was known about within-host adaptation of bacterial

pathogens. Prior to the routine use of WGS in the analysis of bacterial evolution, low resolution



techniques based on small segments of the chromosome, such as pulse field gel
electrophoresis (PFGE), variable-number tandem repeats (VNTR) and multi-locus sequence
typing (MLST), were used to characterize within-host populations (109, 110). These techniques
are sensitive enough to detect the presence of different bacterial lineages, particularly in the
case of mixed infections, but cannot delineate the evolution of individual bacterial lineages over
the course of infection.

WGS from multiple bacterial isolates sampled simultaneously and/or longitudinally from
the same host have provided researchers a higher resolution picture of within-host adaptation.
For example, measurements of within-host point mutation rates have revealed rates as high as
~30/year/genome for Helicobacter pylori (111, 112) and as low ~0.5/year/genome in
Mycobacterium tuberculosis and Mycobacterium abscessus (6, 113, 114). Strikingly, a recent
study of Klebsiella pneumoniae isolated from a single patient across six body sites revealed no
mutation accumulation during a recurrent urinary tract infection (115).

WGS has confirmed the presence of LGT during infection and highlighted its importance
as a driver of within-host adaptation (116—122). A recent longitudinal analysis of
Burkholderia multivorans isolates from a single cystic fibrosis patient identified recombination
events, and variants associated with pathoadaptation and B-lactam resistance were over-
represented in those recombinogenic regions (123). Additionally, analysis of within-host
adaptation has also identified convergent evolution in mutations within intergenic regions of
Pseudomonas aeruginosa’s genome, suggesting a role for intergenic regions in host adaptation
(124).

Within-host studies can also identify adaptations that allow for niche expansion during
infection. Paired throat and blood samples from patients with invasive meningococcal disease
revealed few (< 3) mutations facilitate Neisseria meningitidis’ transition from asymptomatic
carriage to invasive disease (119), but paired stool and blood samples from Enterococcus

faecium patients failed to reveal within-host mutations associated with bloodstream infection,



which suggests the route to invasive disease may be more complex in this species

(118). Conversely, a longitudinal analysis of Burkholderia pseudomallei from a single patient
showed substantial genomic changes occur during asymptomatic carriage, including genome
reduction, loss of pathogenicity genes and attenuation of virulence (125).

As described above, antibiotic resistance is one of the most widely studied bacterial
adaptations, and antibiotic resistance has been the focus of many within-host evolution studies
(126-130). Many within-host analyses of M. tuberculosis in particular have examined antibiotic
resistance (131). For example, a longitudinal study of M. tuberculosis isolated from a single
patient over 3 years showed the emergence of extensive drug resistance from a drug-sensitive
ancestor (132—-134). Resistance mutations emerged for each of the seven drugs the patient was
exposed to and a single multidrug resistant lineage emerged by the end of the sampling period
after displacing its competitor lineages.

While many studies of within-host evolution of M. tuberculosis have focused on antibiotic
resistance, a recent study that characterized genome-wide patterns of diversity in five patients’
M. tuberculosis populations over the course of infection found M. tuberculosis patients harbor
diverse populations of M. tuberculosis during infection. Notable changes in diversity occurred in
genes involved in the regulation, synthesis, and transportation of lipids and glycolipids of the M.
tuberculosis’ cell envelope (135).

In chapter 3 of this thesis, | compare patterns of genetic diversity of pathogenic
mycobacteria in sputum to bacteria grown in vitro in order to elucidate differences between
evolutionary pressures encountered within the host and those imposed by ex vivo manipulation

of bacterial populations.

Migratory histories of bacterial pathogens
Bacterial pathogens that adapt, survive and replicate within their hosts can

subsequently transmit to a new host. As bacterial pathogens diversify during infection and
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spread to new hosts, they can acquire informative mutations within their genomes. This process
of diversification and dispersal can leave a quantifiable footprint within their genomes. As such,
phylogenetic analyses of WGS can be used to reconstruct these transmission events (109,
136).

Incorporating geographic and temporal information into a phylogenetic framework can be
used map bacterial populations back to their origin (4). These analyses are referred
phylogenomic analyses (137). Inferring the origin of a bacterial pathogen can refer to a
historically recent outbreak, but also includes the geographic origin of a bacterial pathogen and
its global patterns of dispersal over time. When combined, the evolutionary history of a bacterial
pathogen and its patterns of dispersal can elucidate the key factors and dynamics underlying
epidemics, which can be used to inform control strategies.

Many phylogenomic methods were first developed for the analysis of viral
phylogeography (138). Due to viruses’ rapid rate of evolution, the epidemiological processes
that shape their diversity operate on a similar timescale as mutation fixation within their
populations, making them an ideal organism to study phylogenomics (139). However, with the
exponential increase of sequenced bacterial genomes, phylogenomic analyses are increasingly
used to study bacterial pathogens. In particular, the phylogeographic history of H. pylori has
been extensively characterized (140). Human acquisition of H. pylori is predicted to have
occurred at least 100,000 years ago (141, 142), and ancient H. pylori populations appear to
have accompanied humans out of Africa twice. Reconstructions of Mycobacterium leprae’s
migration patterns suggest M. leprae was transmitted to European populations from Central
Asian populations, likely via trade routes (143). Additionally, a recent phylogeographic
analysis suggests M. leprae originated in East Asia (144). N. gonorrhoeae may have originated
in Europe or Africa as late as the 16th century; older populations of N. gonorrhoeae were initially
geographically separated and more recently disseminated globally (145). Analyses of Vibrio

cholerae suggest the seventh cholera pandemic spread from the Bay of Bengal in at least three
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independent, overlapping waves of global transmission, and the origin of this pandemic was
estimated to be ~60 years ago (146).

Similar to H. pylori, out of Africa migrations in association with humans has been
proposed as a hypothesis for the dispersal of ancient M. tuberculosis populations. Under this
hypothesis the most recent common ancestor (MRCA) of M. tuberculosis emerged in Africa
~73,000 years ago and was dispersed via subsequent waves of human migration (147).
However, recently sequenced ancient DNA from members of the M. tb complex (MTBC) infer
a more recent time to the MRCA for the MTBC: < 6,000 years ago (148, 149). Recent
analyses of extant M. tuberculosis populations in the Americas suggest that dispersal of M.
tuberculosis lineage 4 has been influenced by European colonialism and recent immigration
(150, 151); however, the role of other historical phenomena in driving the global dispersal of M.
tuberculosis is not well understood.

In chapter 4 of this thesis, | reconstruct the migratory history of two lineages of M.
tuberculosis: M. tuberculosis lineage 1 (L1) and M. tuberculosis sub-lineage 4.4.1.1. For each
lineage, | use a different method of migration inference, highlight the utility of each method
and where applicable discuss phenomena that may have contributed to the present global

distribution of these lineages.
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Abstract

Due to its propensity to engage in lateral gene transfer (LGT), Neisseria gonorrhoeae,
the causative agent of gonorrhea, is acquiring antibiotic resistance at an alarming rate. N.
gonorrhoeae possesses a Type IV secretion system encoded on a genetic island, the
Gonococcal Genetic Island (GGI), that secretes ssDNA facilitating LGT. The GGl is prevalent
among N. gonorrhoeae, but little is known about the evolution of the GGl or its role in shaping
N. gonorrhoeae’s genome. Using whole genome sequence data, we characterized the diversity
of the GGI and analyzed pan-genome structure and patterns of core genome recombination in
GGI+ and GGI- sub-populations. We identified patterns of core genome recombination that
differentiate these populations. Additionally, we found evidence of epistatic interactions between
the GGI and N. gonorrhoeae’s core genome, and multiple facets of the GGI’s diversity suggest it
acts as a mobile element. These findings demonstrate the importance of mobile elements in

shaping their host chromosomes.

Introduction

Neisseria gonorrhoeae is an obligate human pathogen and the causative agent of
gonorrhea. The Centers for Disease Control estimates 820,000 new infections with N.
gonorrhoeae occur in the United States each year. The rate of reported cases in the United
States rose by 18.6% in 2017 and has increased every year since 2013 [a 67% increase overall;
(1)]. N. gonorrhoeae has been declared an urgent public health threat, as increasing rates of
antibiotic resistance raise the specter of untreaTable 2.forms of the disease.

N. gonorrhoeae’s propensity to engage in LGT has facilitated the spread of antibiotic
resistant gonorrhea. Transformation, the direct uptake and incorporation of exogenous DNA into
the native chromosome, is the primary mechanism of LGT used by N. gonorrhoeae (2). N.
gonorrhoeae possesses two mechanisms by which it releases its DNA into the external milieu:

autolysis and Type IV secretion (T4S). N. gonorrhoeae’s T4S system (T4SS) secretes ssDNA
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across the cell envelope (3, 4). In an experimental mating system, T4S conferred 500-fold
greater transformation efficiency than autolysis, raising the possibility that T4S enables high
rates of natural transformation (3, 5).

Genes encoding the T4S system are located on a 59kb genomic island, the Gonococcal
Genetic Island (GGI), which is prevalent among N. gonorrhoeae [approximately 64-80% of
isolates; (6, 7)]. The GG, first described in N. gonorrhoeae reference strain MS11, contains 66
genes. Genes encoding the T4SS share sequence similarity to the E. coli F-plasmid T4SS.
Twenty-two genes in the GGI have been identified as essential to secretion and 6 other genes
have sequence similarity to DNA binding and processing proteins, but the remaining 38 genes
are non-essential for secretion and largely of unknown function (3, 5, 8).

The GGI has distinctly different sequence characteristics from N. gonorrhoeae’s
chromosome, including lower GC-content, differing dinucleotide frequencies and a lower
average number of DNA uptake sequences (4, 8). This suggests the GGl may have been
laterally acquired from an exogenous source.

Excision of the GGI is mediated by the site-specific recombinase XerCD (9). XerCD
recognizes the dif site, a repeat sequence flanking both sides of the GGI. Loss, but not transfer,
following excision of the GGI has been observed in experimental settings (4, 9). Given that the
GGI may have been laterally acquired and is capable of being excised from its host
chromosome, it is possible the GGI was or may be a mobile genetic element (MGE).

Here we sought to characterize the evolutionary history of the GGI and elucidate its role in
shaping its host chromosome using whole genome sequence data (WGS) from natural

populations of N. gonorrhoeae.

Methods

Data and de novo assembly



28

For genomes with only raw read data available, we downloaded publicly available WGS
for N. gonorrhoeae from the European Nucleotide Archive (n = 167). We normalized sequences
to uniform coverage (150X) using the error correction and read normalization tool BBNorm (10).
We de novo assembled the subsampled sequences using the iMetAMOS pipeline (11),
comparing assemblies from SPAdes (12), MaSurCA (13), and Velvet (14). We downloaded an
additional 16 finished/draft genomes from the National Center for Biotechnology Information.
The final data set contains 183 N. gonorrhoeae isolates (Table 2.S1).

Pan-genome calculation

We used Prokka (15) to annotate the de novo assemblies and finished/draft genomes
and Roary to calculate the pan-genome, identify core and accessory genes, and generate core
genome alignments for our sample of N. gonorrhoeae (16). We calculated the pan-genome of
our entire sample, isolates with the GGI and isolates without the GGI.

Determining GGI presence/absence

We used the results of the pan-genome analysis to determine GGI presence/absence in
our sample of N. gonorrhoeae. We identified the bounds of the GGI (as first described in N.
gonorrhoeae reference strain MS11: parA and yaa using BLAST and defined GGI presence as
possessing = 70% of the gene content within these bounds (4, 17, 18). Using the genes of the
GGl described in MS11 as a custom database, we verified genes within these bounds as
belonging to the GGI and classified them according to their MS11 nomenclature using BLAST.
Additionally, non-syntenic paralogs (genes outside the bounds of the GGI with significant
homology to the genes present in the GGl encoded by MS11) were identified in the pan-
genome using BLAST.

SNP identification and alignment

We used SNP-sites to convert the core genome alignments to a multi-sample variant call

format (VCF) file (19). The core genome of reference strain NCCP11945 was used as a

reference to call SNPs.
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Maximum likelihood phylogenetic analysis

We used RAXML to infer maximum likelihood phylogenetic trees (20). We used the
GTRGAMMA substitution model and performed bootstrapping using the autoMR convergence
criteria. We used ggtree to visualize trees (21).
Core genome diversity

We calculated 11, ©w, and Tajima’s D for the core genome and the core genes of the
GGl using egglib (22).
Recombination analyses

We used BratNextGen to identify recombination breakpoints in core genome alignments
and visualized these breakpoints using Phandango (23, 24). We used SplitsTree4 to visualize
phylogenetic networks and perform the phi-test for recombination (25). We used
fineSTRUCTURE to identify co-inherited haplotypes within our sample (26). We inferred the
relative recombination intensity (H;) for each bi-allelic SNP in the core genome alignment using
OrderedPainting (27). The recombination intensity of each gene in the core genome was
calculated as the mean of H; for all SNPs within that gene. To identify genes with extreme
differences in H; between GGI+ isolates and GGI- isolates, we calculated the fold-change in H;
between GGI+ and GGl- isolates (i.e. Hj in GGI+/ H; in GGI-) for each gene in the core genome.
We performed z-transformation of these values and calculated a p-value for each gene. We
used Bonferroni correction for multiple testing, setting a cutoff of 0.05 to identify outliers.
Ancestral reconstruction of the GGI

We used adegenet (28) to perform principal component analysis on the GGI’'s core
genes (present in = 99% of GGI+ isolates). We reconstructed gains and losses of the GGI
groups identified by PCA on the maximum-likelihood phylogeny using APE (29). We defined
gains and losses as a change in the majority (> 50%) reconstructed ancestral state from parent
to child node.

Trait-phylogeny association test
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We used BaTS, a bayesian sampling method that accounts for phylogenetic uncertainty,
to test for a significant association between GGI presence/absence as a trait and its location on
the maximume-likelihood phylogeny (30). We generated a distribution of phylogenies using
MrBayes with the GTRGAMMA substitution model (31). Markov chains were run in duplicate for
200 million generations each with sampling every 20,000 generations, and the first 2 million
generations were discarded as burn-in. We randomly sampled 1500 trees from this distribution
for the trait-phylogeny association test.

Fsr calculation

We calculated Weir and Cockerham’s Fsr for biallelic SNPs in the core genomes of

GGI+ and GGI- populations using vcflib (https://github.com/vcflib/vcflib). We permuted this
analysis 100X and used the maximum Fsr observed in the null distribution as a cut-off to identify
Fsr outliers.
Homoplasy identification

We used TreeTime to perform ancestral reconstruction of core genome SNPs on the
maximum-likelihood phylogeny (32). We identified homoplastic SNPs (SNPs that arose > 2
times on the phylogeny) from the output of TreeTime using custom python scripts.
Pan-genome wide association study

We used Scoary to calculate the strength of association between accessory gene
content and the GGl as a trait (33). We used the Bonferroni correction to account for multiple

comparisons (p-value cutoff of < 0.05) and performed 100 permutations of the analysis.

Results
Identification of the Gonococcal Genetic Island among isolates of N. gonorrhoeae

The Gonococcal Genetic Island (GGI) was first described in N. gonorrhoeae laboratory
reference strain MS11: 66 genes were identified between bounds defined by the genes yaa and

parA in this strain (4, 8). We used a core genome analysis to define the GGI in our sample of N.
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gonorrhoeae: we used Prokka for annotation and Roary to delineate the pan and core genomes
among the annotated genes (15, 16). These results indicated there were a total of 77 genes
within the bounds of the GGI among the 183 isolates. The isolates could be clearly separated
into a group encoding most (i.e. 53 or more genes, = 70%) of the gene content and a smaller
group (n = 4) encoding a fragment of the GGI. Of the 183 isolates, 24 encoded less than 1% of
the GGI’s gene content (Figure 2.S1). Based on these observations, we designated isolates in
which at least 53 of the genes within the bounds of the GGI were present as having the genomic
island. Applying this threshold definition, we found that 62% of isolates encode the GGI (n =
115). Non-syntenic paralogs (i.e. genes outside the bounds of the GGI with significant homology
to the genes present in the GGI encoded by MS11) were identified in the pan-genome using
BLAST. Querying the pan-genome in this way, we identified 27 additional genes. Two genes,
yegB and yee, were not annotated by Prokka. Their DNA sequences were obtained from the de
novo assemblies and draft/complete genomes using BLAST and aligned using MAFFT (17, 18,
34). Among isolates with the GGl, 48 genes defined the “core GGI” (i.e. present in 99% of
isolates, Table 2.S2). Our estimate of GGI prevalence contrasts with a previous study, based on
PCR identification of the genes altA and traG applied to 115 isolates, which estimated that 80%
of isolates encoded the island (Dillard and Seifert 2001). The strain collection from Dillard and
Seifert 2001 was purposefully chosen to include a significant number of isolates from specific
disease states e.g. pelvic inflammatory disease and disseminated gonococcal infection (DGI).
Dillard and Seifert 2011 found and association between the GGI and DGI, and the abundance of
DGl isolates from their strain collection (32/115) likely skewed their estimate of 80%.

The results of core genome analyses for the complete sample, as well as sub-groups
defined by GGI presence/absence, are shown in Table 2.1. The average number of genes
encoded by each isolate is ~2000, whereas the core genome size ranges from ~1400-1600
genes. This indicates that a substantial proportion of gene content (20-30%) varies from isolate

to isolate. While the average number of genes per isolate is similar in subgroups with and
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without the GGI, genome configuration varies, with GGI+ isolates encoding more of their gene
content in the core, as opposed to accessory, genome (Figure 2.S2). The difference between
groups is particularly striking in the size of the cloud genome (genes present in < 15% of
isolates), which includes almost 1000 more genes in the GGI- group. This indicates that genes
within the larger accessory genome of GGI- isolates are skewed to rare frequencies.

We calculated genome-wide values of 11, ©w, and Tajima’s D for the core genomes of
GGI+ and GGI- isolates (Table 2.1). Genome-wide values of Tajima’s D were slightly negative.
Genome-wide values of T and ©w were similar between groups, but the genome-wide value of
Tajima’s D was lower in isolates of N. gonorrhoeae with the GGI.
Recombination in the core genome and within the GGI

We used BratNextGen to identify recombinant breakpoints in a core genome alignment
from the complete sample of N. gonorrhoeae isolates (23). According to this analysis, 63% of
sites in the core genome have been affected by recombination. Recombinant fragments, with a
median length of 300 bp (Figure 2.S3), are numerous and widely dispersed across N.
gonorrhoeae’s core genome. Some recombinant fragments are shared among closely related
isolates, suggesting vertical inheritance following transfer into a common ancestor (Figure 2.1).

The proportion of recombinant sites per genome was not significantly different between
groups (Figure 2.2); however, a greater proportion of the alignment of all genomes has been
affected by recombination in isolates with the GGI than in those without the GGI (47% versus
35%, respectively). This indicates that recombinant tracts are more likely to be shared among
GGl- isolates; there is a greater diversity of recombinant fragments in the GGI+ group,
consistent with higher rates of recombination. This is also reflected in a wider distribution of
recombinant sites per genome in the GGI+ group (Figure 2.2).

In order to account for the effect of sample size on the differences in the proportion of
the alignment affected by recombination in GGI+ and GGI- isolates, we randomly selected

samples of 30 isolates from each group and calculated the proportion of the alignment affected



33

by recombination, repeating this procedure 50X. Results from the subsampling analyses
confirmed that a greater proportion of the alignment was affected by recombination in GGI+
isolates (Figure 2.2).

Analysis of the individual core genomes for each group is consistent with differing
amounts of recombination in the core genomes of these groups. The proportion of recombinant
sites in the core genome of GGI+ isolates is significantly greater than that of GGI- isolates
(Figure 2.3).

Network analyses of the individual core genomes were also consistent with differing
amounts of recombination in the isolates with and without the GGI: there are more reticulations
in the network of GGI+ isolates than in the network of GGI- isolates (Figure 2.4). The PHI test
for recombination was significant for both groups (p < 0.05).

In addition to differences in the amount of recombination, GGI+ and GGI- isolates
differed with respect to regional patterns of recombination. We used OrderedPainting to
estimate the relative intensity of recombination (H;) along the genome and identify ‘hotspots’ and
‘coldspots’ (27). These results revealed spatial biases in the amount of recombination, with clear
hotspots evident along the core genome (Figure 2.5, Table 2.S3). We identified three genes that
were recombination hotspots in an alignment including GGI+ and GGI- isolates. The locations of
other hotspots differed between isolates of N. gonorrhoae with and without the GGI (Figure 2.5,
Table 2.S3).

To further characterize regional patterns of recombination in GGI+ and GGI- isolates, we
performed z-score transformation of fold change in H; values between the two groups (e.g.
GGI+ Hi/ GGI- Hj) and identified 11 genes with extreme fold changes in recombination
intensities (Table 2.S4). Regional differences in the intensity of recombination may reflect the
influence of purifying selection (coldspots) and diversifying selection [hotspots; (35)]; the genes
with marked differences in recombination intensity among GGI+ and GGl- isolates are

candidate loci under distinct selection pressures in the two groups.
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Gene flow between GGI+ and GGI- sub-groups

In order to identify potential barriers to gene flow between GGI+ and GGI- populations,
we used fineSTRUCTURE to identify co-inherited haplotypes within our sample (26). There was
no structured pattern of admixture between GGIl+ and GGI- populations in the resulting co-
ancestry matrix (Figure 2.6).
Intra-locus recombination in the GGI

The GGI showed evidence of intra-locus recombination, as indicated by reticulations in a
network based on a ‘GGl core’ alignment (Figure 2.7) and a significant PHI test (p < 0.05).
Associations between the GGI and loci in the core and accessory genomes of N.
gonorrhoeae

Phylogenetic analysis showed that isolates concordant for GGI presence/absence form
monophyletic groups on the core genome phylogeny (Figure 2.8). Principal component analysis
of genetic diversity within the core genome of the GGI (48 genes) delineated five distinct
groups, which we refer to as I-V (Figure 2.9). These groups were also highly structured on the
core genome phylogeny (Figure 2.10). Ancestral reconstruction of GGI type along the core
genome phylogeny indicated that the element has been gained 13 and lost 2 times during the
evolutionary history of our sample (Figure 2.10). Additionally, we identified 3 instances in which
a monophyletic GGI+ group gained a GGl of a different group. We refer to this as a “switch.”

We used BaTS to formally test for an association between genetic background (core
genome phylogeny) and GGl type (28). The results of this analysis showed a significant
association between trait and phylogeny for each GGI group, with the exception of group IV.
Our observation of associations between patterns of diversity in the GGI and core genome
suggest there could be epistatic interactions between the core genome and the genetic island
(Table 2.2).

We used Fsr outlier analysis to identify core genome loci with a potential role interacting

with the GGI. GGI+ and GGI- isolates were treated as two distinct populations, and we used
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estimates of Fsrfor polymorphic sites in the core genome to identify variants segregating at
markedly different frequencies in these two populations. We identified 653 sites with extreme
values of Fst (Fst > 0.19 e.g. the maximum Fst observed in a null distribution of values
calculated from 100 permutations of the Fsroutlier analysis), 570 of which were homoplastic
(i.e. arose more than once on the phylogeny; Table 2.S5). The 570 SNPs correspond to 214
genes, 78 of which had = 2 outliers. We randomly sampled 570 SNPs from the core genome
(17299 bi-allelic SNPs) 100X and found the maximum number of genes sampled with = 2 SNPs
was 126. The emergence of 409 of these homoplastic Fsr outliers coincided with gains of the
GGl (Table 2.S6).

In order to permute this analysis, we randomly sampled the same number of gains at
nodes and tips of the core genome phylogeny and counted the number of times a homoplastic
Fsrt outlier emerged in concert with these randomly assigned gains. The maximum number of
homoplastic Fsr outliers that emerged with randomly assigned gains from 100 permutations was
316.

Given the substantial variation in gene content we observed among isolates of N.
gonorrhoeae, we hypothesized that the accessory genome could show signs of co-adaptation
with the GGlI. Defining the sub-groups as above, we used Scoary to calculate the strength of
association between all genes in the accessory genome and presence/absence of the GGI (31).
Genes within the GGI had the greatest strength of association, indicating the method performs
as expected (p < 0.05). We identified four genes (all annotated as hypothetical proteins) that
were strongly associated with GGI presence/absence and arose multiple times on the
phylogeny (Table 2.3). These genes are candidate loci involved in epistatic interactions with the
genetic island.

Associations between other mobile elements and loci in the core and accessory

genomes of N. gonorrhoeae
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Given the associations we observed between the GGI and N. gonorrhoeae’s core
genome, and the GGI’s apparent mobility on the core genome phylogeny, we hypothesized that
other mobile genetic elements might show similar patterns of association with the core genome
in their evolutionary history. From the results of the pan-genome analysis, we identified 112
genes with annotations corresponding to mobile genetic elements (Table 2.S7). We chose a
gene encoding a phage tail protein at segregating frequencies in our sample (n = 101).
Ancestral reconstruction of this gene on the core genome phylogeny indicated the gene was
gained three times and lost one time during the evolutionary history of our sample and isolates
concordant for presence/absence of the phage tail form monophyletic groups on the core
genome phylogeny (Figure 2.54).

The upper quantiles of Fsr values were higher using presence/absence of the phage talil
protein to define populations than presence/absence of the GGI (Figure 2.S5). This is reflective
of the highly structured distribution of the phage tail on the core genome phylogeny. We
identified 2342 Fst outliers, 2035 of which were homoplastic. These 2035 homoplastic Fst
outliers correspond to 624 genes, 308 of which had = 2 SNPs. The maximum number of
multiple SNPs calculated from 100 permutations of randomly sampling 2035 SNPs from the
core genome was 436. The number of homoplastic Fstoutliers gained in concert with the phage
tail protein was 367. We permuted this analysis as described above and calculated a maximum
of 663 homoplastic Fsr outliers emerged with randomly assigned gains. Repeating the pan-
genome wide association study using Scoary, we found 34 genes strongly associated with

presence/absence of the phage tail protein.

Discussion
Here we examined the diversity and characterized the pan-genome of natural
populations of N. gonorrhoeae in order to gain insight into the evolution of the GGI. It's

important to understand the adaptation of this locus, because co-culture experiments suggest it
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may have a profound impact on the landscape of LGT in N. gonorrhoeae. In our sample of 183
N. gonorrhoeae isolates, we found the GGI segregates at an intermediate frequency (62%),
which is consistent with recent estimates (6, 7). We found the GGl is associated with specific
core genome variants and accessory gene content and presence/absence of the genetic island
defines distinct sub-populations that form monophyletic groups on a core genome phylogeny.
The GGI has been gained and lost several times during the evolutionary history of our sample
and this state has been maintained during the evolution of these well-defined sub-groups.
These observations suggest that presence or absence of the GGl is stabilized by natural
selection and accompanied by adaptation to the element by the core and accessory genomes.
Our observation that isolates tend to encode all or none of the GGI's genes is also consistent
with a role for natural selection in maintaining the carriage state of the island. We observed the
overall frequency of recombination to be high across GGI positive and negative groups, with
isolates carrying the genomic island appearing to recombine more frequently than those that
don’t. Some recombination hotspots differ between these groups, which is consistent with
adaptation to the element.

Our analyses indicate that recombination is frequent in natural populations of N.
gonorrhoeae. N. gonorrhoeae has an open pan-genome; gene content differed substantially
from isolate to isolate in our sample, with just 60% of gene content shared among all the
isolates analyzed here. We found recombinant fragments to be numerous and widely distributed
across N. gonorrhoeae’s core genome, and the estimated number of sites affected by
recombination comprised more than half of the core genome. The patterns of recombination we
observed here, both the median fragment length and the distribution of fragment lengths, are
characteristic of bacteria that recombine via natural transformation, e.g. Neisseria meningitidis
[median recombinant fragment length ~400 bp (36)] and Streptococcus pneumoniae [mean

fragment length ~2000 bp (37, 38)].
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Similar to other bacterial species that undergo frequent recombination we observed
relatively high levels of genetic diversity in this sample of N. gonorrhoeae: our estimates of
pairwise differences (11) and segregating polymorphisms (8) per site in the core genome were
both equal to 0.002 (Table 2.1). This is consistent with previous estimates of diversity in N.
gonorrhoeae (39).

In contrast to N. gonorrhoeae’s pan-genome, our analyses indicate the genes within the
bounds of the GGI are largely at core frequencies (Table 2.S2). This core complement consists
of all genes previously identified as essential to secretion, as well as genes of unknown function
that are likely essential to the element (39).

Previous studies have shown the GGI has distinctly different sequence characteristics
from N. gonorrhoeae’s core genome and is excised by the site-specific recombinase XerCD at
the dif sites (4, 9). The dif site is highly conserved among prokaryotes (40), and a number of
mobile genetic elements exploit XerCD recombinases to facilitate their transfer (41). This
suggests the GGl was a mobile element laterally acquired from an exogenous source and may
be mobile in extant populations of N. gonorrhoeae.

Our results indicate the GGI remains mobile in natural populations of N. gonorrhoeae.
We inferred several instances of GGI gain and loss during the evolutionary history of our sample
(Figure 2.10). The GGI was associated with specific variants in the core genome, which arose
repeatedly along with the element. Five types of GGI were identifiable in our sample, and these
were highly structured on the core genome phylogeny, suggesting a barrier to transfer in GGI-
populations (Figure 2.9, Figure 2.10).

Random integration of MGEs may disrupt the regulatory and/or physiological networks of
bacterial genomes, outweighing their potential benefits and imposing a fithess cost on their host
(42). Integrating at a “permissive” location in a host’'s genome, such as the dif site recognized by
XerCD, may attenuate these costs (43). Fitness costs associated with MGEs may also be

mitigated by compensatory mutations in the chromosome, the MGE or both. These epistatic
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interactions between laterally acquired elements and genetic background have been
demonstrated in experimental evolution experiments of plasmids (44—-49). A non-replicating
plasmid carrying part of the GGI and its dif site can be integrated into isogenic GGI mutants, but
complete transfer of the GGI to isogenic GGl mutants has not been observed (4, 9). This could
be reflective of a conflict between the genomic island and genetic backgrounds the element has
not evolved with in concert.

We found evidence of associations between the element and variants in both the core
and accessory genomes of N. gonorrhoeae, which is also suggestive of epistatic interactions
between the genomic island and the genome of N. gonorrhoeae (Table 2.3, Table 2.5).
Additionally, we discovered that hot spots and cold spots for recombination differ between the
core genomes of GGI+ and GGI- N. gonorrhoeae (Table 2.S4). Lastly, we identified accessory
gene content that emerged repeatedly in association with the GGI (Table 2.3). These SNPs and
accessory gene content are suggestive of compensatory alterations of the genetic landscape of
GGl+ populations that have allowed for the maintenance of the GGI in natural populations.

The GGl is not exclusive to N. gonorrhoeae, and the GGI of other Neisseria spp. may
provide insight into the maintenance of N. gonorrhoeae’s GGl in natural populations. N.
meningitidis contains variants of the GGl (5, 50, 51), albeit at a much lower frequency
(approximately 17% of isolates) and the GGI has been identified in the genome sequences of
Neisseria bacilliformis (5, 52) and Neisseria musculi (unpublished). The GGI of some N.
meningitidis strains have accumulated indels in genes essential for secretion in N. gonorrhoeae,
potentially nullifying T4S. As for N. meningitidis strains with a complete T4SS, their T4SS does
not appear to secrete ssDNA. Further, no connection has been observed between the presence
of the T4S of N. meningitidis and the infection process. The indels and subsequent degradation
of the GGI present in N. meningitidis are reflective of compensatory mutations to mitigate the

fitness-cost of the island.
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The GGI was present at an intermediate frequency (62%) in this sample of 183 isolates
of N. gonorrhoeae. The GGI's segregation at an intermediate frequency in the presence of
abundant recombination and its apparently intact capacity for mobilization suggest that the
element is under some form of balancing selection. A recent study of genome dynamics in S.
pneumoniae found evidence of negative frequency dependent selection, a form of balancing
selection, in accessory gene frequency distributions of natural bacterial populations (53). The
accessory genes found at intermediate frequencies included MGEs, and the authors
hypothesized that dynamics between MGE and protective restriction modification (RM) systems
shaped the frequency distribution of these elements in S. pneumoniae. Given that the GGI
appears mobile in natural populations of N. gonorrhoeae, it is possible that dynamics similar to
those operating in S. pneumoniae have stabilized the element at an intermediate frequency. We
identified 49 genes with annotations corresponding to RM systems in our pan-genome analysis,
none of which were specific to GGI+ or GGI- isolates (Table 2.S8), and 112 genes with
annotations corresponding to MGEs in our sample, largely at core or rare accessory frequencies
(Figure 2.S6, Table 2.S7). One of these genes, a phage tail protein at intermediate frequency in
the sample, showed similar differentiation between +/- sub-populations.

Another, not mutually exclusive, possibility is that intransitivity [often described as ‘rock-
paper-scissors’ dynamics; (53, 54)] has enabled the sTable 2.circulation of GGI+ and GGI-
lineages. Intransitivity has been described in association with inter-strain competition enabled by
toxin-antitoxin and other systems; the GGI notably encodes a toxin-antitoxin system as part of
its core genome. Excluding the GGI, we found seven genes with annotations corresponding to
toxin-antitoxin systems in the pan-genome calculated using Roary. These systems were not
unique to either the GGI+ or GGI- sub-populations (Table 2.S9).

Finally, the genes encoded in the GGI have not all been characterized, and it is also
possible that some of its gene products are involved in the kind of interactions with the host that

result in sTable 2.diversity of the interacting molecules. We have no evidence to suggest that
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GGI+ and GGI- bacteria occupy distinct niches, another potential explanation for segregating
diversity at this locus. However, previous studies have shown the T4SS, through unknown
mechanisms, is involved in tonB independent intracellular iron uptake. Interestingly, this
phenotype has been observed even in the absence of DNA uptake or secretion (55).
Additionally, the single stranded DNA secreted by the T4SS is the involved initial stages of
biofilm development: Cells with a functional T4SS form more sTable 2.biofilms cells deficient for
secretion (56).

Here we have described patterns of pan-genome structure and recombination that
differentiate natural populations of N. gonorrhoeae based on presence/absence of the GGI. We
found that the island may act as a mobile element and maintains a non-random distribution in
natural populations, likely due to epistatic interactions between the element and genetic
background. These findings demonstrate the importance of mobile elements in shaping their
host chromosomes and provides a new analytical framework for identifying co-adaptation of

laterally acquired DNA in natural populations of bacteria.
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Figure 2.1. Distribution of recombinant fragments across N. gonorrhoeae core genome.
Recombinant fragments identified by BRATNextGen are colored by GGI presence (blue)
/absence (black) and ordered by location on core genome alignment (~1.2 Mb). Maximum
likelihood phylogeny of the core genome alignment inferred by RAXML (left). Plot generated with
Phandango (22).
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Figure 2.2. Proportion of recombinant sites per genome and proportion of alignment
affected by recombination in GGI+ and GGl- isolates. Left: Boxplots of the proportion of
recombinant sites per genome identified by the program BratNextGen in GGI+ and GGI-
isolates. Right: Boxplots of the proportion of the alignment affected per group across 50
subsamples (n = 30 isolates per subsample). A greater proportion of the alignment has been
affected by recombination in GGI+ isolates than GGlI- isolates (medians = 0.23 and 0.21,
respectively). The difference between means was statistically significant (p < 0.05). GGI+ shown
in blue and GGI- shown in charcoal.
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Figure 2.3. Proportion of recombinant sites per genome in individual core genomes of
GGI+ and GGI- isolates. Boxplots of the proportion of recombinant sites per genome identified
by the program BratNextGen in individual core genomes of GGI+ and GGl- isolates. A greater
proportion of sites has been affected by recombination in GGI+ isolates than GGI- isolates
(medians = 0.025 and 0.019, respectively). The difference between means was statistically
significant (p < 0.05). GGI+ shown in blue and GGI- shown in charcoal.
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Figure 2.4. Core genome network of isolates with and without the GGI. Networks were
created in SplitsTree4 from individual core genome alignments of GGI+ (left) and GGI- (right)
isolates of N. gonorrhoeae. There are more reticulations in the network of GGI + isolates than in
the network of GGI- isolates The PHI test was significant for both groups (p < 0.05), indicating
there was evidence for recombination in both groups.
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Figure 2.5. Intensity of recombination across N. gonorrhoeae genomes. The relative
intensity of recombination per site across the core genome of GGI+ (top) and GGI- (bottom)
isolates. Hi was calculated using OrderedPainting on a SNP alignment of N. gonorrhoeae’s core
genome. Hot spots (black) were defined as sites within the 99th percentile (black line) of H;
values.
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Figure 2.6. Co-ancestry matrix of GGI+ and GGI- populations. Co-ancestry matrix showing
population structure and shared recombination chunks between donors (columns) and
recipients (rows). Isolates divided by GGI+ and GGI- populations. Heatmap colors correspond
to number of shared recombination chunks between isolates. There is no significant pattern of
shared ancestry between sub-populations.
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Figure 2.7. Network of the GGI. Network of core GGI genes from GGI+ isolates. The network
was created in SplitsTree4 from a concatenated alignment of 48 genes present in 2 99% of
GGl+ isolates. Results of the PHI test were significant (p < 0.05) for this alignment, indicating
there was evidence of intra-locus recombination.
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Figure 2.8. Maximum-likelihood phylogeny of N. gonorrhoeae isolates with
presence/absence of the GGl indicated. RAXML was used for phylogenetic inference from the

core genome alignment of our sample of N. gonorrhoeae (n = 183). The phylogeny is midpoint
rooted. GGl+ isolates shown in blue, GGI- isolates shown in black. Tree scale shown on right.

Isolates with and without the GGI tend to form monophyletic groups.
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Figure 2.9. Principal component analysis of diversity within the core genome of the GGlI.
Principal component analysis performed with adegenet based on a concatenated alignment of

48 genes present in 2 99% of GGl+ isolates. The GGl clusters into five distinct groups (referred
to as I-V). Type | GGl in green, type Il in blue, type Il in orange, type IV in yellow and type V in
red.
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Figure 2.10. Reconstruction of the ancestral state of the GGI locus. Pie charts on nodes
colored according to GGl state probabilities. Absence of the GGI shown in black, type | GGl in
green, type Il in blue, type Il in orange, type IV in yellow and type V in red. Tree scale shown on
bottom right. This analysis indicates that the GGI has been gained 13 times, switched 3 times
and lost 2 times during the evolutionary history of the sample.
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Tables

Table 2.1. Core genome analysis and global diversity estimates. Average gene number per
isolate and gene content distribution within the core (found in = 99% isolates), soft core (95% <
frequency < 99%), shell (15% < frequency < 95%) and cloud genomes (frequency < 15%), as
calculated by Roary. Two genes present in the GGI (yee and yegB) at core frequencies were
not annotated by Prokka prior to calculating the pan-genome and are not included in this table.

Global diversity estimates of the core genomes for each sample as calculated using egglib.

Sample | N Average | Core Soft Shell Cloud |0 ™ Tajima’s
Gene Genes | Core Genes | Genes D
Number Genes

All 183 | 2081 1434 194 695 3943 | 2.9e-3 | 2.0e-3 | -0.98

GGl+ 115 | 2093 1644 114 529 1889 2.6e-3 | 2.0e-3 | -0.74

GGlI- 68 | 2066 1495 187 606 2877 2.5e-3 | 2.1e-3 | -0.56

GGl 115 | 59 46 4 11 9 1.6e-3 | 1.1e-3 [ -1.18

Table 2.2. BaTS association statistics. Phylogeny-trait association statistics calculated using
BaTsS from a posterior distribution of 1500 trees inferred from a core genome alignment using
MrBayes. GGI presence (by group) and absence were treated as traits. Statistics include the Al
(Association Index), PS (Fitch parsimony score) and MC (maximum exclusive single-state clade
size). Observed and null means, as well as the p-value reported for each statistic.

Statistic Observed Mean Null Mean Significance
Al 1.9 13 0.0

PS 19 89 0.0

MC — Absent 10 3.0 <0.01

MC — Group | 37 3.6 <0.01

MC — Group Il 8.6 1.3 <0.01

MC — Group I 6.0 1.2 <0.01

MC — Group IV 1.0 1.0 1.0

MC — Group V 6.0 1.0 <0.01

Table 2.3. Accessory gene content associated with the GGI. N. gonorrhoeae accessory
genes associated with the GGl identified with Scoary. GGI presence and absence were treated
as traits. Abundance in GGIl+ vs GGI- isolates and Bonferroni corrected p-value reported for

each gene.
Gene ID BLAST Result | Annotation | GGI+ | GGI- | Bonferroni Adjusted p-value
group_2619 | MS11 Hypothetical | 1 e 1.8E-05
locus tag 02312 | protein
group_2027 | MS11 Hypothetical | .70 1 4.73E-05
locus tag 02004 | protein
group_3127 | NCCP11945 Hypothetical | .39 0 1.34E-07
locus tag 1984 protein
group_3126 | NCCP11945 Hypothetical | .33 0 8.43E-06
locus tag 1985 protein
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Supplementary Figures
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Figure 2.S1. Distribution of gene content within the bounds of the GGI. Histogram of the
proportion of gene content within the bounds of the GGI encoded by each isolate in the sample
(n = 183). The island’s bounds, genes yaa and parA, were first described in laboratory strain
MS11. Isolates can be clearly separated into a group encoding most (= 60% genes, n = 115) of
the GGl and a group encoding a fragment of the GGI (= 10% and < 60%, n = 4). A third group
encodes <1% of the GGI (n = 64).
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Figure 2.S2. Distribution of gene content in the pan-genome of N. gonorrhoeae.
Scatterplot of gene frequency in the pan-genome of GGI+ and GGI- isolates. Pan-genome
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calculated using Roary. Each point corresponds to one gene in the pan-genome of 6266 genes.
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Figure 2.S3. Distribution of recombinant fragment lengths. Boxplot of recombinant fragment
lengths (y-axis, log10 transformed) in N. gonorrhoeae’s core genome identified by BratNextGen.
Fragments range from 4-10008 bp in length. Median fragment length is 300 bp.
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Figure 2.54. Reconstruction of the ancestral state of the phage tail protein. Pie charts on
branches indicate the proportions of log-likelihood for each state, with absence of the phage talil
shown in purple and presence in green (n= 82 and n = 101, respectively). Tree scale shown on
right. This analysis indicates that the phage tail protein has been gained 3 times and lost once in

the evolutionary history of our sample.
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Figure 2.S5. Distribution of genome-wide Fst values. Boxplots of the Fsr values calculated
using the GGI and phage tail protein to define populations, as well as the median value
calculated for each SNP in 100 permutations of the Fsranalysis (medians 0.004, 0.009 and
0.00, respectively).
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Figure 2.S6. Distribution of mobile genetic elements in the pan-genome. Histogram of
mobile genetic elements (MGEs, n = 112) in the pan-genome of our N. gonorrhoeae sample (n
= 183). MGEs are largely at core (= 99% of isolates) or rare accessory frequencies (< 10% of
isolates).

Supplementary Tables

Table 2.S1 List of isolate accessions and GGl presence/absence
Accession GGl GGI Group

ERR222939 Present | |
ERR223670 | Present | |

ERR191761 | NA Absent
ERR191789 | NA Absent
ERR191773 | NA Absent

SRR969336 | Present
ERR223640 | Present
ERR191807 | Present
ERR223622 | Present
ERR222905 | Present
ERR191751 | Present
ERR223696 | Present
ERR223676 | Present
ERR223674 | Present
ERR191785 | Present




ERR191755 | Present | |
ERR222907 | NA Absent
ERR223618 | Present | |
ERR355927 | NA Absent
ERR223660 | NA Absent
ERR223690 | Present | |
ERR223656 | Present | Il
ERR223648 | Present | Il
ERR191742 | Present | Il
ERR355924 | Present | I
ERR191744 | Present | lll
ERR355925 | Present | I

F62 NA Absent
fa_1090 NA Absent
FA6140 NA Absent
PID24 1 NA Absent
DGI18 NA Absent
SRR969045 | NA Absent
SRR969349 | NA Absent
SRR969337 | NA Absent
ERR222899 | Present | Il
SK931035 Present | I
FA19 Present | I
PID332 Present | I
SRR1248000 | Present | I

PID1 Present | Il
ERR191801 | Present | lll
SRR969345 | Present | IV
ERR223668 | Present | Il
SRR960561 | Present | Il
SRR969341 | Present |
SRR969354 | Present | Il
ERR191779 | Present | I

DGI2 Present | Il
PID18 Present | Il
ERR351670 | Present | Il
ERR494649 | Present | Il

3502 NA Absent
ERR191803 | NA Absent
SRR959017 | NA Absent
ERR223678 | NA Absent
SRR969343 | NA Absent
SRR969348 | NA Absent
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SRR969342 | NA Absent
SRR969340 | Present | lll
SRR969338 | NA Absent
SRR969344 | NA Absent
SRR969350 | NA Absent
ERR191793 | NA Absent
ERR191740 | Present | V
ERR191741 | Present | V
ERR223606 | Present | V
ERR191745 | Present | V
ERR191743 | Present | V
ERR355926 | Present | V
ERR191738 | NA Absent
ERR223612 | Present | IV
SRR969351 | Present | IV
ERR223650 | NA Absent
ERR191739 | NA Absent
ERR191821 | NA Absent
ERR191791 | NA Absent
ERR223624 | NA Absent
ERR222917 | NA Absent
ERR223682 | NA Absent
ERR191747 | NA Absent
ERR222925 | NA Absent
ERR222929 | Present | |
ERR222923 | NA Absent
ERR222903 | NA Absent
ERR222897 | NA Absent
ERR223626 | NA Absent
ERR222901 | NA Absent
ERR223634 | NA Absent
ERR223644 | NA Absent
ERR223642 | NA Absent
ERR191767 | NA Absent
ERR223616 | NA Absent
ERR191825 | NA Absent
ERR223604 | NA Absent
ERR223662 | NA Absent
ERR223680 | NA Absent
ERR223698 | NA Absent
ERR222927 | NA Absent
ERR191812 | NA Absent
ERR191813 | NA Absent
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ERR223632 | NA Absent
ERR222918 | Present | |
ERR222916 | Present | |
ERR223697 | Present | |
ERR222896 | Present | |
ERR222906 | Present | |
ERR222898 | Present | |
ERR222908 | Present | |
ERR223679 | Present | |
ERR223675 | Present | |
ERR223681 | Present | |
ERR223673 | Present | |
ERR223677 | Present | |
ERR223659 | Present | |
ERR223667 | Present | |
ERR191802 | Present | |
ERR223655 | Present | |
ERR222912 | Present | |
ERR222892 | Present | |
ERR222910 | Present | |
ERR222922 | Present | |
ERR222902 | Present | |
ERR222900 | Present | |
ERR222920 | Present | |
ERR222924 | Present | |
ERR222914 | Present | |
ERR191800 | Present | |
ERR191763 | Present | |
ERR191811 | NA Absent
ERR223658 | Present | |
ERR191764 | Present | |
ERR223607 | Present | |
ERR223641 | Present | |
ERR191735 | Present | |
NCCP11945 | Present | |
ERR222893 | Present | |
ERR222921 | Present | |
ERR191799 | Present | |
ERR191765 | Present | |
ERR223664 | Present | |
ERR223605 | Present | |
ERR222937 | Present | |
ERR223614 | Present | |
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ERR223636 | Present | |
ERR222933 | Present | |
ERR223646 | Present | |
ERR223628 | Present | |
ERR222931 | Present | |
ERR222935 | Present | |
ERR191787 | Present | |
ERR191733 | Present | |
ERR191731 | Present | |
ERR223654 | Present | |
ERR191815 | Present | |
ERR222895 | Present | |
ERR191809 | Present | |
ERR191771 | Present | |
ERR191783 | Present | |
ERR222919 | Present | |
ERR222913 | Present | |
ERR223688 | Present | |
ERR191749 | Present | |
SRR969352 | Present | |
ERR223638 | Present | |
ERR191781 | Present | |
ERR191823 | Present | |
ERR191753 | NA Absent
ERR191769 | NA Absent
SK92679 NA Absent
SRR955973 | Present | lli
SRR969353 | Present | lli
MS11 Present | Il
ERR191737 | NA Absent
ERR223686 | NA Absent
ERR223692 | NA Absent
ERR223652 | NA Absent
ERR191819 | NA Absent
ERR222915 | NA Absent
ERR222911 | NA Absent
ERR222909 | NA Absent
ERR223694 | NA Absent
1291 NA Absent

Table 2.S2 GGl genes in GGI+ isolates

Roary ID

MS11 Gene | # of Isolates

Within GGI Bounds

group_2093

Yaa
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TRUE
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group_3970 | traD 115 | TRUE
group_1664 | traD 115 | TRUE
group_2094 | traD 88 | TRUE
group_1665 | tral 115 | TRUE
group_1243 | Yaf 115 | TRUE
group_1666 | ItgX 115 | TRUE
group_4025 | Yag 115 | TRUE
group_4025 | ItgX 115 | TRUE
group_1667 | traA 115 | TRUE
group_4013 | traL 115 | TRUE
group_3796 | traE 115 | TRUE
group_1668 | traK 115 | TRUE
group_3503 | traB 115 | TRUE
dshC_2 dsbC 115 | TRUE
group_3144 | traV 115 | TRUE
group_3806 | traC 115 | TRUE
group_3999 | Ybe 115 | TRUE
group_3083 | trbl 115 | TRUE
group_3879 | traW 115 | TRUE
group_1244 | trau 115 | TRUE
group_3979 | trbC 115 | TRUE
group_2095 | Ybi 114 | TRUE
group_3516 | traN 115 | TRUE
group_2703 | traF 1| TRUE
group_3202 | Ycb 115 | TRUE
group_2096 | traF 114 | TRUE
group_ 2097 | traG 14 | TRUE
group_1004 | traH 16 | TRUE
group_1003 | traH 113 | TRUE
group_1876 | traG 93 | TRUE
group_1669 | atlA 107 | TRUE
group_2098 | Ych 107 | TRUE
group_422 | exp2 23 | TRUE
group_422 | expl 23 | TRUE
group_2224 | cspA 79 | TRUE
group_421 | Yda 101 | TRUE
group_1005 | ydbA 115 | TRUE
yhaV ydbB 115 | TRUE
priF ydcA 115 | TRUE
group_1246 | Ydd 2 | TRUE
group_1672 | ydcB 115 | TRUE
group_1245 | Ydd 114 | TRUE
group_1673 | ydeA 115 | TRUE
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group_2099 | ydeB 114 | TRUE
group_689 | Ydf 105 | TRUE
group_3335 | Ydg 115 | TRUE
group_3800 | ydhA 115 | TRUE
group_1674 | ydhB 112 | TRUE
group_3966 | Ydi 115 | TRUE
group_1006 | Yea 102 | TRUE
mshD Yeb 115 | TRUE
group_2365 | yecB 1| TRUE
group_3962 | yecA 115 | TRUE
group_ 2222 | yecB 84 | TRUE
group 2481 | yecB 6 | TRUE
group_3518 | yedA 115 | TRUE
group_3852 | yedB 115 | TRUE
group_3855 | yeelyegA 115 | TRUE
group_3475 | yegA 115 | TRUE
group_4086 | Yeh 115 | TRUE
topB topB 109 | TRUE
group_3137 | ssbB 115 | TRUE
group_878 | Yfa 111 | TRUE
group_879 | Yfa 5| TRUE
group_3957 | Yfb 115 | TRUE
group_2482 | yfeA 1| TRUE
group_821 | Yfd 111 | TRUE
group_2101 | yfeA 114 | TRUE
group_3583 | yfeB 115 | TRUE
group_1675 | parB 115 | TRUE
parA parA 115 | TRUE
group_ 2223 | cspA 1| FALSE
group_423 | exp2 1| FALSE
group_2925 | traN 1 | FALSE
group_419 | expl 1 | FALSE
group_419 | exp2 1 | FALSE
group_822 | Yid 19 | FALSE
group_1009 | topB 7 | FALSE
group_ 2367 | yecB 6 | FALSE
group_ 2366 | yecB 3 | FALSE
group_ 2480 | yecB 4 | FALSE
group_1898 | yecB 17 | FALSE
group_2816 | Yea 1 | FALSE
group_2817 | Yea 1 | FALSE
group_1007 | Yea 14 | FALSE
group_690 | Ydf 19 | FALSE
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group_1247 | Ydd 10 | FALSE
group_420 | Yda 14 | FALSE
group_ 2850 | expl 1| FALSE
group_2850 | exp2 1| FALSE
group_1670 | cspA 32 | FALSE
group_2351 | traG 8 | FALSE
group_2494 | Ybi 1 | FALSE
NA Yee 115 | NA

NA yegB 115 | NA
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GGl genes present within GGI+ isolates. Gene ID assigned by Roary, gene annotation in MS11
determined by BLAST, number of isolates, and whether the gene was within the bounds of the
GGl (yaa and parA). Paralogs outside the bounds of the GGlI, as well as yee and yegB (not
annotated by Prokka), were identified using BLAST. Genes present in > 114 isolates were
included in the core GGI alignment.

Table 2.S3. Genes with extreme Hi (2 99" percentile) in GGI+ and GGI- Isolates

Roary ID Prokka Annotation GGl
group_728 | hypothetical protein Absent
group_2448 | hypothetical protein Absent
group_2921 | hypothetical protein Absent
group_1944 | hypothetical protein Absent
group_2621 | hypothetical protein Absent
carA Carbamoyl-phosphate synthase small chain Absent
minD_1 Septum site-determining protein MinD Absent
patA Peptidoglycan O-acetyltransferase Present
sotB 2 Sugar efflux transporter B Present
sotB 1 Sugar efflux transporter Present
merP Mercuric transport protein periplasmic component precursor | Present
topA DNA topoisomerase 1 Present
ftsY Signal recognition particle receptor FtsY Present
nudG CTP pyrophosphohydrolase Present
amiC N-acetylmuramoyl-L-alanine amidase AmiC precursor Present
tsak tRNA threonylcarbamoyladenosine biosynthesis protein TsaE | Present
glyS Glycine--tRNA ligase beta subunit Present
group_373 | hypothetical protein Present
Table 2.54. Genes with extreme fold changes in GGI+ and GGI- Isolates
Gene Annotation GGI+ Hi | GGI-Hi | Fold Adjusted p
Change | value
aroD 3-dehydroquinate dehydratase | -1.2 0.01 -89 7.18E-05
glinG Nitrogen regulation protein 1.28 0.01 214 9.84E-35
NR(l
group_1317 hyp(o)thetical protein -0.91 -0.01 137 2.57E-13
group_1758 | hypothetical protein 1.52 0.01 137 2.76E-13
group_6026 | NnrS protein 0.29 -0.0009 | -302 5.06E-71
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ispH 4-hydroxy-3-methylbut-2- 0.44 0.002 178 1.42E-23
enyl diphosphate reductase
recN DNA repair protein RecN -1.39 0.02 =77 0.003
rhasS HTH-type transcriptional -0.96 0.01 -80 0.002
activator RhaS

rplF 50S ribosomal protein L6 -1.12 -0.01 107 2.09E-07

secB Protein-export protein SecB 0.58 -0.003 | -233 6.27E-42

xerD Tyrosine recombinase XerD -1.38 0.02 -76 0.005

Table 2.S5. Homoplastic Fsr outliers
SNP GGlI+ GGl- FST | Roary ID Prokka Annotation
Frequency | Frequency

7240 0.21 0 0.21 | ygbN Inner membrane permease YgbN

8998 0.27 0 0.27 | thrB Homoserine kinase

9016 0.57 0.18 0.28 | thrB Homoserine kinase

9237 0.49 0.16 0.22 | ubiG Ubiquinone biosynthesis O-
methyltransferase

10068 0.38 0.72 0.21 | mtr Tryptophan-specific transport
protein

10074 0.38 0.72 0.21 | mtr Tryptophan-specific transport
protein

27637 0.49 0.82 0.23 | ybaN Inner membrane protein YbaN

68854 0.42 0.85 0.35 | group_2522 | hypothetical protein

68980 0.42 0.76 0.22 | group_2522 | hypothetical protein

68998 0.42 0.76 0.22 | group_2522 | hypothetical protein

69036 0.42 0.76 0.22 | group_2522 | hypothetical protein

69050 0.42 0.76 0.22 | group_2522 | hypothetical protein

69059 0.42 0.76 0.22 | group_2522 | hypothetical protein

69697 0.34 0.68 0.21 | nadC putative nicotinate-nucleotide
pyrophosphorylase [carboxylating]

71319 0.12 0.43 0.21 | cbbzC Phosphoglycolate phosphatase,
chromosomal

78699 0.15 0.54 0.3 ribD Riboflavin biosynthesis protein
RibD

78714 0.15 0.54 0.3 ribD Riboflavin biosynthesis protein
RibD

78720 0.15 0.54 0.3 ribD Riboflavin biosynthesis protein
RibD

78723 0.15 0.54 0.3 ribD Riboflavin biosynthesis protein
RibD

78738 0.15 0.54 0.3 ribD Riboflavin biosynthesis protein
RibD

78740 0.15 0.54 0.3 ribD Riboflavin biosynthesis protein
RibD

78990 0.32 0 0.33 | group_5712 | Glutamine amidotransferases
class-l

81828 0.01 0.37 0.36 | group_5727 | Pilus assembly protein, PilO
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82058

0.3

0.04

0.21

group_6255

Fimbrial assembly protein (PilN)

82183

0.45

0.79

0.22

group_6255

Fimbrial assembly protein (PilN)

93623

0.3

0.66

0.23

dacC_2

D-alanyl-D-alanine
carboxypeptidase DacC precursor

119231

0.68

0.99

0.29

group_1464

hypothetical protein

123571

0.38

0.82

0.35

group_5590

putative 3'-5' exonuclease related
to the exonuclease domain of
PolB

123577

0.38

0.82

0.35

group_5590

putative 3'-5' exonuclease related
to the exonuclease domain of
PolB

123580

0.38

0.82

0.35

group_5590

putative 3'-5' exonuclease related
to the exonuclease domain of
PolB

123583

0.38

0.82

0.35

group_5590

putative 3'-5' exonuclease related
to the exonuclease domain of
PolB

123589

0.38

0.82

0.35

group_5590

putative 3'-5' exonuclease related
to the exonuclease domain of
PolB

123598

0.38

0.82

0.35

group_5590

putative 3'-5' exonuclease related
to the exonuclease domain of
PolB

123604

0.38

0.82

0.35

group_5590

putative 3'-5' exonuclease related
to the exonuclease domain of
PolB

123631

0.38

0.82

0.35

group_5590

putative 3'-5' exonuclease related
to the exonuclease domain of
PolB

123640

0.38

0.82

0.35

group_5590

putative 3'-5' exonuclease related
to the exonuclease domain of
PolB

123646

0.38

0.82

0.35

group_5590

putative 3'-5' exonuclease related
to the exonuclease domain of
PolB

123652

0.38

0.82

0.35

group_5590

putative 3'-5' exonuclease related
to the exonuclease domain of
PolB

123653

0.38

0.82

0.35

group_5590

putative 3'-5' exonuclease related
to the exonuclease domain of
PolB

123714

0.56

0.93

0.31

group_5590

putative 3'-5' exonuclease related
to the exonuclease domain of
PolB

128223

0.5

0.85

0.25

trpA

Tryptophan synthase alpha chain

130411

0.58

0.91

0.26

Tmk

Thymidylate kinase

132960

0.68

0.97

0.26

group_5635

hypothetical protein

140580

0.01

0.32

0.31

trkH

Trk system potassium uptake
protein TrkH
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154881 | 0.53 0.85 0.22 | lolA Outer-membrane lipoprotein
carrier protein precursor

155602 | 0.72 1 0.28 | group_1250 | hypothetical protein

155836 | 0.57 0.91 0.27 | group_1250 | hypothetical protein

155839 | 0.57 0.91 0.27 | group_1250 | hypothetical protein

155840 | 0.57 0.91 0.27 | group_1250 | hypothetical protein

155860 | 0.56 0.91 0.28 | group_1250 | hypothetical protein

155875 | 0.56 0.91 0.28 | group_1250 | hypothetical protein

157411 | 0.68 0.99 0.29 | ppsR Phosphoenolpyruvate synthase
regulatory protein

165334 | 0.55 0.91 0.29 | group_5506 | preprotein translocase subunit
SecD

165703 | 0.61 0.93 0.25 | group_5506 | preprotein translocase subunit
SecD

168666 | 0.52 0.87 0.25 | tatC Sec-independent protein
translocase protein TatC

169688 | 0.37 0.71 0.21 | group_6170 | hypothetical protein

179890 | 0.03 0.41 0.37 | pgi_1 Glucose-6-phosphate isomerase

181235 | 0.03 0.41 0.37 | pgi_1 Glucose-6-phosphate isomerase

181251 | 0.14 0.57 0.35 | pgi_1 Glucose-6-phosphate isomerase

182257 | 0.29 0.9 0.57 | ybbH putative HTH-type transcriptional
regulator YbbH

183103 | 0.17 0.85 0.64 | Glk Glucokinase

209785 | 0.41 0.75 0.22 | serC Phosphoserine aminotransferase

209818 | 0.62 0.94 0.27 | serC Phosphoserine aminotransferase

210377 | 0.57 0.87 0.2 serC Phosphoserine aminotransferase

210770 | 0.57 0.91 0.26 | serC Phosphoserine aminotransferase

210773 | 0.57 0.91 0.26 | serC Phosphoserine aminotransferase

210781 | 0.57 0.9 0.24 | serC Phosphoserine aminotransferase

210785 | 0.57 0.9 0.24 | serC Phosphoserine aminotransferase

210787 | 0.57 0.9 0.24 | serC Phosphoserine aminotransferase

210791 | 0.57 0.9 0.24 | serC Phosphoserine aminotransferase

210792 | 0.57 0.9 0.24 | serC Phosphoserine aminotransferase

210800 | 0.57 0.9 0.24 | serC Phosphoserine aminotransferase

210803 | 0.57 0.9 0.24 | serC Phosphoserine aminotransferase

212919 | 0.38 0.96 0.55 | group_5905 | putative membrane protein

213001 | 0.54 0.88 0.26 | group_5905 | putative membrane protein

225745 | 0.48 0.81 0.22 | dapA 4-hydroxy-tetrahydrodipicolinate
synthase

227485 | 0.42 0.79 0.26 | rimB_1 23S rRNA (guanosine-2'-O-)-
methyltransferase RImB

227487 | 0.38 0.79 0.3 rimB_1 23S rRNA (guanosine-2'-0O-)-
methyltransferase RImB

227735 | 0.4 0.75 0.23 | rimB_1 23S rRNA (guanosine-2'-O-)-

methyltransferase RImB




73

242107 | 0.49 0.82 0.23 | sdhB Succinate dehydrogenase iron-
sulfur subunit

274076 | 0.57 0.88 0.22 | rimJ Ribosomal RNA large subunit
methyltransferase J

274077 | 0.57 0.88 0.22 | rimJ Ribosomal RNA large subunit
methyltransferase J

274193 | 0.46 0.82 0.25 | rimJ Ribosomal RNA large subunit
methyltransferase J

274199 | 0.42 0.81 0.28 | rimJ Ribosomal RNA large subunit
methyltransferase J

274201 | 0.42 0.81 0.28 | rimJ Ribosomal RNA large subunit
methyltransferase J

274202 | 0.42 0.81 0.28 | rimJ Ribosomal RNA large subunit
methyltransferase J

274203 | 0.42 0.81 0.28 | rimJ Ribosomal RNA large subunit
methyltransferase J

274205 | 0.42 0.81 0.28 | rimJ Ribosomal RNA large subunit
methyltransferase J

277534 | 0.7 1 0.3 group_6143 | hypothetical protein

279764 | 0 0.21 0.21 | ftsK 2 DNA translocase FtsK

281966 | 0.67 0.94 0.21 | proB Glutamate 5-kinase 1

281992 | 0.68 0.99 0.29 | proB Glutamate 5-kinase 1

284837 | 0.64 0.96 0.27 | group_5885 | hypothetical protein

292403 | 0.47 0.13 0.24 | group_5730 | Putative lipoprotein/NMB1164
precursor

301186 | 0.56 0.88 0.24 | accA Acetyl-coenzyme A carboxylase
carboxyl transferase subunit alpha

312618 | 0.06 0.38 0.27 | cysJ 2 Sulfite reductase [NADPH]
flavoprotein alpha-component

313081 | 0.74 1 0.27 | cysNC Bifunctional enzyme CysN/CysC

313687 | 0.06 0.44 0.33 | cysNC Bifunctional enzyme CysN/CysC

313919 | 0.01 0.34 0.33 | cysNC Bifunctional enzyme CysN/CysC

319624 | 0.29 0.62 0.2 Rnr Ribonuclease R

333066 | 0.63 0.97 0.32 | Lon Lon protease

344448 | 0.69 0.99 0.29 | Cca Multifunctional CCA protein

353929 | 0.47 0.88 0.33 | group_6177 | hypothetical protein

354098 | 0.46 0.85 0.3 group_6177 | hypothetical protein

354101 | 0.46 0.85 0.3 group_6177 | hypothetical protein

354102 | 0.46 0.85 0.3 group_6177 | hypothetical protein

354104 | 0.46 0.85 0.3 group_6177 | hypothetical protein

354109 | 0.46 0.85 0.3 group_6177 | hypothetical protein

355190 | 0.46 0.85 0.3 group_5434 | Putative O-
methyltransferase/MSMEI 4947

355193 | 0.46 0.85 0.3 group_5434 | Putative O-
methyltransferase/MSMEI_4947

365148 | 0.63 0.99 0.34 | spoT Bifunctional (p)ppGpp

synthase/hydrolase SpoT
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365339 | 0.5 0.93 0.38 | spoT Bifunctional (p)ppGpp
synthase/hydrolase SpoT

365519 | 0.51 0.94 0.38 | spoT Bifunctional (p)ppGpp
synthase/hydrolase SpoT

372666 | 0.01 0.37 0.36 | hgpA Hemoglobin and hemoglobin-
haptoglobin-binding protein A
precursor

395445 | 0.23 0 0.24 | group_5868 | tetratricopeptide repeat protein

395589 | 0.37 0.04 0.28 | group_5868 | tetratricopeptide repeat protein

402820 | 0.66 0.94 0.22 | aniA Copper-containing nitrite
reductase precursor

402821 | 0.66 0.94 0.22 | aniA Copper-containing nitrite
reductase precursor

402824 | 0.66 0.94 0.22 | aniA Copper-containing nitrite
reductase precursor

402827 | 0.66 0.94 0.22 | aniA Copper-containing nitrite
reductase precursor

403526 | 0.26 0.59 0.2 aniA Copper-containing nitrite
reductase precursor

441438 | 0.01 0.34 0.33 | ttcA tRNA 2-thiocytidine biosynthesis
protein TtcA

441528 | 0.24 0.63 0.27 | ttcA tRNA 2-thiocytidine biosynthesis
protein TtcA

441531 | 0.24 0.63 0.27 | ttcA tRNA 2-thiocytidine biosynthesis
protein TtcA

442744 | 0.4 0.78 0.26 | ygfZz tRNA-modifying protein YgfZ

443711 | 0.2 0.53 0.21 |dnaJ_ 1 Chaperone protein DnaJ

466948 | 0.27 0.68 0.29 | uvrC UvrABC system protein C

468861 | 0.25 0.6 0.23 | copA 1 Copper-exporting P-type ATPase
A

469041 | 0.49 0.85 0.27 | copA_1l Copper-exporting P-type ATPase
A

473147 | 0.68 0.96 0.23 | group_1567 | hypothetical protein

478636 | 0.2 0.62 0.31 |ispG 4-hydroxy-3-methylbut-2-en-1-yl
diphosphate synthase

483399 | 0.57 1 0.45 | group_5865 | S-formylglutathione hydrolase

484826 | 0.56 0.99 0.42 | frmA_1 S-(hydroxymethyl)glutathione
dehydrogenase

485952 | 0.64 1 0.37 | ihfB Integration host factor subunit
beta

508069 | 0.03 0.38 0.32 |iscU NifU-like protein

509021 | 0.01 0.34 0.33 |iscS Cysteine desulfurase

520112 | 0.48 0.87 0.3 nadE NH(3)-dependent NAD( )
synthetase

531123 | 0.49 0.82 0.23 | Sad Succinate semialdehyde
dehydrogenase [NAD(P) ] Sad

531509 | 0.6 0.93 0.26 | Sad Succinate semialdehyde

dehydrogenase [NAD(P) ] Sad
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532117 | 0.39 0.74 0.22 | group_6064 | hypothetical protein

535613 | 0.58 0.91 0.26 |suhB_1 Inositol-1-monophosphatase

535753 | 0.12 0.54 0.34 | suhB_1 Inositol-1-monophosphatase

536725 | 0.54 0.97 0.41 | hrpB ATP-dependent RNA helicase
HrpB

537867 | 0.59 1 0.42 | hrpB ATpP-dependent RNA helicase
HrpB

537947 | 0.62 1 0.39 | hrpB ATITD-dependent RNA helicase
HrpB

537948 | 0.63 1 0.38 | hrpB ATpP-dependent RNA helicase
HrpB

538869 | 0.54 0.87 0.23 | argJ Arginine biosynthesis bifunctional
protein ArgJ

550647 | 0.57 0.9 0.25 | parC DNA topoisomerase 4 subunit A

553613 | 0.02 0.35 0.32 | alaS Alanine--tRNA ligase

555051 | 0.08 0.51 0.38 | alaS Alanine--tRNA ligase

555224 | 0.3 0.72 0.3 alaS Alanine--tRNA ligase

555239 | 0.12 0.5 0.29 | alas Alanine--tRNA ligase

555254 | 0.06 0.34 0.22 | alaS Alanine--tRNA ligase

555267 | 0.06 0.37 0.25 | alaS Alanine--tRNA ligase

555269 | 0.06 0.37 0.25 | alaS Alanine--tRNA ligase

555272 | 0.06 0.37 0.25 | alaS Alanine--tRNA ligase

556646 | 0.43 0.9 0.4 potF_3 Putrescine-binding periplasmic
protein precursor

558155 | 0.03 0.35 0.28 | group_5768 | EamA-like transporter family
protein

570618 | 0.07 0.4 0.27 | ilvl Acetolactate synthase isozyme 3
large subunit

571332 | 0.09 0.49 0.33 |ilvl Acetolactate synthase isozyme 3
large subunit

571749 | 0.01 0.34 0.33 |ilvH Acetolactate synthase isozyme 3
small subunit

596256 | 0.08 0.46 0.32 | uvrA UvrABC system protein A

596301 | 0.2 0.53 0.21 | uvrA UvrABC system protein A

596348 | 0.2 0.66 0.37 | uvrA UvrABC system protein A

596370 | 0.2 0.54 0.23 | uvrA UvrABC system protein A

596397 | 0.2 0.54 0.23 | uvrA UvrABC system protein A

596415 | 0.2 0.54 0.23 | uvrA UvrABC system protein A

596640 | 0.12 0.44 0.23 | uvrA UvrABC system protein A

596967 | 0.01 0.38 0.37 | uvrA UvrABC system protein A

596970 | 0.01 0.38 0.37 | uvrA UvrABC system protein A

597282 | 0.06 0.4 0.28 | uvrA UvrABC system protein A

597283 | 0.06 0.4 0.28 | uvrA UvrABC system protein A

597291 | 0.06 0.4 0.28 | uvrA UvrABC system protein A

597294 | 0.06 0.4 0.28 | uvrA UvrABC system protein A

597295 | 0.06 0.4 0.28 | uvrA UvrABC system protein A
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605685 | 0.42 0.84 0.33 | group_6085 | Cytochrome c-555 precursor

616065 | 0.46 0.82 0.25 |yjjiv putative deoxyribonuclease YjjV

618150 | 0.61 0.93 0.25 | group_5652 | hypothetical protein

623680 | 0.01 0.37 0.36 | group_1579 | hypothetical protein

631915 | 0.01 0.32 0.31 | oprM Outer membrane protein OprM
precursor

631979 | 0.62 0.96 0.3 oprM Outer membrane protein OprM
precursor

632629 | 0.68 0.97 0.26 | oprM Outer membrane protein OprM
precursor

633218 | 0.65 0.96 0.26 | oprM Outer membrane protein OprM
precursor

633418 | 0.2 0.62 0.31 | group_2485 | hypothetical protein

633422 | 0.2 0.62 0.31 | group_2485 | hypothetical protein

633424 | 0.2 0.62 0.31 | group_2485 | hypothetical protein

634301 | 0.3 0.74 0.33 | abgT p-aminobenzoyl-glutamate
transport protein

634435 | 0.28 0.72 0.33 | abgT p-aminobenzoyl-glutamate
transport protein

634867 | 0.35 0.75 0.29 | abgT p-aminobenzoyl-glutamate
transport protein

634870 | 0.35 0.75 0.29 | abgT p-aminobenzoyl-glutamate
transport protein

634930 | 0.32 0.69 0.24 | abgT p-aminobenzoyl-glutamate
transport protein

634936 | 0.32 0.69 0.24 | abgT p-aminobenzoyl-glutamate
transport protein

634939 | 0.32 0.69 0.24 | abgT p-aminobenzoyl-glutamate
transport protein

634996 | 0.27 0.79 0.44 | abgT p-aminobenzoyl-glutamate
transport protein

635005 | 0.27 0.84 0.5 abgT p-aminobenzoyl-glutamate
transport protein

635011 | 0.27 0.84 0.5 abgT p-aminobenzoyl-glutamate
transport protein

635014 | 0.27 0.84 0.5 abgT p-aminobenzoyl-glutamate
transport protein

635020 | 0.27 0.84 0.5 abgT p-aminobenzoyl-glutamate
transport protein

635022 | 0.27 0.84 0.5 abgT p-aminobenzoyl-glutamate
transport protein

635023 | 0.27 0.84 0.5 abgT p-aminobenzoyl-glutamate
transport protein

643413 | 0.38 0.72 0.21 | Def Peptide deformylase

654155 | 0.08 0.51 0.38 | Fth Signal recognition particle protein

655043 | 0.13 0.49 0.26 | group_1149 | hypothetical protein

655410 | 0.07 0.47 0.35 | yphA Inner membrane protein YphA

660148 | 0.53 0.18 0.25 | ygdH LOG family protein YgdH
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660154 | 0.53 0.18 0.25 | ygdH LOG family protein YgdH

669416 | 0.59 0.91 0.25 | recQ ATP-dependent DNA helicase
RecQ

671479 | 0.32 0.75 0.32 | group_6187 | hypothetical protein

673047 | 0.64 0.97 0.3 group_2577 | RIpA-like protein precursor

690336 | 0.13 0.49 0.26 | ndhC NAD(P)H-quinone oxidoreductase
subunit 3

690588 | 0.03 0.38 0.33 | ndhC NAD(P)H-guinone oxidoreductase
subunit 3

694104 | 0.7 0.96 0.2 gabD Succinate-semialdehyde
dehydrogenase [NADP()] GabD

694465 | 0.41 0.76 0.23 | group_5401 | hypothetical protein

701262 | 0.03 0.32 0.25 | group_6035 | Nickel uptake substrate-specific
transmembrane region

702422 | 0.03 0.34 0.27 | alaA Glutamate-pyruvate
aminotransferase AlaA

709115 | 0.31 0.76 0.35 | Rph Ribonuclease PH

710719 | 0.37 0.72 0.23 | scpA Segregation and condensation
protein A

710725 | 0.37 0.72 0.23 | scpA Segregation and condensation
protein A

710730 | 0.37 0.72 0.23 | scpA Segregation and condensation
protein A

710739 | 0.37 0.72 0.23 | scpA Segregation and condensation
protein A

710742 | 0.37 0.72 0.23 | scpA Segregation and condensation
protein A

710772 | 0.06 0.37 0.25 | scpA Segregation and condensation
protein A

710775 | 0.06 0.37 0.25 | scpA Segregation and condensation
protein A

710781 | 0.06 0.37 0.25 | scpA Segregation and condensation
protein A

710787 | 0.06 0.37 0.25 | scpA Segregation and condensation
protein A

710793 | 0.06 0.37 0.25 | scpA Segregation and condensation
protein A

710796 | 0.06 0.37 0.25 | scpA Segregation and condensation
protein A

710799 | 0.06 0.37 0.25 | scpA Segregation and condensation
protein A

711618 | 0.19 0.6 0.31 | pncB2 Nicotinate
phosphoribosyltransferase 2

712776 | 0.3 0.68 0.25 | argS Arginine--tRNA ligase

712809 | 0.3 0.71 0.28 | argS Arginine--tRNA ligase

713022 | 0.23 0.69 0.37 | argS Arginine--tRNA ligase

713034 | 0.23 0.69 0.37 | argS Arginine--tRNA ligase

713040 | 0.23 0.69 0.37 | argS Arginine--tRNA ligase
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713076 | 0.27 0.71 0.33 | argS Arginine--tRNA ligase

713088 | 0.27 0.69 0.31 | argS Arginine--tRNA ligase

713097 | 0.27 0.69 0.31 | argS Arginine--tRNA ligase

713133 | 0.28 0.69 0.3 argS Arginine--tRNA ligase

713139 | 0.28 0.69 0.3 argS Arginine--tRNA ligase

713184 | 0.33 0.68 0.22 | argS Arginine--tRNA ligase

713205 | 0.33 0.68 0.22 | argS Arginine--tRNA ligase

713301 | 0.08 0.44 0.3 argS Arginine--tRNA ligase

713559 | 0.05 0.38 0.28 | argS Arginine--tRNA ligase

713622 | 0.26 0.71 0.34 | argS Arginine--tRNA ligase

715347 | 0.54 0.88 0.26 | rpiA Ribose-5-phosphate isomerase A

725453 | 0.03 0.26 0.21 | group_6164 | putative FAD-linked
oxidoreductase

735176 | 0.71 1 0.29 | dnaG DNA primase

749431 | 0.07 0.38 0.25 | fumC Fumarate hydratase class Il

750589 | 0.19 0.75 0.49 | yhbE putative inner membrane
transporter YhbE

752398 | 0.07 0.38 0.25 | group_2350 | murein transglycosylase C

752692 | 0.05 0.54 0.46 | group_2350 | murein transglycosylase C

752905 | 0.06 0.34 0.22 | group_321 | Transposase DDE domain protein

752911 | 0.06 0.34 0.22 | group_321 | Transposase DDE domain protein

753760 | 0.29 0 0.29 | metG Methionine--tRNA ligase

754269 | 0.33 0.68 0.22 | metG Methionine--tRNA ligase

754694 | 0.3 0.01 0.27 | metG Methionine--tRNA ligase

754698 | 0.3 0.01 0.27 | metG Methionine--tRNA ligase

755128 | 0.52 0.87 0.25 | metG Methionine--tRNA ligase

755129 | 0.53 0.87 0.24 | metG Methionine--tRNA ligase

755602 | 0.04 0.35 0.27 | gimS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]

755611 | 0.04 0.35 0.27 | glmS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]

755612 | 0.04 0.35 0.27 | gimS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]

755614 | 0.04 0.35 0.27 | glmS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]

755620 | 0.04 0.35 0.27 | gimS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]

755623 | 0.04 0.35 0.27 | gimS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]

755638 | 0.04 0.34 0.25 | gimS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]

755639 | 0.04 0.34 0.25 | gimS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]

755640 | 0.04 0.34 0.25 | gimS Glutamine--fructose-6-phosphate

aminotransferase [isomerizing]
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755642 | 0.04 0.34 0.25 | gimS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]
755644 | 0.04 0.34 0.25 | gimS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]
755646 | 0.04 0.34 0.25 | gimS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]
755651 | 0.04 0.34 0.25 | gimS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]
755653 | 0.04 0.34 0.25 | glmS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]
755654 | 0.04 0.35 0.27 | gimS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]
755656 | 0.04 0.34 0.25 | glmS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]
755665 | 0.04 0.34 0.25 | gimS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]
755674 | 0.04 0.34 0.25 | gimS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]
755719 | 0.04 0.34 0.25 | gimS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]
755722 | 0.04 0.34 0.25 | glmS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]
755723 | 0.04 0.34 0.25 | gimS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]
755724 | 0.04 0.34 0.25 | gimS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]
755731 | 0.04 0.34 0.25 | gimS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]
755740 | 0.17 0.51 0.24 | gimS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]
755743 | 0.04 0.34 0.25 | gimS Glutamine--fructose-6-phosphate
aminotransferase [isomerizing]
757737 | 0.53 0.84 0.2 mitA Membrane-bound lytic murein
transglycosylase A precursor
760331 | 0.11 0.57 0.39 | gimuU Bifunctional protein GImU
760579 | 0.3 0.69 0.27 | gimu Bifunctional protein GImU
760615 | 0.35 0.91 0.52 | gimuU Bifunctional protein GImU
765753 | 0.53 0.84 0.2 ftsY Signal recognition particle
receptor FtsY
765988 | 0.36 0.69 0.2 ftsY Signal recognition particle
receptor FtsY
766238 | 0.37 0.71 0.21 | ftsY Signal recognition particle
receptor FtsY
768228 | 0.09 0.47 0.32 |ileS Isoleucine--tRNA ligase
768291 | 0.47 0.87 0.31 |ileS Isoleucine--tRNA ligase
768369 | 0.04 0.43 0.35 |ileS Isoleucine--tRNA ligase
768370 | 0.04 0.43 0.35 |ileS Isoleucine--tRNA ligase
768375 | 0.04 0.43 0.35 |ileS Isoleucine--tRNA ligase
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768384 | 0.04 0.43 0.35 |ileS Isoleucine--tRNA ligase

768715 | 0.15 0.69 0.48 | ileS Isoleucine--tRNA ligase

770085 | 0.21 0.53 0.2 ileS Isoleucine--tRNA ligase

772983 | 0.63 0.96 0.29 | ngrB Na( )-translocating NADH-quinone
reductase subunit B

787096 | 0.15 0.62 0.39 | cmpB Bicarbonate transport system
permease protein CmpB

787188 | 0.05 0.43 0.33 | ssuB Aliphatic sulfonates import ATP-
binding protein SsuB

787217 | 0.12 0.44 0.23 | ssuB Aliphatic sulfonates import ATP-
binding protein SsuB

787271 | 0.07 0.57 0.46 | ssuB Aliphatic sulfonates import ATP-
binding protein SsuB

788960 | 0.03 0.4 0.33 | dsbC_1 putative thiol:disulfide interchange
protein DsbC precursor

792106 | 0.42 0.79 0.26 | Smc Chromosome patrtition protein
Smc

796614 | 0.62 0.97 0.33 | lysS Lysine--tRNA ligase

796617 | 0.62 0.97 0.33 | lysS Lysine--tRNA ligase

796631 | 0.46 0.81 0.23 | lysS Lysine--tRNA ligase

796665 | 0.63 0.99 0.35 | lysS Lysine--tRNA ligase

798160 | 0.44 0.88 0.36 | group_1984 | Natural resistance-associated
macrophage protein

798161 | 0.44 0.88 0.36 | group_1984 | Natural resistance-associated
macrophage protein

798162 | 0.44 0.88 0.36 | group_1984 | Natural resistance-associated
macrophage protein

798226 | 0.45 0.88 0.35 | group_1984 | Natural resistance-associated
macrophage protein

798231 | 0.45 0.88 0.35 | group_1984 | Natural resistance-associated
macrophage protein

798240 | 0.45 0.88 0.35 | group_1984 | Natural resistance-associated
macrophage protein

798243 | 0.45 0.88 0.35 | group_1984 | Natural resistance-associated
macrophage protein

798258 | 0.57 0.94 0.33 | group_1984 | Natural resistance-associated
macrophage protein

798276 | 0.63 0.96 0.28 | group_1984 | Natural resistance-associated
macrophage protein

798288 | 0.63 0.96 0.28 | group_1984 | Natural resistance-associated
macrophage protein

798302 | 0.63 0.96 0.28 | group_1984 | Natural resistance-associated
macrophage protein

798408 | 0.63 0.96 0.28 | group_1984 | Natural resistance-associated
macrophage protein

798732 | 0.43 0.9 0.4 group_1984 | Natural resistance-associated
macrophage protein

798735 | 0.43 0.9 0.4 group_1984 | Natural resistance-associated

macrophage protein
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798738 | 0.43 0.9 0.4 group_1984 | Natural resistance-associated
macrophage protein

798784 | 0.43 0.88 0.37 | group_1984 | Natural resistance-associated
macrophage protein

798855 | 0.44 0.9 0.39 | group_1984 | Natural resistance-associated
macrophage protein

798863 | 0.43 0.88 0.37 | group_1984 | Natural resistance-associated
macrophage protein

798871 | 0.43 0.87 0.35 | group_1984 | Natural resistance-associated
macrophage protein

798873 | 0.43 0.87 0.35 | group_1984 | Natural resistance-associated
macrophage protein

800210 | 0.22 0.6 0.27 | comM Competence protein ComM

801354 | 0.34 0.94 0.58 | group_5630 | cell division protein FtsN

802304 | 0.62 0.94 0.27 | dsbA 1 Thiol:disulfide interchange protein
DsbA precursor

802973 | 0.69 0.97 0.25 | uppP Undecaprenyl-diphosphatase

812331 | 0.09 0.56 0.42 | murG UDP-N-acetylglucosamine--N-
acetylmuramyl-(pentapeptide)
pyrophosphoryl-undecaprenol N-
acetylglucosamine transferase

813930 | 0.27 0.01 0.24 | murC UDP-N-acetylmuramate--L-
alanine ligase

813939 | 0.27 0.01 0.24 | murC UDP-N-acetylmuramate--L-
alanine ligase

813940 | 0.27 0.01 0.24 | murC UDP-N-acetylmuramate--L-
alanine ligase

821022 | 0.1 0.6 0.44 | prpC 2-methylcitrate synthase

821025 | 0.1 0.6 0.44 | prpC 2-methylcitrate synthase

821054 | 0.07 0.62 0.51 | prpC 2-methylcitrate synthase

821055 | 0.07 0.62 0.51 | prpC 2-methylcitrate synthase

821057 | 0.07 0.62 0.51 | prpC 2-methylcitrate synthase

821064 | 0.07 0.62 0.51 | prpC 2-methylcitrate synthase

821067 | 0.07 0.62 0.51 | prpC 2-methylcitrate synthase

821068 | 0.07 0.62 0.51 | prpC 2-methylcitrate synthase

821082 | 0.1 0.62 0.45 | prpC 2-methylcitrate synthase

821088 | 0.1 0.62 0.45 | prpC 2-methylcitrate synthase

821127 | 0.26 0.72 0.36 | prpC 2-methylcitrate synthase

821428 | 0.14 0.65 0.44 | prpC 2-methylcitrate synthase

821583 | 0.09 0.62 0.48 | prpC 2-methylcitrate synthase

821586 | 0.09 0.62 0.48 | prpC 2-methylcitrate synthase

832393 | 0.36 0.07 0.21 | acpS Holo-[acyl-carrier-protein]
synthase

833318 | 0.43 0.04 0.35 | nudG CTP pyrophosphohydrolase

833364 | 0.77 0.4 0.25 | nudG CTP pyrophosphohydrolase

836901 | 0.36 0.07 0.21 | race Glutamate racemase 1

837373 | 0.33 0.04 0.24 | race Glutamate racemase 1
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860939 | 0.42 0.76 0.22 | feuB Iron-uptake system permease
protein FeuB
861388 | 0.17 0.5 0.23 | feuB Iron-uptake system permease
protein FeuB
874204 | 0.54 0.9 0.28 | group_5969 | Thiol-disulfide oxidoreductase
ResA
886948 | 0.26 0.01 0.23 | glyQ Glycine--tRNA ligase alpha
subunit
887842 | 0.07 0.43 0.3 glyS Glycine--tRNA ligase beta subunit
887845 | 0.07 0.43 0.3 glyS Glycine--tRNA ligase beta subunit
887848 | 0.07 0.43 0.3 glyS Glycine--tRNA ligase beta subunit
887854 | 0.06 0.43 0.31 | glyS Glycine--tRNA ligase beta subunit
887912 | 0.15 0.53 0.29 | glysS Glycine--tRNA ligase beta subunit
887947 | 0.07 0.41 0.28 | glysS Glycine--tRNA ligase beta subunit
887950 | 0.07 0.41 0.28 | glyS Glycine--tRNA ligase beta subunit
887953 | 0.07 0.41 0.28 | glyS Glycine--tRNA ligase beta subunit
888010 | 0.05 0.4 0.3 glyS Glycine--tRNA ligase beta subunit
888053 | 0.07 0.4 0.27 | glyS Glycine--tRNA ligase beta subunit
888409 | 0.3 0.94 0.62 | glyS Glycine--tRNA ligase beta subunit
888454 | 0.26 0 0.27 | glyS Glycine--tRNA ligase beta subunit
888475 | 0.39 0.01 0.37 | glyS Glycine--tRNA ligase beta subunit
888478 | 0.39 0.01 0.37 | glyS Glycine--tRNA ligase beta subunit
888559 | 0.27 0 0.27 | glyS Glycine--tRNA ligase beta subunit
888560 | 0.27 0 0.27 | glyS Glycine--tRNA ligase beta subunit
888568 | 0.3 0.01 0.28 | glyS Glycine--tRNA ligase beta subunit
888622 | 0.32 0.01 0.29 | glyS Glycine--tRNA ligase beta subunit
888706 | 0.27 0 0.27 | glyS Glycine--tRNA ligase beta subunit
888754 | 0.1 0.66 0.51 | glyS Glycine--tRNA ligase beta subunit
888757 | 0.1 0.66 0.52 | glysS Glycine--tRNA ligase beta subunit
888778 | 0.49 0.9 0.34 | glyS Glycine--tRNA ligase beta subunit
889342 | 0.37 0.75 0.27 | glyS Glycine--tRNA ligase beta subunit
889434 | 0.16 0.54 0.29 | glyS Glycine--tRNA ligase beta subunit
889444 | 0.17 0.59 0.33 | glyS Glycine--tRNA ligase beta subunit
889457 | 0.56 0.94 0.34 | glyS Glycine--tRNA ligase beta subunit
889555 | 0.17 0.57 0.3 glyS Glycine--tRNA ligase beta subunit
890669 | 0.5 0.88 0.3 rsme Ribosomal RNA small subunit
methyltransferase E
892490 |0.11 0.68 0.51 | group_6025 | hypothetical protein
896140 | 0.12 0.71 0.53 | msbA Lipid A export ATP-
binding/permease protein MsbA
897404 | 0.68 0.97 0.26 | fabD Malonyl CoA-acyl carrier protein
transacylase
897668 | 0.28 0 0.28 | fabD Malonyl CoA-acyl carrier protein

transacylase
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897671 | 0.28 0 0.28 | fabD Malonyl CoA-acyl carrier protein
transacylase

897691 | 0.28 0.01 0.25 | fabD Malonyl CoA-acyl carrier protein
transacylase

899785 | 0.34 0.69 0.22 | plIsX Phosphate acyltransferase

911562 | 0.23 0 0.24 | group_5902 | Prolyl endopeptidase

914151 | 0.62 0.91 0.22 | argA Amino-acid acetyltransferase

920001 | 0.7 0.99 0.28 | xerC Tyrosine recombinase XerC

921694 | 0.38 0.81 0.32 | Dxs 1-deoxy-D-xylulose-5-phosphate
synthase

926940 | 0.03 0.32 0.25 | pyrC Dihydroorotase

944128 | 0.05 0.54 0.46 | bamD Outer membrane protein
assembly factor BamD precursor

945016 | 0.31 0.68 0.24 | rluD Ribosomal large subunit
pseudouridine synthase D

945164 | 0.04 0.32 0.23 | rlubD Ribosomal large subunit
pseudouridine synthase D

945221 | 0.03 0.32 0.25 | rluD Ribosomal large subunit
pseudouridine synthase D

945466 | 0.04 0.49 0.41 | rlubD Ribosomal large subunit
pseudouridine synthase D

946198 | 0.06 0.51 0.41 | group_2272 | Sodium Bile acid symporter family

rotein

946709 | 0.05 0.5 0.41 | group_2272 godium Bile acid symporter family
protein

947619 | 0.25 0.66 0.3 | yfiH Laccase domain protein YfiH

947789 | 0.27 0.68 0.29 | IptE LPS-assembly lipoprotein LptE
precursor

948679 | 0.35 0.75 0.29 | holA DNA polymerase Il subunit delta

959122 | 0.57 0.97 0.38 | thrS Threonine--tRNA ligase

959128 | 0.57 0.97 0.38 | thrS Threonine--tRNA ligase

959131 | 0.57 0.97 0.38 | thrS Threonine--tRNA ligase

959439 | 0.31 0.66 0.22 | thrS Threonine--tRNA ligase

969195 | 0.68 0.99 0.29 | bioA Adenosylmethionine-8-amino-7-
oxononanoate aminotransferase

972371 | 0.7 1 0.31 | hprK HPr kinase/phosphorylase

996962 | 0.3 0.75 0.34 | group_5982 | hypothetical protein

997067 | 0.36 0.79 0.34 | group_5982 | hypothetical protein

997136 | 0.28 0.79 0.43 | group_5982 | hypothetical protein

997151 | 0.21 0.66 0.35 | group_5982 | hypothetical protein

997156 | 0.21 0.66 0.35 | group_5982 | hypothetical protein

997211 | 0.37 0.75 0.27 | group_5982 | hypothetical protein

997295 | 0.03 0.49 0.43 | group_5982 | hypothetical protein

997436 | 0.29 0.63 0.22 | group_5982 | hypothetical protein

997437 | 0.29 0.63 0.22 | group_5982 | hypothetical protein

997439 | 0.29 0.63 0.22 | group_5982 | hypothetical protein
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998454 | 0.31 0.88 0.52 | hemE Uroporphyrinogen decarboxylase

998455 | 0.31 0.88 0.52 | hemE Uroporphyrinogen decarboxylase

998458 | 0.31 0.88 0.52 | hemE Uroporphyrinogen decarboxylase

998932 | 0.33 0.9 0.52 | hemE Uroporphyrinogen decarboxylase

1000130 | 0.12 0.56 0.36 | group_1834 | Z1 domain protein

1000670 | 0.32 0.81 0.4 group_1834 | Z1 domain protein

1001600 | 0.41 0.87 0.38 | group_5402 | NgoFVIl restriction endonuclease

1002997 | 0.23 0.01 0.2 bspRIM Modification methylase BspRI

1003602 | 0.45 0.82 0.26 | group_5735 | hypothetical protein

1007173 | 0.29 0.69 0.29 | group_6052 | putative amino-acid ABC
transporter-binding protein
precursor

1008083 | 0.03 0.49 0.44 | tcyB L-cystine transport system
permease protein TcyB

1008432 | 0.23 0.59 0.23 | algC Phosphomannomutase/phosphogl|
ucomutase

1015541 | 0.05 0.56 0.48 | rimE Ribosomal RNA large subunit
methyltransferase E

1016207 | 0.37 0.79 0.31 | group_1840 | RNA-binding protein

1018091 | 0.33 0.71 0.25 | metC Cystathionine beta-lyase

1021092 | 0.21 0.59 0.27 | ppnK putative inorganic
polyphosphate/ATP-NAD kinase

1022364 | 0.23 0 0.24 | group_2301 | hypothetical protein

1023318 | 0.23 0 0.24 | fadR Fatty acid metabolism regulator
protein

1023321 | 0.23 0 0.24 | fadR Fatty acid metabolism regulator
protein

1023802 | 0.23 0 0.24 | murB UDP-N-
acetylenolpyruvoylglucosamine
reductase

1024251 | 0.23 0 0.24 | murB UDP-N-
acetylenolpyruvoylglucosamine
reductase

1024771 | 0.25 0 0.26 | murB UDP-N-
acetylenolpyruvoylglucosamine
reductase

1025772 | 0.49 0.81 0.21 | mdtK Multidrug resistance protein MdtK

1025863 | 0.23 0 0.24 | mdtK Multidrug resistance protein MdtK

1025868 | 0.23 0 0.24 | mdtK Multidrug resistance protein MdtK

1025928 | 0.36 0.79 0.34 | mdtK Multidrug resistance protein MdtK

1026163 | 0.56 0.9 0.26 | mdtK Multidrug resistance protein MdtK

1030374 | 0.3 0.68 0.25 | pyrF Orotidine 5'-phosphate
decarboxylase

1032460 | 0.7 0.99 0.28 | hldD ADP-L-glycero-D-manno-heptose-
6-epimerase

1034382 | 0.4 0.79 0.28 | group_1845 | putative type | restriction enzymeP

M protein
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1034460 | 0.4 0.78 0.26 | group_1845 | putative type | restriction enzymeP
M protein

1034461 | 0.41 0.78 0.25 | group_1845 | putative type | restriction enzymeP
M protein

1034875 | 0.39 0.79 0.29 | group_5775 | DNA-damage-inducible protein D

1035093 | 0.39 0.81 0.31 | group_5775 | DNA-damage-inducible protein D

1043844 | 0.74 1 0.27 | group_5400 | MORN repeat protein

1058398 | 0.4 0.75 0.23 | cysA Sulfate/thiosulfate import ATP-
binding protein CysA

1058793 | 0.44 0.82 0.27 | cysW_1 Sulfate transport system
permease protein CyswW

1059138 | 0.47 0.79 0.21 |cysW_ 1 Sulfate transport system
permease protein CyswW

1059260 | 0.43 0.79 0.25 | cysW_1 Sulfate transport system
permease protein CysW

1063020 | 0.23 0.01 0.2 group_373 | hypothetical protein

1063062 | 0.23 0.01 0.2 group_373 | hypothetical protein

1063165 | 0.02 0.38 0.35 | group_373 | hypothetical protein

1068923 | 0.47 0.79 0.21 | group_2316 | hypothetical protein

1069074 | 0.16 0.69 0.46 | group_2316 | hypothetical protein

1070219 | 0.42 0.75 0.21 | group_5750 | hypothetical protein

1070914 | 0.35 0.69 0.21 | group_1499 | hypothetical protein

1071002 | 0.37 0.71 0.2 group_1499 | hypothetical protein

1071032 | 0.35 0.69 0.21 | group_1499 | hypothetical protein

1071158 | 0.14 0.49 0.25 | group_1499 | hypothetical protein

1071176 | 0.35 0.69 0.21 | group_1499 | hypothetical protein

1071215 | 0.38 0.75 0.25 | group_1499 | hypothetical protein

1083160 | 0.43 0.79 0.24 | sstT Serine/threonine transporter SstT

1085290 | 0.52 0.88 0.27 | tamB Translocation and assembly
module TamB

1088567 | 0.54 0.9 0.28 | group_2332 | hypothetical protein

1089020 | 0.47 0.9 0.36 | prfB Peptide chain release factor 2

1089178 | 0.57 0.96 0.35 | prfB Peptide chain release factor 2

1089179 | 0.57 0.96 0.35 | prfB Peptide chain release factor 2

1089184 | 0.57 0.96 0.35 | prfB Peptide chain release factor 2

1089310 | 0.46 0.87 0.32 | prfB Peptide chain release factor 2

1089313 | 0.46 0.87 0.32 | prfB Peptide chain release factor 2

1089322 | 0.46 0.87 0.32 | prfB Peptide chain release factor 2

1089574 | 0.54 0.9 0.28 | prfB Peptide chain release factor 2

1090159 | 0.36 0.79 0.34 |rssA 1 NTE family protein RssA

1093718 | 0.68 0.99 0.29 | group_5922 | hypothetical protein

1094428 | 0.5 0.84 0.23 |tsaC_2 Threonylcarbamoyl-AMP synthase

1099565 | 0.19 0.68 0.4 group_1868 | nicotinamidase/pyrazinamidase

1099574 | 0.19 0.66 0.38 | group_1868 | nicotinamidase/pyrazinamidase

1099575 | 0.19 0.66 0.38 | group_1868 | nicotinamidase/pyrazinamidase
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1099705 | 0.23 0.68 0.34 | group_1868 | nicotinamidase/pyrazinamidase

1099739 | 0.01 0.5 0.49 | group_1868 | nicotinamidase/pyrazinamidase

1100601 | 0.1 0.5 0.32 | tsaA putative tRNA (adenine(37)-N6)-
methyltransferase

1115720 | 0.54 0.85 0.21 | group_5680 | Twitching mobility protein

1120553 | 0.11 0.43 0.22 | gndA 6-phosphogluconate
dehydrogenase, NADP( )-
dependent, decarboxylating

1120815 | 0.01 0.31 0.29 | gndA 6-phosphogluconate
dehydrogenase, NADP( )-
dependent, decarboxylating

1122277 | 0.23 0 0.24 | minD_1 Septum site-determining protein
MinD

1122279 | 0.23 0 0.24 | minD_1 Septum site-determining protein
MinD

1122283 | 0.23 0 0.24 | minD_1 Septum site-determining protein
MinD

1122285 | 0.23 0 0.24 | minD_1 Septum site-determining protein
MinD

1122288 | 0.23 0 0.24 | minD_1 Septum site-determining protein
MinD

1122290 | 0.23 0 0.24 | minD_1 Septum site-determining protein
MinD

1122708 | 0.1 0.46 0.27 | minD_1 Septum site-determining protein
MinD

1122759 | 0.13 0.54 0.33 | minD_1 Septum site-determining protein
MinD

1123190 | 0.31 0.69 0.25 | minD_1 Septum site-determining protein
MinD

1123302 | 0.42 0.79 0.26 | minD_1 Septum site-determining protein
MinD

1124624 | 0.23 0 0.24 | hpaC 4-hydroxyphenylacetate 3-
monooxygenase reductase
component

1125176 | 0.26 0 0.27 | rmIA Glucose-1-phosphate
thymidylyltransferase

1127388 | 0.23 0 0.24 | Fhs Formate--tetrahydrofolate ligase

1127837 | 0.23 0 0.24 | ychF Ribosome-binding ATPase YchF

1129161 | 0.11 0.51 0.32 | tyrS Tyrosine--tRNA ligase

1157187 | 0.01 0.34 0.33 | oxyR Hydrogen peroxide-inducible
genes activator

1157862 | 0.35 0.07 0.21 | truA tRNA pseudouridine synthase A

1157865 | 0.35 0.07 0.21 | truA tRNA pseudouridine synthase A

1157869 | 0.35 0.07 0.21 | truA tRNA pseudouridine synthase A

1157871 | 0.35 0.07 0.21 | truA tRNA pseudouridine synthase A

1163035 | 0.65 0.96 0.26 | alsT_2 Amino-acid carrier protein AlsT

1184164 | 0.39 0.72 0.2 pdxAl 4-hydroxythreonine-4-phosphate

dehydrogenase 1
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1195623 | 0.68 0.96 0.23 | gyrB DNA gyrase subunit B

1197770 | 0.5 0.87 0.27 | priC Oligopeptidase A

1197785 | 0.53 0.87 0.24 | priC Oligopeptidase A

1197834 | 0.45 0.81 0.24 | priC Oligopeptidase A

1198109 | 0.5 0.87 0.28 | priC Oligopeptidase A

1198121 | 0.5 0.88 0.3 priC Oligopeptidase A

1198127 | 0.5 0.87 0.28 | priC Oligopeptidase A

1198157 | 0.5 0.88 0.3 priC Oligopeptidase A

1198167 | 0.5 0.88 0.3 priC Oligopeptidase A

1198169 | 0.5 0.88 0.3 priC Oligopeptidase A

1198172 | 0.5 0.88 0.3 priC Oligopeptidase A

1198259 | 0.43 0.84 0.32 | priC Oligopeptidase A

1198265 | 0.43 0.85 0.34 | priC Oligopeptidase A

1198280 | 0.4 0.78 0.26 | priC Oligopeptidase A

1198289 | 0.4 0.78 0.26 | priC Oligopeptidase A

1198301 | 0.33 0.66 0.2 priC Oligopeptidase A

1198304 | 0.33 0.66 0.2 priC Oligopeptidase A

1204240 | 0.62 0.97 0.33 | pyrD Dihydroorotate dehydrogenase
(quinone)

1209643 | 0.03 0.41 0.37 | Mqgo Malate:quinone oxidoreductase

1209647 | 0.03 0.41 0.37 | Mqgo Malate:quinone oxidoreductase

1209664 | 0.03 0.41 0.35 | Mqgo Malate:quinone oxidoreductase

1209754 | 0.03 0.41 0.37 | Mqgo Malate:quinone oxidoreductase

1209883 | 0.03 0.41 0.37 | Mqgo Malate:quinone oxidoreductase

1209895 | 0.03 0.41 0.37 | Mgo Malate:quinone oxidoreductase

1209910 | 0.03 0.41 0.37 | Mgo Malate:quinone oxidoreductase

1209922 | 0.03 0.41 0.37 | Mqgo Malate:quinone oxidoreductase

1209953 | 0.03 0.41 0.37 | Mqgo Malate:quinone oxidoreductase

1209988 | 0.03 0.41 0.37 | Mqgo Malate:quinone oxidoreductase

1210078 | 0.03 0.41 0.37 | Mqgo Malate:quinone oxidoreductase

1210189 | 0.03 0.41 0.37 | Mqgo Malate:quinone oxidoreductase

1210228 | 0.03 0.41 0.37 | Mqgo Malate:quinone oxidoreductase

1210246 | 0.03 0.41 0.37 | Mgo Malate:quinone oxidoreductase

1210453 | 0.03 0.43 0.38 | group_5560 | hypothetical protein

1210495 | 0.03 0.43 0.38 | group_5560 | hypothetical protein

1210498 | 0.03 0.43 0.38 | group_5560 | hypothetical protein

1210508 | 0.03 0.43 0.38 | group_5560 | hypothetical protein

1227446 | 0.63 0.29 0.2 group_1742 | bifunctional tRNA
(mnm(5)s(2)U34)-
methyltransferase/FAD-dependent
cmnm(5)s(2)U34 oxidoreductase

1227598 | 0.03 0.34 0.27 | group_1742 | bifunctional tRNA

(mnm(5)s(2)U34)-
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methyltransferase/FAD-dependent
cmnm(5)s(2)U34 oxidoreductase
1229331 | 0.39 0.76 0.25 | codB Cytosine permease
1239436 | 0.1 0.49 0.32 | petA Ubiquinol-cytochrome c reductase
iron-sulfur subunit
1241205 | 0.68 0.97 0.26 | petB Cytochrome b
1241269 | 0.13 0.49 0.26 | petB Cytochrome b
1241323 | 0.17 0.5 0.23 | petC Cytochrome c1 precursor
1241360 | 0.14 0.5 0.27 | petC Cytochrome c1 precursor
1241410 | 0.21 0.57 0.25 | petC Cytochrome c1 precursor
1244524 | 0.05 0.38 0.28 | rmuC DNA recombination protein RmuC
1251406 | 0.55 0.85 0.2 thiC Phosphomethylpyrimidine
synthase

Table 2.S6. Homoplastic Fsr outliers

ained with the GGl on the core genome phylogeny

SNP Frequency | Roary ID Prokka Annotation
Gained
with GGI
7240 3 ygbN Inner membrane permease YgbN
8998 1 thrB Homoserine kinase
9016 5 thrB Homoserine kinase
9237 4 ubiG Ubiquinone biosynthesis O-methyltransferase
10068 2 mtr Tryptophan-specific transport protein
10074 2 mtr Tryptophan-specific transport protein
27637 3 ybaN Inner membrane protein YbaN
68854 3 group_2522 | hypothetical protein
68980 6 group_2522 | hypothetical protein
68998 6 group_2522 | hypothetical protein
69036 6 group_2522 | hypothetical protein
69050 6 group_2522 | hypothetical protein
69059 6 group_2522 | hypothetical protein
69697 5 nadC putative nicotinate-nucleotide pyrophosphorylase
[carboxylating]
71319 2 cbbzC Phosphoglycolate phosphatase, chromosomal
78699 3 ribD Riboflavin biosynthesis protein RibD
78714 3 ribD Riboflavin biosynthesis protein RibD
78720 3 ribD Riboflavin biosynthesis protein RibD
78723 3 ribD Riboflavin biosynthesis protein RibD
78738 3 ribD Riboflavin biosynthesis protein RibD
78740 3 ribD Riboflavin biosynthesis protein RibD
78990 3 group_5712 | Glutamine amidotransferases class-II
82058 2 group_6255 | Fimbrial assembly protein (PilN)
93623 1 dacC_2 D-alanyl-D-alanine carboxypeptidase DacC precursor
123571 |2 group_5590 | putative 3'-5' exonuclease related to the exonuclease

domain of PolB
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123577 |2 group_5590 | putative 3'-5' exonuclease related to the exonuclease
domain of PolB

123580 |2 group_5590 | putative 3'-5' exonuclease related to the exonuclease
domain of PolB

123583 | 2 group_5590 | putative 3'-5' exonuclease related to the exonuclease
domain of PolB

123589 |2 group_5590 | putative 3'-5' exonuclease related to the exonuclease
domain of PolB

123598 |2 group_5590 | putative 3'-5' exonuclease related to the exonuclease
domain of PolB

123604 |2 group_5590 | putative 3'-5' exonuclease related to the exonuclease
domain of PolB

123631 |2 group_5590 | putative 3'-5' exonuclease related to the exonuclease
domain of PolB

123640 |2 group_5590 | putative 3'-5' exonuclease related to the exonuclease
domain of PolB

123646 |2 group_5590 | putative 3'-5' exonuclease related to the exonuclease
domain of PolB

123652 |2 group_5590 | putative 3'-5' exonuclease related to the exonuclease
domain of PolB

123653 |2 group_5590 | putative 3'-5' exonuclease related to the exonuclease
domain of PolB

123714 | 4 group_5590 | putative 3'-5' exonuclease related to the exonuclease
domain of PolB

128223 | 3 trpA Tryptophan synthase alpha chain

130411 |2 tmk Thymidylate kinase

154881 |3 lolA Outer-membrane lipoprotein carrier protein precursor

155602 |1 group_1250 | hypothetical protein

155836 | 3 group_1250 | hypothetical protein

155839 |3 group_1250 | hypothetical protein

155840 |3 group_1250 | hypothetical protein

155860 |2 group_1250 | hypothetical protein

155875 |2 group_1250 | hypothetical protein

165334 |2 group_5506 | preprotein translocase subunit SecD

165703 |2 group_5506 | preprotein translocase subunit SecD

168666 |2 tatC Sec-independent protein translocase protein TatC

182257 |3 ybbH putative HTH-type transcriptional regulator YbbH

183103 |2 glk Glucokinase

209785 |2 serC Phosphoserine aminotransferase

209818 | 2 serC Phosphoserine aminotransferase

210377 |1 serC Phosphoserine aminotransferase

210770 |2 serC Phosphoserine aminotransferase

210773 | 2 serC Phosphoserine aminotransferase

210781 |2 serC Phosphoserine aminotransferase

210785 |2 serC Phosphoserine aminotransferase

210787 |2 serC Phosphoserine aminotransferase
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210791 |2 serC Phosphoserine aminotransferase

210792 |2 serC Phosphoserine aminotransferase

210800 |2 serC Phosphoserine aminotransferase

210803 | 2 serC Phosphoserine aminotransferase

212919 |1 group_5905 | putative membrane protein

225745 | 2 dapA 4-hydroxy-tetrahydrodipicolinate synthase

227485 |1 rimB_1 23S rRNA (guanosine-2'-O-)-methyltransferase RImB

227487 |1 rimB_1 23S rRNA (guanosine-2'-O-)-methyltransferase RImB

227735 | 4 rimB_1 23S rRNA (guanosine-2'-O-)-methyltransferase RImB

274076 |1 rimJ Ribosomal RNA large subunit methyltransferase J

274077 |1 rimJ Ribosomal RNA large subunit methyltransferase J

274193 | 3 rimJ Ribosomal RNA large subunit methyltransferase J

274199 |3 rimJ Ribosomal RNA large subunit methyltransferase J

274201 |3 rimJ Ribosomal RNA large subunit methyltransferase J

274202 |3 rmJ Ribosomal RNA large subunit methyltransferase J

274203 |3 rmJ Ribosomal RNA large subunit methyltransferase J

274205 |3 rimJ Ribosomal RNA large subunit methyltransferase J

277534 |1 group_6143 | hypothetical protein

292403 | 2 group_5730 | Putative lipoprotein/NMB1164 precursor

312618 |1 cysJ 2 Sulfite reductase [NADPH] flavoprotein alpha-
component

319624 |1 rnr Ribonuclease R

344448 |1 cca Multifunctional CCA protein

353929 |3 group_6177 | hypothetical protein

354098 | 3 group_6177 | hypothetical protein

354101 |3 group_6177 | hypothetical protein

354102 |3 group_6177 | hypothetical protein

354104 |3 group_6177 | hypothetical protein

354109 |3 group_6177 | hypothetical protein

355190 |3 group_5434 | Putative O-methyltransferase/MSMEI_4947

355193 |3 group_5434 | Putative O-methyltransferase/MSMEI_4947

365148 |1 spoT Bifunctional (p)ppGpp synthase/hydrolase SpoT

365339 |3 spoT Bifunctional (p)ppGpp synthase/hydrolase SpoT

365519 |1 spoT Bifunctional (p)ppGpp synthase/hydrolase SpoT

395445 |2 group_5868 | tetratricopeptide repeat protein

395589 |3 group_5868 | tetratricopeptide repeat protein

441528 |2 ttcA tRNA 2-thiocytidine biosynthesis protein TtcA

441531 |2 ttcA tRNA 2-thiocytidine biosynthesis protein TtcA

443711 |1 dnaJ_1 Chaperone protein DnaJ

469041 |1 CopA_1 Copper-exporting P-type ATPase A

483399 | 2 group_5865 | S-formylglutathione hydrolase

520112 |1 nadk NH(3)-dependent NAD( ) synthetase

531509 |1 sad Succinate semialdehyde dehydrogenase [NAD(P) ]

Sad
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532117 |2 group_6064 | hypothetical protein

535613 |2 suhB_1 Inositol-1-monophosphatase

535753 |1 suhB_1 Inositol-1-monophosphatase

537867 |2 hrpB ATP-dependent RNA helicase HrpB
537947 |3 hrpB ATP-dependent RNA helicase HrpB
537948 |2 hrpB ATP-dependent RNA helicase HrpB
550647 |1 parC DNA topoisomerase 4 subunit A

555254 |1 alaS Alanine--tRNA ligase

555267 |1 alaS Alanine--tRNA ligase

555269 |1 alaS Alanine--tRNA ligase

555272 |1 alaS Alanine--tRNA ligase

570618 | 2 ilvl Acetolactate synthase isozyme 3 large subunit
571332 | 4 ilvl Acetolactate synthase isozyme 3 large subunit
596256 | 2 UVrA UvrABC system protein A

596301 |2 uvrA UvrABC system protein A

596348 | 2 uvrA UvrABC system protein A

596370 |2 uvrA UvrABC system protein A

596397 |2 uvrA UvrABC system protein A

506415 | 2 uvrA UvrABC system protein A

506640 |1 uvrA UvrABC system protein A

597282 |1 UVrA UvrABC system protein A

597283 |1 UVrA UvrABC system protein A

597291 |1 UvrA UvrABC system protein A

597294 |1 UVrA UvrABC system protein A

597295 |1 uvrA UvrABC system protein A

605685 | 3 group_6085 | Cytochrome c-555 precursor

618150 |1 group_5652 | hypothetical protein

631979 |1 oprM Outer membrane protein OprM precursor
633218 | 3 oprM Outer membrane protein OprM precursor
633418 |3 group_2485 | hypothetical protein

633422 |3 group_2485 | hypothetical protein

633424 |3 group_2485 | hypothetical protein

634867 |2 abgT p-aminobenzoyl-glutamate transport protein
634870 |2 abgT p-aminobenzoyl-glutamate transport protein
634930 |2 abgT p-aminobenzoyl-glutamate transport protein
634936 | 2 abgT p-aminobenzoyl-glutamate transport protein
634939 |2 abgT p-aminobenzoyl-glutamate transport protein
634996 |3 abgT p-aminobenzoyl-glutamate transport protein
635005 |3 abgT p-aminobenzoyl-glutamate transport protein
635011 |3 abgT p-aminobenzoyl-glutamate transport protein
635014 |3 abgT p-aminobenzoyl-glutamate transport protein
635020 |3 abgT p-aminobenzoyl-glutamate transport protein
635022 |3 abgT p-aminobenzoyl-glutamate transport protein
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635023 |3 abgT p-aminobenzoyl-glutamate transport protein

643413 |1 def Peptide deformylase

655043 | 2 group_1149 | hypothetical protein

660148 |1 ygdH LOG family protein YgdH

660154 |1 ygdH LOG family protein YgdH

669416 |1 recQ ATP-dependent DNA helicase RecQ

671479 |1 group_6187 | hypothetical protein

673047 |2 group_2577 | RIpA-like protein precursor

690336 |3 ndhC NAD(P)H-quinone oxidoreductase subunit 3

690588 |1 ndhC NAD(P)H-quinone oxidoreductase subunit 3

694104 |1 gabD Succinate-semialdehyde dehydrogenase [NADP( )]
GabD

701262 |1 group_6035 | Nickel uptake substrate-specific transmembrane
region

702422 |1 alaA GI?Jtamate-pyruvate aminotransferase AlaA

709115 |2 rph Ribonuclease PH

710772 |1 SCpA Segregation and condensation protein A

710775 |1 SCpA Segregation and condensation protein A

710781 |1 SCpA Segregation and condensation protein A

710787 |1 SCpA Segregation and condensation protein A

710793 |1 SCpA Segregation and condensation protein A

710796 |1 SCpA Segregation and condensation protein A

710799 |1 SCpA Segregation and condensation protein A

711618 |1 pncB2 Nicotinate phosphoribosyltransferase 2

713184 |1 argS Arginine--tRNA ligase

713205 |1 argS Arginine--tRNA ligase

713301 | 2 argS Arginine--tRNA ligase

713559 |2 argS Arginine--tRNA ligase

715347 | 4 rpiA Ribose-5-phosphate isomerase A

725453 | 2 group_6164 | putative FAD-linked oxidoreductase

735176 |1 dnaG DNA primase

749431 | 2 fumC Fumarate hydratase class Il

750589 |1 yhbE putative inner membrane transporter YhbE

752398 |3 group_2350 | murein transglycosylase C

752692 |1 group_2350 | murein transglycosylase C

752905 |1 group_321 | Transposase DDE domain protein

752911 |1 group_321 | Transposase DDE domain protein

753760 | 3 metG Methionine--tRNA ligase

754269 | 3 metG Methionine--tRNA ligase

754694 | 3 metG Methionine--tRNA ligase

754698 | 3 metG Methionine--tRNA ligase

755128 | 4 metG Methionine--tRNA ligase

755129 |3 metG Methionine--tRNA ligase
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755740 |2 glmS Glutamine--fructose-6-phosphate aminotransferase
[isomerizing]

757737 |3 mitA Membrane-bound lytic murein transglycosylase A
precursor

760331 |3 gimu Bifunctional protein GImU

760579 |3 glmu Bifunctional protein GImU

760615 |1 glmu Bifunctional protein GImU

765753 | 2 ftsY Signal recognition patrticle receptor FtsY

765988 | 3 ftsY Signal recognition particle receptor FtsY

766238 |3 ftsY Signal recognition particle receptor FtsY

768228 |2 ileS Isoleucine--tRNA ligase

768291 |2 ileS Isoleucine--tRNA ligase

768369 |1 ileS Isoleucine--tRNA ligase

768370 |1 ileS Isoleucine--tRNA ligase

768375 |1 ileS Isoleucine--tRNA ligase

768384 |1 ileS Isoleucine--tRNA ligase

768715 |1 ileS Isoleucine--tRNA ligase

770085 |1 ileS Isoleucine--tRNA ligase

772983 |3 nqrB Na( )-translocating NADH-quinone reductase subunit
B

787096 |1 cmpB Bicarbonate transport system permease protein
CmpB

787188 |1 ssuB AIip?watic sulfonates import ATP-binding protein SsuB

787217 |2 ssuB Aliphatic sulfonates import ATP-binding protein SsuB

788960 |1 dsbC_1 putative thiol:disulfide interchange protein DsbC
precursor

792106 |3 smc Chromosome patrtition protein Smc

796631 |3 lysS Lysine--tRNA ligase

798258 |1 group_1984 | Natural resistance-associated macrophage protein

798276 |2 group_1984 | Natural resistance-associated macrophage protein

798288 |2 group_1984 | Natural resistance-associated macrophage protein

798302 |2 group_1984 | Natural resistance-associated macrophage protein

798408 | 2 group_1984 | Natural resistance-associated macrophage protein

798855 |1 group_1984 | Natural resistance-associated macrophage protein

800210 |1 comM Competence protein ComM

801354 |3 group_5630 | cell division protein FtsN

802304 |2 dsbA_1 Thiol:disulfide interchange protein DsbA precursor

802973 |1 uppP Undecaprenyl-diphosphatase

812331 |1 murG UDP-N-acetylglucosamine--N-acetylmuramyl-
(pentapeptide) pyrophosphoryl-undecaprenol N-
acetylglucosamine transferase

813930 |2 murC UDP-N-acetylmuramate--L-alanine ligase

813939 |2 murC UDP-N-acetylmuramate--L-alanine ligase

813940 |2 murC UDP-N-acetylmuramate--L-alanine ligase

821022 |2 prpC 2-methylcitrate synthase




821025 |2 prpC 2-methylcitrate synthase

821054 |2 prpC 2-methylcitrate synthase

821055 |2 prpC 2-methylcitrate synthase

821057 |2 prpC 2-methylcitrate synthase

821064 |2 prpC 2-methylcitrate synthase

821067 |2 prpC 2-methylcitrate synthase

821068 | 2 prpC 2-methylcitrate synthase

821082 |2 prpC 2-methylcitrate synthase

821088 |2 prpC 2-methylcitrate synthase

821127 |2 prpC 2-methylcitrate synthase

821428 | 2 prpC 2-methylcitrate synthase

821583 | 2 prpC 2-methylcitrate synthase

821586 |2 prpC 2-methylcitrate synthase

832393 |1 acpS Holo-[acyl-carrier-protein] synthase
833318 |2 nudG CTP pyrophosphohydrolase
833364 |3 nudG CTP pyrophosphohydrolase
836901 |1 rack Glutamate racemase 1

837373 |1 rack Glutamate racemase 1

860939 |1 feuB Iron-uptake system permease protein FeuB
861388 | 3 feuB Iron-uptake system permease protein FeuB
874204 |1 group_5969 | Thiol-disulfide oxidoreductase ResA
886948 |2 glyQ Glycine--tRNA ligase alpha subunit
887842 |1 glyS Glycine--tRNA ligase beta subunit
887845 |1 glyS Glycine--tRNA ligase beta subunit
887848 |1 glyS Glycine--tRNA ligase beta subunit
887854 |1 glyS Glycine--tRNA ligase beta subunit
887912 |1 glyS Glycine--tRNA ligase beta subunit
887947 |1 glyS Glycine--tRNA ligase beta subunit
887950 |1 glysS Glycine--tRNA ligase beta subunit
887953 |1 glysS Glycine--tRNA ligase beta subunit
888010 |1 glysS Glycine--tRNA ligase beta subunit
888053 |1 glyS Glycine--tRNA ligase beta subunit
888409 |2 glyS Glycine--tRNA ligase beta subunit
888454 | 2 glyS Glycine--tRNA ligase beta subunit
888475 | 3 glyS Glycine--tRNA ligase beta subunit
888478 | 3 glyS Glycine--tRNA ligase beta subunit
888559 |2 glysS Glycine--tRNA ligase beta subunit
888560 |2 glysS Glycine--tRNA ligase beta subunit
888568 | 2 glyS Glycine--tRNA ligase beta subunit
888622 |3 glysS Glycine--tRNA ligase beta subunit
888706 |3 glyS Glycine--tRNA ligase beta subunit
888754 |1 glyS Glycine--tRNA ligase beta subunit
888757 |1 glyS Glycine--tRNA ligase beta subunit
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888778 |4 glyS Glycine--tRNA ligase beta subunit

889342 |2 glyS Glycine--tRNA ligase beta subunit

889434 | 2 glyS Glycine--tRNA ligase beta subunit

889444 | 2 glyS Glycine--tRNA ligase beta subunit

889457 |1 glys Glycine--tRNA ligase beta subunit

889555 |2 glys Glycine--tRNA ligase beta subunit

890669 |1 rsme Ribosomal RNA small subunit methyltransferase E
892490 |2 group_6025 | hypothetical protein

896140 |2 msbA Lipid A export ATP-binding/permease protein MsbA
897404 |2 fabD Malonyl CoA-acyl carrier protein transacylase
897668 | 2 fabD Malonyl CoA-acyl carrier protein transacylase
897671 | 2 fabD Malonyl CoA-acyl carrier protein transacylase
897691 |2 fabD Malonyl CoA-acyl carrier protein transacylase
899785 |2 plsX Phosphate acyltransferase

911562 |2 group_5902 | Prolyl endopeptidase

914151 |1 argA Amino-acid acetyltransferase

921694 | 2 dxs 1-deoxy-D-xylulose-5-phosphate synthase
926940 |1 pyrC Dihydroorotase

945016 | 2 rluD Ribosomal large subunit pseudouridine synthase D
947619 | 3 yfiH Laccase domain protein YfiH

947789 |3 IptE LPS-assembly lipoprotein LptE precursor
948679 | 4 holA DNA polymerase Il subunit delta

959122 |3 thrS Threonine--tRNA ligase

959128 |3 thrS Threonine--tRNA ligase

959131 |3 thrS Threonine--tRNA ligase

959439 |1 thrS Threonine--tRNA ligase

972371 |1 hprK HPr kinase/phosphorylase

996962 | 2 group_5982 | hypothetical protein

997067 |2 group_5982 | hypothetical protein

997136 |2 group_5982 | hypothetical protein

997151 |1 group_5982 | hypothetical protein

997156 |1 group_5982 | hypothetical protein

997211 |1 group_5982 | hypothetical protein

997295 |1 group_5982 | hypothetical protein

997436 |1 group_5982 | hypothetical protein

997437 |1 group_5982 | hypothetical protein

997439 |1 group_5982 | hypothetical protein

998454 | 2 hemE Uroporphyrinogen decarboxylase

998455 |2 hemE Uroporphyrinogen decarboxylase

998458 | 2 hemE Uroporphyrinogen decarboxylase

998932 |3 hemE Uroporphyrinogen decarboxylase

1000670 | 3 group_1834 | Z1 domain protein

1001600 | 1 group_5402 | NgoFVIl restriction endonuclease
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1002997 | 2 bspRIM Modification methylase BspRI

1003602 | 1 group_5735 | hypothetical protein

1007173 | 3 group_6052 | putative amino-acid ABC transporter-binding protein
precursor

1008083 | 1 tcyB L-cystine transport system permease protein TcyB

1008432 | 1 algC Phosphomannomutase/phosphoglucomutase

1015541 | 1 rime Ribosomal RNA large subunit methyltransferase E

1016207 | 4 group_1840 | RNA-binding protein

1018091 | 2 metC Cystathionine beta-lyase

1021092 | 3 ppnK putative inorganic polyphosphate/ATP-NAD kinase

1022364 | 2 group_2301 | hypothetical protein

1023318 | 2 fadR Fatty acid metabolism regulator protein

1023321 | 2 fadR Fatty acid metabolism regulator protein

1023802 | 2 murB UDP-N-acetylenolpyruvoylglucosamine reductase

1024251 | 2 murB UDP-N-acetylenolpyruvoylglucosamine reductase

1024771 | 2 murB UDP-N-acetylenolpyruvoylglucosamine reductase

1025772 | 1 mdtK Multidrug resistance protein MdtK

1025863 | 2 mdtK Multidrug resistance protein MdtK

1025868 | 2 mdtK Multidrug resistance protein MdtK

1025928 | 2 mdtK Multidrug resistance protein MdtK

1026163 | 1 mdtK Multidrug resistance protein MdtK

1030374 | 1 pyrF Orotidine 5'-phosphate decarboxylase

1032460 | 1 hldD ADP-L-glycero-D-manno-heptose-6-epimerase

1035093 | 1 group_5775 | DNA-damage-inducible protein D

1058398 | 1 cysA Sulfate/thiosulfate import ATP-binding protein CysA

1058793 | 2 cysW_1 Sulfate transport system permease protein CyswW

1059138 | 4 cysW_1 Sulfate transport system permease protein CysW

1059260 | 1 cysW_1 Sulfate transport system permease protein CysW

1063020 | 2 group_373 | hypothetical protein

1063062 | 1 group_373 | hypothetical protein

1063165 | 1 group_373 | hypothetical protein

1069074 | 2 group_2316 | hypothetical protein

1070914 | 1 group_1499 | hypothetical protein

1071002 | 1 group_1499 | hypothetical protein

1071032 | 1 group_1499 | hypothetical protein

1071158 | 2 group_1499 | hypothetical protein

1071176 | 1 group_1499 | hypothetical protein

1071215 | 1 group_1499 | hypothetical protein

1085290 | 1 tamB Translocation and assembly module TamB

1088567 | 2 group_2332 | hypothetical protein

1089020 | 1 priB Peptide chain release factor 2

1089178 | 1 priB Peptide chain release factor 2

1089179 | 1 priB Peptide chain release factor 2
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1089184 | 1 priB Peptide chain release factor 2

1089310 | 2 priB Peptide chain release factor 2

1089313 | 2 priB Peptide chain release factor 2

1089322 | 2 priB Peptide chain release factor 2

1089574 | 2 prfB Peptide chain release factor 2

1090159 | 2 rssA 1 NTE family protein RssA

1094428 | 1 tsaC_2 Threonylcarbamoyl-AMP synthase

1099565 | 2 group_1868 | nicotinamidase/pyrazinamidase

1099574 | 2 group_1868 | nicotinamidase/pyrazinamidase

1099575 | 2 group_1868 | nicotinamidase/pyrazinamidase

1099705 | 1 group_1868 | nicotinamidase/pyrazinamidase

1100601 | 1 tsaA putative tRNA (adenine(37)-N6)-methyltransferase

1115720 | 1 group_5680 | Twitching mobility protein

1122277 | 2 minD_1 Septum site-determining protein MinD

1122279 | 2 minD_1 Septum site-determining protein MinD

1122283 | 2 minD_1 Septum site-determining protein MinD

1122285 | 2 minD_1 Septum site-determining protein MinD

1122288 | 2 minD_1 Septum site-determining protein MinD

1122290 | 2 minD_1 Septum site-determining protein MinD

1122708 | 2 minD_1 Septum site-determining protein MinD

1122759 | 1 minD_1 Septum site-determining protein MinD

1123302 | 2 minD_1 Septum site-determining protein MinD

1124624 | 2 hpaC 4-hydroxyphenylacetate 3-monooxygenase reductase
component

1125176 | 2 rmlA Glucose-1-phosphate thymidylyltransferase

1127388 | 2 fhs Formate--tetrahydrofolate ligase

1127837 | 2 ychF Ribosome-binding ATPase YchF

1129161 | 4 tyrS Tyrosine--tRNA ligase

1157862 | 1 truA tRNA pseudouridine synthase A

1157865 | 1 truA tRNA pseudouridine synthase A

1157869 | 1 truA tRNA pseudouridine synthase A

1157871 | 1 truA tRNA pseudouridine synthase A

1184164 | 2 pdxAl 4-hydroxythreonine-4-phosphate dehydrogenase 1

1197770 | 6 priC Oligopeptidase A

1197785 | 4 priC Oligopeptidase A

1197834 | 4 priC Oligopeptidase A

1198109 | 4 priC Oligopeptidase A

1198121 | 4 priC Oligopeptidase A

1198127 | 4 priC Oligopeptidase A

1198157 | 4 priC Oligopeptidase A

1198167 | 4 priC Oligopeptidase A

1198169 | 4 priC Oligopeptidase A

1198172 | 4 priC Oligopeptidase A
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1198259 | 2 priC Oligopeptidase A

1198265 | 2 priC Oligopeptidase A

1198280 | 2 priC Oligopeptidase A

1198289 | 2 priC Oligopeptidase A

1198301 | 2 priC Oligopeptidase A

1198304 | 2 priC Oligopeptidase A

1204240 | 1 pyrD Dihydroorotate dehydrogenase (quinone)

1209664 | 1 mqo Malate:quinone oxidoreductase

1227446 | 2 group_1742 | bifunctional tRNA (mnm(5)s(2)U34)-
methyltransferase/FAD-dependent cmnm(5)s(2)U34
oxidoreductase

1227598 | 2 group_1742 | bifunctional tRNA (mnm(5)s(2)U34)-
methyltransferase/FAD-dependent cmnm(5)s(2)U34
oxidoreductase

1229331 | 2 codB Cytosine permease

1241269 | 3 petB Cytochrome b

1241323 | 3 petC Cytochrome c1 precursor

1241360 | 4 petC Cytochrome c1 precursor

1241410 | 2 petC Cytochrome c1 precursor

1251406 | 2 thiC Phosphomethylpyrimidine synthase

Table 2.S7. Mobile genetic element genes identified in N. gonorrhoeae pan-genome

Roary ID Prokka Annotation # of Isolates
intA_2 Prophage CP4-57 integrase 183
group_1984 | Natural resistance-associated macrophage protein 183
group_2280 | phage T7 F exclusion suppressor FxsA 183
intA_1 Prophage CP4-57 integrase 183
group_321 | Transposase DDE domain protein 183
group_5836 | Phage integrase family protein 183
group_6190 | Transposase 1S200 like protein 183
sunS SPBc2 prophage-derived glycosyltransferase SunS 182
group_2923 | Phage Mu protein F like protein 182
group_1256 | bacteriophage N4 receptor, outer membrane subunit 180
group_2112 | Transposase 1S116/1S110/1S902 family protein 172
group_2615 | Transposase 1S116/1S110/1S902 family protein 151
group_1068 | Integrase core domain protein 147
group_431 | ISXO2-like transposase domain protein 130
group_239 | Bacteriophage replication protein O 106
group_2401 | Phage tail protein (Tail_P2_I) 101
group_5798 | Integrase core domain protein 76
group_421 | Phage terminase large subunit 75
group_5799 | Integrase core domain protein 73
group_149 | ISXO2-like transposase domain protein 61
group_425 | Phage terminase large subunit 55




group_296 | Transposase 1S116/I1S110/1S902 family protein 48
group_301 | Transposase 1S116/I1S110/1S902 family protein 46
group_230 | Bacteriophage replication protein O 39
group_433 | ISXO2-like transposase domain protein 37
group_2624 | Phage tail fibre repeat protein 32
group_424 | Phage terminase large subunit 31
group_298 | Transposase 1S116/1S110/1S902 family protein 30
group_129 | ISXO2-like transposase domain protein 26
group_126 | ISXO2-like transposase domain protein 24
group_143 | ISXO2-like transposase domain protein 23
group_320 | Transposase IS116/1S110/1S902 family protein 21
group_134 | ISXO2-like transposase domain protein 20
group_311 | Transposase I1S116/1S110/1S902 family protein 20
group_135 | ISXO2-like transposase domain protein 19
group_145 | ISXO2-like transposase domain protein 19
group_1383 | Integrase core domain protein 17
group_312 | Transposase 1S116/1S110/1S902 family protein 17
group_5801 | Integrase core domain protein 17
group_5803 | Integrase core domain protein 17
group_1001 | Conjugative relaxosome accessory transposon protein 16
group_144 | ISXO2-like transposase domain protein 16
group_299 | Transposase 1S116/1S110/1S902 family protein 16
group_147 | ISXO2-like transposase domain protein 15
group_138 | ISXO2-like transposase domain protein 14
group_304 | Transposase 1S116/1S110/1S902 family protein 14
group_316 | Transposase 1S116/1S110/1S902 family protein 14
group_136 | ISXO2-like transposase domain protein 13
group_1384 | Integrase core domain protein 12
group_140 | ISXO2-like transposase domain protein 12
group_2614 | Transposase 1S116/1S110/1S902 family protein 12
group_314 | Transposase 1S116/1S110/1S902 family protein 11
group_2113 | Transposase 1S116/I1S110/1S902 family protein 10
group_139 | ISXO2-like transposase domain protein 9
group_306 | Transposase 1S116/1S110/1S902 family protein 8
group_5804 | Integrase core domain protein 7
group_130 | ISXO2-like transposase domain protein 6
group_2616 | Transposase 1S116/1S110/1S902 family protein 6
group_237 | Bacteriophage replication protein O 5
group_1257 | bacteriophage N4 receptor, outer membrane subunit 4
group_148 | ISXO2-like transposase domain protein 4
group_303 | Transposase 1S116/1S110/1S902 family protein 3
group_142 | ISXO2-like transposase domain protein 2
group_308 | Transposase 1S116/I1S110/1S902 family protein 2

99



100

group_315

Transposase 1S116/1S110/IS902 family protein

group_3307

ISXO2-like transposase domain protein

group_5802

Integrase core domain protein

group_127

ISXO2-like transposase domain protein

group_133

ISXO2-like transposase domain protein

group_1497

Prophage CP4-57 integrase

group_302

Transposase 1S116/1S110/IS902 family protein

intS

Putative prophage CPS-53 integrase

group_4332

ISXO2-like transposase domain protein

group_5800

Integrase core domain protein

RlRRRRRRININN

tnpR

Transposon Tn3 resolvase

1

0o

tnpR_2

Transposon Tn3 resolvase

group_3939

IS1 transposase

group_3944

Tn3 transposase DDE domain protein

group_3969

Transposase DDE domain protein

group_3960

IS2 transposase TnpB

group_3961

Transposase

group_3962

Transposase, Mutator family

group_3957

Putative transposase

group_3964

Integrase core domain protein

group_3974

Transposase, Mutator family

group_3970

Transposase

group_3959

Transposase, Mutator family

group_3965

Transposase DDE domain protein

group_2138

conjugal transfer mating pair stabilization protein TraN

group_5156

Integrase core domain protein

pepFl

Oligoendopeptidase F, plasmid

group_4265

Bacteriophage peptidoglycan hydrolase

RRrRrRRIRRIRPRRRPRRIRRIR R R R

group_2685

Putative conjugal transfer protein/MT3759

N
(o]

trfA

Plasmid replication initiator protein TrfA

N
(o]

virB4

Type IV secretion system protein virB4

N
~

traG

Conjugal transfer protein TraG

N
~

ptIG

Type IV secretion system protein virB10

N
-~

group_2683

Conjugal transfer protein

N
-~

group_2684

VirB8 protein

N
-~

group_ 3182

Conjugal transfer protein TrbH

N
-~

group_3183

Type IV secretory pathway, VirB3-like protein

N
-~

group_3184

TrbC/VIRB2 family protein

N
-~

group_2173

TrbL/VirB6 plasmid conjugal transfer protein

N
»

tetM

Tetracycline resistance protein TetM from transposon ThFO1

=
\I

group_4830

Type IV secretory system Conjugative DNA transfer

Int-Tn

Transposase from transposon Tn916

group_5004

Excisionase from transposon Tn916

PR R
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group_132

ISXO2-like transposase domain protein

group_2115

Transposase 1S116/1S110/IS902 family protein

group 2116

Transposase 1S116/1S110/IS902 family protein

group_ 3432

Integrase core domain protein

group_1002

Conjugative relaxosome accessory transposon protein

WP |IR|R

Roary ID Prokka Annotation GGlI+ GGl-
Frequency | Frequency
bcglA Restriction enzyme Bgcl subunit alpha 1 1
bcgIB Restriction enzyme Bgcl subunit beta 1 1
dpnC Type-2 restriction enzyme Dpnl 0.99 0.97
group_1086 | NgoBYV restriction endonuclease 0 0.03
group_1087 | NgoBYV restriction endonuclease 0.38 0.26
group_1088 | NgoBYV restriction endonuclease 0.01 0
group_1089 | NgoBYV restriction endonuclease 0.99 0.97
group_1737 | Haell restriction endonuclease 0.99 0.99
group_1738 | Haell restriction endonuclease 0.02 0.01
group_1845 | putative type | restriction enzymeP M protein 1 1
group_2077 | NgoPlI restriction endonuclease 1 1
group_2078 | NgoPII restriction endonuclease 0.01 0
group_2079 | NgoPII restriction endonuclease 0 0.01
group_2080 | NgoPIl restriction endonuclease 0.4 0.51
group_2911 | Type I restriction modification DNA specificity 0.99 1
domain protein
group_2918 | Type lll restriction enzyme, res subunit 0.97 1
group_2974 | Eco29KkI restriction endonuclease 0.96 0.94
group_3828 | Type I restriction modification DNA specificity 0.01 0
domain protein
group_408 | putative type | restriction enzymeP M protein 0.05 0.03
group_413 | putative type | restriction enzymeP M protein 0.03 0
group_415 | Putative type-1 restriction enzyme specificity 0.73 0.71
protein MPN_089
group_416 | Putative type-1 restriction enzyme specificity 0.01 0.01
protein MPN_089
group_417 | Putative type-1 restriction enzyme specificity 0.35 0.24
protein MPN_089
group_418 | Putative type-1 restriction enzyme specificity 0.47 0.43
protein MPN_089
group_419 | Putative type-1 restriction enzyme specificity 0.21 0.22
protein MPN_089
group_420 | Putative type-1 restriction enzyme specificity 0.01 0
protein MPN_089
group_4272 | putative type | restriction enzymeP M protein 0 0.01
group_4375 | Type lll restriction enzyme, res subunit 0 0.01
group_4434 | Type | restriction enzyme EcoR124ll R protein 0 0.01

Table 2.S8. Restriction modification genes identified in pan-genome of N. gonorrhoeae



group_4435 | Putative type-1 restriction enzyme specificity 0 0.01
protein MPN 089
group_4436 | Putative type-1 restriction enzyme specificity 0 0.01
protein MPN_089
group_4438 | putative type | restriction enzymeP M protein 0 0.01
group_513 | Type I restriction enzyme EcoR124ll R protein 0.23 0.12
group_514 | Type I restriction enzyme EcoR124ll R protein 0.04 0.07
group_5402 | NgoF VIl restriction endonuclease 1 1
group_649 | Type lll restriction enzyme, res subunit 0.91 0.96
group_650 | Type lll restriction enzyme, res subunit 0.01 0
group_652 | Type Il restriction enzyme, res subunit 0.08 0.04
group_815 | Type-1 restriction enzyme R protein 0.01 0.01
group_816 | Type-1 restriction enzyme R protein 0.11 0.04
group_817 | Type-1 restriction enzyme R protein 0.1 0.07
group_818 | Type-1 restriction enzyme R protein 0.01 0
hsdM putative type | restriction enzymeP M protein 1 0.96
hsdR_1 Type | restriction enzyme EcoR1241l R protein 1 0.96
hsdR_2 Type | restriction enzyme EcoR1241l R protein 0.8 0.9
hsdS Type-1 restriction enzyme EcoKI specificity 0 0.01
protein
ngoMIVR Type-2 restriction enzyme NgoMIV 1 1
ngoMIVR_2 | Type-2 restriction enzyme NgoMIV 0.03 0
ydiO putative BsuMI modification methylase subunit 0.98 1
YdiO

Table 2.S9. Toxin-antitoxin genes identified in pan-genome of N. gonorrhoeae

Roary ID Prokka Annotation GGlI+ Frequency | GGI- Frequency
dinJ Antitoxin DinJ 0 0.01
fitA Antitoxin FitA 1 1
fitB Toxin FitB 1 1
group_2681 | Zeta toxin 0.08 0.26
group_4511 | Zeta toxin 0 0.01
mazk Antitoxin MazE 0.99 1
sinR antitoxin HipB 1 1
vapD Endoribonuclease VapD 0.87 0.87
vapD_2 Endoribonuclease VapD 0.08 0.13
ywqgK Putative antitoxin YwgK 1 1
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Abstract

Mycobacterium tuberculosis (M. tb), an obligate human pathogen and the etiological
agent of tuberculosis (TB), remains a major threat to global public health. Comparative
genomics has been invaluable for monitoring the emergence and spread of TB and for gaining
insight into adaptation of M. tb. Most genomic studies of M. tb are based on single bacterial
isolates that have been cultured for several weeks in vitro. However, in its natural human host,
M. tb comprises complex, in some cases massive bacterial populations that diversify over the
course of infection and cannot be wholly represented by a single genome. Recently, enrichment
via hybridization capture has been used as a rapid diagnostic tool for TB, circumventing
culturing protocols and enabling the recovery of M. tb genomes directly from sputum. This
method has further applicability to the study of M. tb adaptation, as it enables a higher resolution
and more direct analysis of M. tb genetic diversity within hosts with TB. Here we analyzed
genomic material from M. tb and M. bovis populations captured directly from sputum and from
cultured samples using metagenomic and Pool-Seq approaches. We identified effects of
sampling, patient, and sample type on bacterial genetic diversity. Bacterial genetic diversity was
more variable and on average higher in sputum than in culture samples, suggesting that
manipulation in the laboratory reshapes the bacterial population. Using outlier analyses, we
identified candidate bacterial genetic loci mediating adaptation to these distinct environments.
The study of M. tb in its natural human host is a powerful tool for illuminating host pathogen

interactions and understanding the bacterial genetic underpinnings of virulence.

Introduction
Tuberculosis (TB) is the leading cause of death worldwide due to an infectious disease
(World Health Organization, 2018). Among the tools brought to bear to understand and tackle

the TB pandemic, comparative genomics has received increased attention following the



105

development of affordable, high throughput sequencing technologies. For example, comparative
genomic methods have been used to investigate the spread of TB at regional [e.g. (2)] and
global [e.g. (3)] scales and to identify drug resistance loci [e.g. (4—6)].

As a first step to performing analyses of Mycobacterium tuberculosis (M. tb) whole
genome sequence data, isolation of bacterial DNA typically begins with decongestion of
putatively infected sputum and transfer to artificial media. Sputum samples that harbor M. tb are
then enriched for M. tb through growth in axenic culture for multiple weeks before DNA
extraction can be performed (Nor, Ng, and Fong 2009). Although routine, the microevolutionary
dynamics of this process are not well characterized.

Recent methodological advances have enabled enrichment of target DNA molecules
from within complex backgrounds. DNA enrichment via hybridization capture has become a
standard procedure for recovering genomic regions of interest from genetically homogenous
mixtures, and even full genomes from complex metagenomic backgrounds (7—9). Indeed,
enrichment via hybridization capture has recently been investigated as a rapid TB diagnostic,
circumventing lengthy culturing procedures and enabling the recovery of M. tb genomes directly
from infected sputum (10, 11).

In addition to TB diagnostics, the ability to recover genomes directly from infected
tissues has important implications for the field of M. tb comparative genomics. Most studies
have relied on 1:1 comparisons of representative genomes from single bacterial strains isolated
via axenic culture. However, M. tb populations within hosts are composed of potentially billions
of bacterial cells that diversify over the course of infection and cannot be wholly represented by
a single genome (12, 13). Capturing bacterial genomic material directly from sputum enables a
more direct analysis of M. tb genetic diversity during infection.

Here we used metagenomic and Pool-Seq approaches to compare genome-wide
sequence data from M. tb and M. bovis populations isolated from paired sputum and culture

samples. Our results suggest genetic diversity is reshaped during in vitro culture of bacterial
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populations and we propose candidate loci mediating differential adaptation to these distinct

environments.

Methods
Sample collection

We analyzed whole genome sequence data from a previously published study in which
M. tuberculosis DNA was captured directly from infected sputum samples (accession code
PRJEB9206) (10). TB treatment data were not provided for samples included in Brown et al;
according to the text, at least some of the patients had received TB treatment prior to sample
collection. We obtained an additional five residual sputum samples from the Wisconsin State
Laboratory of Hygiene. Four of these samples were taken from a single TB patient over a 48-
hour period. These were the first samples collected from this patient. The presence of
Mycobacterium bovis (M. bovis) in these four had been confirmed through positive MGIT
cultures. The fifth sputum sample was a pool taken from numerous TB negative patients.
Sample preparation and sequencing

Two 500 ul aliquots were taken from each positive sputum sample. One aliquot was
used directly for DNA extraction, while the second aliquot was used for inoculation into 1oml of
Middlebrook 7H11 broth in T-25 culture flasks. Cultures were incubated at 37°C for 3 weeks or
longer until growth was visible.

DNA extractions from all samples, including a 500 ul aliquot from the negative sputum
sample, were performed following the protocol described in Brown et al, with some
modifications. Briefly, the 500 ul aliquots of decongested sputum, and 5 ml of culture were spun
down for 5 minutes at maximum speed on a benchtop centrifuge to pellet cells. The supernatant
was discarded, and the sediment then resuspended in 30oul TE buffer and transferred to 2ml
tubes with 250 ug of 0.1mm glass beads. Samples were incubated at 80°C for 50 minutes, and

then frozen at -80°C overnight. After thawing, tubes were vortexed for 3 minutes and spun
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down, followed by the addition of 10 ul Mutanolysin and 1-hour incubation at 37C. Following
incubation, samples were centrifuged at max speed on a benchtop centrifuge and purified with
the DNeasy Blood and Tissue kit (Qiagen) and eluted in 100 ul volumes. All extractions were
performed in a BSL-3 laboratory.

For the sputum samples, 50 ul of each extract was sheared using the Covaris M220 on
250bp setting. 10 ul of sheared DNA was then used as input for sequencing library preparation
using the NEBNext Ultra Il kit (New England Biolabs) following manufacturer's instructions. 1:100
dilutions of each library were quantified via gPCR using Maxima master mix (ThermoFisher).
Double indexes (NEB) were then added using AccuPrime Pfx polymerase (ThermoFisher) and
the following PCR heating profile: 2min at 95°C, 15 cycles of 20s at 95°C, 30s at 65°C and
1min20s at 68°C, followed by smin at 68°C. PCR reactions were purified using MinElute spin
columns (Qiagen). 1 ul of each resulting indexed library was then run through 1 cycle of PCR to
remove heteroduplices and purified with MinElute columns. Samples were pooled in equal
volumes and negative controls in 1:10 volumes. This pool was quantified on a BioAnalyzer using
a DNA 1000 chip and sequenced on 1 lane of a 2x125bp run on a HiSeq 2500.

The culture samples were prepared according the TruSeq Nano DNALT Library Prep Kit
(lumina Inc., San Diego, California, USA) with minor modifications. Samples were sheared
using a Covaris M220o Ultrasonicator (Covaris Inc, Woburn, MA, USA), and were size selected
for an average insert size of 550 bp using SPRI bead-based size exclusion. Quality and quantity
of the finished libraries were assessed using an Agilent DNA1ooo chip and Qubit® dsDNA HS
Assay Kit, respectively. Libraries were standardized to 2nM.

Sequence processing

We processed fastq files for all samples using our reference guided assembly pipeline

(https://github.com/pepperell-lab/RGAPepPipe). Briefly, adapters and low-quality bases were

trimmed using Trim Galore! (https://github.com/FelixKrueger/TrimGalore) and aligned to either

the M. tb H37Rv (Brown et al. 2015 samples and the negative sputum sample) or M. bovis
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AF2122 (samples from the Wisconsin State Laboratory of Hygiene) reference genomes using
BWA mem (14, 15). SAM files were converted to bam format and sorted using Samtools followed
by duplicate removal with Picard (https://broadinstitute.github.io/picard/) and local realignment
with GATK (16, 17).

Aligned sequences were taxonomically classified using Kraken and the RefSeq
bacterial, viral and archaea databases as implemented in Kraken's standard database build (18,
19). Paired-end sequences where one or both sequences were not assigned to the
Mycobacterium genus or lower were removed from the aligned sequences using Picard. Indels,
repetitive regions (including PE/PPE genes), mobile elements, as well as rRNA and tRNA genes
were removed from samples using PoPoolation2 (20) (Table 3.S1). We identified and removed
indels present in each sample using PoPoolation (21). We used VCF files generated with
Samtools to identify strand-bias positions in each sample, which were removed across all
samples.

Estimates of nucleotide diversity

We estimated genetic diversity for each sample independently using the Pool-seq
approach implemented in PoPoolation2. Following O’Neill et al. 2015, we randomly subsampled
(n =10) read data from each sample to a uniform 50X coverage to limit the effects of differential
coverage across samples. Using these subsampled data with uniform coverage, we then
calculated nucleotide diversity (11), Watterson’s theta (8y) and Tajima’s D in 100 kb sliding
windows across the genome in 10 kb steps (12). Additionally, we calculated 1 and 6y for each
gene using gene annotations based on the M. tb H37Rv and M. bovis AF2122 reference
genomes. Following recommendations and rationale described in O’Neill et al, we required at
least 50% coverage of each region and a minimum allele count of 2. Pool-size was set at
10,000. We calculated the genome-wide averages of nucleotide diversity in sputum and culture

samples for each patient as the mean of the sliding windows of diversity (100 kb windows, 10 kb
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steps). We performed a paired t-test on these genome-wide values of nucleotide diversity in
sputum and culture for each patient.
Identification of windows of overlap in nucleotide diversity

We identified regional peaks in nucleotide diversity across the genome. Using nucleotide
diversity from the sliding-window analysis, we calculated a z-score and p-value for each window
in sputum and culture for each patient. We performed FDR correction, setting a p-value cutoff of
0.05. Windows were defined as overlapping if they were present in > 1 patient. Code available

on https://github.com/.

Identification of outlier genes

We identified genes with significant changes in nucleotide diversity (1) from sputum to
culture in each patient using three different approaches. Method 1: we performed linear
regression of nucleotide diversity per gene in sputum versus culture for each patient (22). We
calculated Cook’s distance (D;) from the regression line for each gene and used a threshold of >
4 times the mean of D; to define outlier genes in each patient. Method 2: for each patient and
each gene we calculated the fold-change in nucleotide diversity between sputum and culture
samples (i.e. nucleotide diversity in sputum/nucleotide diversity in culture). We performed z-
transformation of these values and calculated a p-value for each gene. For genes with non-zero
diversity in sputum and zero diversity in culture, we calculated a z-score and p-value for the
difference in nucleotide diversity between these sample types. We used FDR correction for
multiple testing, setting a cutoff of 0.05 to identify outliers. Method 3: treating sputum and culture
pairs as two different populations, we calculated Fsr per gene using PoPoolation2. We required
a minimum allele count of 3, minimum coverage of 10 and maximum coverage of 350. Pool-size
was set at 10,000. Genes that were masked (either insufficient coverage or within the bounds of
removed regions described in Table 3.S1) in the gene-wise estimates of nucleotide diversity

described above were excluded from these analyses. We performed a Fisher’s exact test with
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FDR correction to assess significance for Fstvalues from each gene, setting a p-value cutoff of

0.01. Code available on https://github.com/AbigailShockey/sputum.

Lineage Typing

We used SNP-IT (https://github.com/samlipworth/snpit) to perform lineage typing for our

sample of M. tb. Briefly, we used bcftools to call consensus sequences from our sputum and
culture samples of M. tb. We required a minimum read and mapping quality of 20. We masked
indels, repetitive regions (including PE/PPE genes), mobile elements, as well as rRNA and
tRNA genes in the consensus sequences using in-house scripts (Table 3.S1). We performed
lineage typing on the masked consensus sequences.
Identification of Mixed Infections
In order to investigate the possibility of mixed infection, we looked for overlap between sites
defined as variable in our analyses and lineage-defining positions from (23). Of the 6,915
positions proposed by Coll et al., 47 were masked in our analyses due to not meeting quality
control thresholds. We did not observe consistent patterns of variation at the remaining 6,868
positions to suggest that the samples derived from infections that contained mixtures of lineages
(Table 3.S2).
Data availability

The M. tuberculosis sequence data from Brown et al 2015 is publicly available in the
Sequence Read Archive under BioProject Accession Code PRJEBQ9206. The M. bovis sequence
data will be submitted to the Sequence Read Archive.
Statement of Ethics

Newly sequenced data in this study was obtained from residual clinical samples at the
State Lab of Hygiene. We did not collect any data or samples for research purposes nor was
routine clinical care altered by this study. This study was reviewed and approved by the UW-

Madison Health Sciences Institutional Review Board.
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Results
Removal of putative contaminating sequences with metagenomic filtering

To address the possibility of background contamination with high sequence similarity to
the M. tb H37Rv or M. bovis AF2122 reference genomes, we performed metagenomic filtering
on aligned reads from all samples. We used Kraken (18) to assign each read to a taxon and
removed reads not assigned to the Mycobacterium genus or a species within it.

Between 8-99% of aligned sequences were removed from the sputum samples, with g of the 35
samples losing more than 50% of aligned sequences (Table 3.S3). The M. tb sputum samples
from Brown et al. were published with associated smear scores ranging from negative to 3+
(10). The percent of sequences remaining after filtering increased with smear score (Figure 3.1).
This increase was significant for samples with a smear score = 1+ when compared to samples
with a negative sputum score (ANOVA, p-value < 0.01; Table 3.S4) suggesting that some of the
variation in the number of sequences removed can be attributed to the severity of infection.
However, the variation in the M. bovis sputum samples taken over a 48-hour period (1-31%
sequences retained after filtering) indicate the degree of stochasticity when sampling repeatedly
from a single patient (Table 3.S3).

We applied this filter to culture samples, which allowed us to assess the stringency of
this step, as these samples should have minimal contaminating sequences. In samples with >
50X starting coverage, less than 3% of aligned sequences were removed by the filter. The
filtered sequences likely arise from low levels of contamination or sequences in conserved
regions that can’t be confidently assigned (Table 3.S3).

Similarly, we applied the filter to a pool of negative sputum from patients without TB.
Since there should be no sequences belonging to Mycobacterium genus in this sample, any
sequences carried through must come from background contamination not detecTable 3.by
alignment or the metagenomic filter. Only 0.3% of starting sequences could be aligned to either

the M. tb or M. bovis reference genome. From those, 98% were removed in the metagenomic
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filter step, indicating that the filter, together with alignment, is efficient at removing potential
contaminating sequences contributed by metagenomic background (Table 3.S3).

In conjunction with the metagenomic filter, we also removed indels, repetitive regions
(including PE/PPE genes), rRNA and tRNA genes, and mobile elements (Table 3.51). Together
these filters lead to an average reduction in genome wide coverage of 14% in culture samples,
and 34% in sputum samples (Table 3.S2). Only samples with 50X or greater final coverage were
included in subsequent analyses.

Effect of sampling and sample type on bacterial genetic diversity

Diversity of M. tb samples varies among patients (Figure 3.2). We did not find any
evidence to suggest this was driven by bacterial lineage (Table 3.S3). Nucleotide diversity is
more variable among sputum samples, where genome-wide values span an order of magnitude,
whereas culture samples are more homogenous. The distribution of pairwise differences among
samples from the same patient is nested within the distribution for differences between patients
(Figure 3.3). This is consistent with a substantial impact of sample to sample variation on
bacterial genetic diversity, similar to the observed effect of sampling on the amount of target
sequencing data recovered (Table 3.S3). The distribution of windows of nucleotide diversity (1)
across the genome varied across comparisons from the same patient, further reflecting the
effects of sampling (ANOVA p-value < 0.05 for sample 1 to 3 & sample 2 to 3 comparison; NS
for comparison of sample 1 & 2).

Despite inter- and intra-patient variability, there is a consistent pattern of greater diversity
in sputum versus culture: genome-wide 1T is significantly greater in sputum (paired t-test, p-
value = 0.029, 0.028 for inter-patient and intra-patient samples, respectively; Figure 3.4). This is
indicative of a systematic loss of diversity during growth in culture.

Values of OBw are generally higher than 1 in all samples, indicating an abundance of low
frequency variants (Figures 3.S1 & 3.S2). Tajima’s D is uniformly low across the genome (Figure

3.S3). Average Tajiima’s D values are lower in sputum samples for all but one patient.
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It is possible that background contamination not removed during alignment or
metagenomics filtering contributed to observed differences in diversity between sputum and
culture. Homologous sequences from non-mycobacteria present in the lungs or respiratory tract
would not be present in culture and could artificially inflate nucleotide diversity in sputum
samples. To address this problem, we sequenced a pool of sputum from multiple patients not
displaying symptoms of TB and processed these sequences identically to infected samples.
Although 99.9% of sequences were removed, approximately 3,000 sequences passed through
our filters. We merged these sequences with those from Patient 14’s culture sample and
calculated nucleotide diversity (17) in sliding-windows as described above. Average 11 in this
composite sample was slightly higher than the culture sample alone, but less than the paired
sputum sample (1T = 2.69e-05, 6.74€-05, and 1.47e-04 in culture, composite, and sputum,
respectively). Increases in nucleotide diversity in the composite sample did not mirror the
topology of Patient 14’s sputum sample (Figure 3.S4). These findings indicate minimal
background contamination passes our filters, and this contamination does not drive the patterns
of nucleotide diversity seen in sputum samples.

Regional patterns of diversity

To identify regional peaks in diversity across the genome, we calculated a z-score and p-
value for 1 per window in sputum and culture for each patient. We identified 35 regions of
overlapping high 1 (i.e. present in > 1 patient) between culture samples from different patients,
and 34 windows of overlap among sputum samples. There are 17 windows found in multiple
patients in both sputum and culture. These windows correspond to two genomic regions (Table
3.S5). From the intra-patient samples, there were five windows of overlap in sputum and 12 in
culture. No windows were shared between culture and sputum samples from the same patient.
To assess whether changes in diversity between sputum and culture samples occur in specific
genomic regions, we calculated the fold-change across the genome as the ratio of 1 in sputum

to 1 in culture in sliding windows across the genome. For four patients, the diversity of culture
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and sputum samples was similar. Patterns of diversity in the other patients did not reveal any
obvious “hotspot regions” across patients or samples in which culture and sputum exhibited
consistent differences (Figure 3.S5).

Patterns of variation at the individual gene level

We categorized each gene based on differences in nucleotide diversity between sputum
and culture. The majority of genes in each patient maintained zero diversity or decreased in
diversity (Fig 5, 54% and 32% of total gene content, respectively). Among genes that decreased
in diversity, the majority lost all diversity in culture. As with the findings described above, these
results suggest a significant loss in bacterial diversity occurs following growth in culture.

To identify specific genes with marked changes in diversity between sputum and culture,
we performed linear regression of gene diversity in the two sample types, for each patient and
sample. We identified 49 outlier genes in M. tb, 17 of which were found across more than one
patient (Figure 3.6, Table 3.1, Table 3.S6). Remarkably, Rv2o20c was an outlier in all 13 patients.
As an alternate method of identifying genes with significant differences in diversity, we
calculated the fold-change in nucleotide diversity (11 sputum/1r culture) per gene in each patient
and sample. Fold changes vary among intra- and inter-patient samples, and the fold changes
from sputum to culture can span orders of magnitude (Figure 3.7). We calculated a z-score and
p-value for the fold change per gene in each patient and identified three M. tb genes with
significant fold change in > 1 patient; an additional 71 genes had an extreme fold change in a
single patient (Figure 3.7, Table 3.1, Table 3.S6).

Of these outliers, nrdE has the highest fold-change in 4 patients and rpoB (Rvo667) in
two patients. nrdE is seen in the extremes of the fold-change distributions in a total of 6 patients,
and rpoB in two. Although it is only found in the extremes of diversity in a single patient, p/cC is
the only gene with higher diversity in sputum in all 13 TB patients.

To assess genes with high diversity in sputum that have zero diversity in culture, which

aren’t amenable to fold-change calculation, we examined differences rather than fold-changes.
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For genes with non-zero diversity in sputum and zero diversity in culture we calculated a z-score
and p-value for each difference in nucleotide diversity (11) and identified 127 M. tb genes with
significant differences. Fifteen of these were found across more than one patient (Table 3.1,
Table 3.S6).

As another method of identifying genes with major changes in diversity, we calculated
Fst per gene treating sputum and culture as two populations. We used Fisher’s exact test (with
FDR correction) to assess the significance of Fsr per gene and found 63 M. tb genes to have
significant differences in more than one patient; an additional 292 genes were outliers in a single

patient (Table 3.1, Table 3.S6, Figure 3.S6).

Discussion

Although Mycobacterium tuberculosis can be grown axenically in the lab, its natural
niche is within human tissues. Here we compared patterns of genetic diversity of M. tb in
expectorated sputum to bacteria grown in vitro, in order to gain insight on differences between
evolutionary pressures encountered within the host and those imposed by ex vivo manipulation
of bacterial populations. It's important to understand bacterial adaptation to both settings, as the
former is informative of host-pathogen interactions and the latter is vital in distinguishing signal
from noise in bacterial sequencing data. We found that diversity of M. tb in sputum samples
varies substantially within and among hosts, and that diversity of these populations is higher
than it is for M. tb grown in vitro. Using outlier analyses, we further identified a group of genes
that exhibit consistent shifts in diversity between culture and sputum. These are candidate loci
mediating differential adaptation to the two environments.

We found overall diversity of M. tb populations to be higher in sputum samples than in
culture (Figures 2 & 4). At a gene by gene level, the most common pattern observed was for
genes with measurable diversity in sputum to lose all diversity in culture (Figure 3.5). This

pattern could arise from bacterial population bottlenecks that occur during processing of sputum
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samples for in vitro culture. Sputum and culture samples from Brown et al were produced from
different input volumes of initial suspension [19ooul and 1ooul respectively (10)]. We controlled
for this potential bias in the processing of samples from patient 35, using equal volumes of initial
suspension for direct DNA extraction and inoculation into culture media. The results from patient
35 mirror those of the Brown samples, with greater diversity of M. tb in sputum than in culture
(Figures 2 & 4). This suggests that the reduction in diversity observed in culture samples is not
an artifact of sample processing.

An alternate explanation of the observed difference between sputum and culture
samples is that apparent diversity of M. tb in sputum samples is inflated by DNA sequences
from organisms other than M. tb, i.e. bacteria present in the upper respiratory tract. We applied
stringent filters to remove off-target sequences (Methods), and our analyses of uninfected sputa
(Table 3.S3) and culture samples spiked with TB-negative sputa (Results, Figure 3.S1) showed
that the patterns of M. tb diversity observed in sputum samples did not arise from contamination
of M. tb sequencing data.

Explanations of the relatively high diversity in sputum include relaxed purifying selection
and/or diversifying selection that is specific to this environment, mutation rate variation, and
bacterial sub-populations within hosts that have variable fitness in vitro. The degree of
differentiation between M. tb populations in sputum and culture varies substantially among
patients (Figures 2 & 6): overall diversity of bacterial populations in the two environments is
nearly identical for some patients (e.g. patient 4) and an order of magnitude different for others
(e.g. patient 14). This suggests that the evolutionary pressures driving genome wide differences
in diversity vary from patient to patient.

We found previously, using pooled culture-based samples, that overall diversity of within-
host M. tb populations varies among patients and that patients with pre-terminal TB can harbor
extremely diverse populations of bacteria (12). It's possible that M. tb populations within hosts

occasionally undergo massive expansions associated with relaxation of purifying selection, and
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that this becomes evident in comparisons with bacterial populations cultured under relatively
uniform conditions. Pulmonary cavitation is one plausible condition under which such an
expansion could occur: cavitation results in a shift from a hypoxic to an oxygen-rich environment
and the interior of the cavity is relatively inaccessible to the immune system. Trauner et al
reported an observable shift in M. tb population structure following cavitation of a large
granuloma (13), demonstrating that M. tb within-host population diversity reflects the ongoing
evolution of disease in the host. Clinical metadata from the patients whose samples we
analyzed here do not point to any obvious reasons for observed differences in M. tb sputum
diversity [e.g. patient 4, with low diversity, has 3+ smear positivity and MDR TB and patient 14,
with high diversity, has 1+ smear and MDR TB; (10)], but these data are limited.

Host immune responses impose a range of stresses on M. tb populations, including DNA
damage [reviewed in (24, 25)]. Host imposed mutagenic stressors are likely to vary over time
and among patients, and high M. tb sputum diversity could reflect more mutagenic
environments within certain hosts (and host states) versus the relatively uniform conditions of in
vitro culture. Relatively high diversifying selection is an alternative explanation for high M. tb
sputum diversity within a subset of TB patients. However, given that the pattern of elevated
diversity is genome-wide (Figure 3.S2), this seems less likely than relaxed purifying selection
and/or variation in within-host mutation rates.

Beyond its potential instructiveness about the varied adaptive milieu within hosts with
TB, the uneven accumulation of M. tb genetic diversity across TB patients has implications for
the reconstruction of TB transmission networks from bacterial genetic data. M. tb genetic
distances have been used as evidence of epidemiological links among TB patients and method
development is active in this area [e.g. (26)]. Our finding here and in prior published work that
M. tb diversity varies dramatically within patients with TB implies that epidemiological links can
be obscured in pathogen genetic data. In a recently published study comparing M. tb outbreak

strains with endemically circulating strains, we found evidence suggesting that bacterial
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diversification is uneven, characterized by long periods of stasis and punctuated bursts (27).
This pattern could arise from occasional, exceptionally large bacterial population expansions
and/or mutation rate variation within hosts.

Our finding of increased M. tb diversity in sputum relative to culture is consistent with
results of other studies using capture based methods (11, 28). Votinsteva et al, who used
shotgun sequencing to compare M. tb in sputum and culture, did not identify a difference in
overall diversity between these sample types (29). The shotgun and capture-based studies are
not directly comparable, as shotgun sequencing is less sensitive and was applied to smear
positive samples only. In addition, coverage was inadequate to allow diversity to be estimated
for several of the samples in Votintseva et al.

Variant calling and quantification of diversity was also performed differently across
studies. Nimmo et al estimated the number of heterozygous sites, as did Votintsteva et al, but
Votinsteva et al used a distinct variant calling method and restricted their analysis to a subset of
68,695 loci at which they had previously identified segregating polymorphisms in a large sample
of clinical isolates. Culture-based studies of intra-host diversity suggest that most M. tb variants
are segregating at rare frequencies (12, 13), which parallels findings at the between-host scale
(30). Our findings here also suggest that within-host diversity is skewed to rare variation, and
that this skew is more pronounced in sputum than in culture (Figure 3.S4). There is no a priori
reason to expect that the same rare mutations will be encountered in individual clinical isolates,
culture-based surveys of within-host diversity, and clinical samples. Based on these
observations, we posit that restricting the estimation of M. tb diversity in sputum to loci at which
variants were observed in clinical isolates is likely to result in an underestimate of the amount of
bacterial variation present in sputum.

Results from several studies suggest that the M. tb population within hosts is structured

into genetically distinct sub-populations (13, 31—33). Consistent with these prior studies, our
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results here demonstrate sample to sample variation in sputa collected from a single patient
(Table 3.S2, Figure 3.3).

Published data demonstrate that sputum from TB patients contains phenotypically
distinct sub-populations of M. tb and that these phenotypes are not recovered during in vitro
culture (34). In vitro culture of mixtures of genetically and phenotypically distinct M. tb has been
shown to result in a loss of diversity (35—37) and M. tb adaptation to laboratory conditions is a
well described phenomenon (38—42). Taken together, these findings show that the population of
M. tb within hosts is genetically and phenotypically diverse, and that in vitro culture imposes
distinct evolutionary pressures on M. tb that reshape the bacterial population. It follows that the
full diversity of M. tb found in sputum is unlikely to survive the transition to growth in vitro; this
offers a complementary/ alternative explanation of observed differences in M. tb genetic
diversity between sputum and culture.

In order to gain insight on evolutionary pressures in sputum and culture, we performed
outlier analyses of gene-wise patterns of variation (Figures 6 & 7; Table 3.1). We identified two
major groups of outlier genes. The first group, typified by Rv2o20c (encoding a conserved
hypothetical protein), exhibited high diversity in both sputum and culture without significant
differences between environments (Figure 3.6). Genes with a similar pattern include two
predicted adenylate cyclases (Rv1318c & 1319c¢), molybdenum cofactor biosynthesis protein
moaA1 (Rv3109), transcriptional regulatory protein embR (Rv1267c), membrane-associated
phospholipases C1 & C2 (plcB/Rv2350c¢ & plcA/Rv2351c), Rv2081c (conserved transmembrane
protein) and Rv2082 (conserved hypothetical). We previously found Rv2o2oc to be in the ggt
percentile of diversity in a sample of 201 globally extant strains of M. tb (12). Several other genes
in this group exhibited similarly high diversity in our previous study: p/lcA/Rv2351c, Rv1319c,
Rv2081c and Rv2082 were also in the gg™ percentile of gene-wise diversity, whereas
plcB/Rv2350c was in the 815t and moaA1/Rv3109 in the 87" percentile of gene-wise diversity in

the global sample. With the exception of moaA1/Rv3109, for which data are conflicting, none of
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the genes in this grouping is essential for growth in vitro (43—45). Deletions affecting
plcA/Rv2351¢ have been identified in clinical M. tb isolates, suggesting its function is
dispensable in certain settings and/or genetic backgrounds (46). Collectively, these results
suggest the genes are under relaxed purifying selection or diversifying selection.

Interestingly, for three of the six genes in this group (p/cA/Rv2351c, plcB/Rv2350c,
Rv2020c), growth in vitro is actually enhanced when the gene is disrupted by transposon
insertion (45); this is also true of plcC/Rv2349c, which was not an outlier but exhibited
consistent differences between sputum and culture. Gene expression studies suggest that M. tb
in sputum are in a slowly replicating or nonreplicating state relative to M. tb in culture (34, 47,
48). Non replicating persistence is likely adaptive, as M. tb in this physiological state is able to
survive a wide range of stressors and becomes progressively enriched in the sputa of TB
patients (47, 49, 50). A recent, detailed investigation of persistent M. tb in sputum identified
several distinct sub-populations of bacteria, suggesting that selection for this trait maintains
diversity in natural populations of M. tb (51). We found previously that a subset of positively
selected loci in M. tb are characterized by high diversity and numerous rare mutations; we
referred to these loci as “sloppy targets” (6). Here we propose that Rv2o2oc, Rv1318c, Rv1319c,
Rv2081c, Rv2082, moaA1/Rv31009, embR/Rv1267c, plcA/Rv2351c and plcB/Rv2350c¢ are sloppy
targets. Of note, similar to p/cA/Rv2351c, the canonical sloppy target pncA is deleted in
commonly circulating sub-lineages of M. tb (52, 53). The nine putative sloppy targets identified
in this study were all FST outliers in multiple patients, indicating that while these genes are
similarly diverse in sputum and culture, variants within them differ between environments (Table
3.1). This is consistent with positive selection in at least one of these environments as an
explanation of high diversity, as opposed to global relaxation of purifying selection. Selection for
persistence is a possible example of differential selective pressure in sputum and culture as this

trait is unlikely to be adaptive during growth in antibiotic free media.
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We identified a second group of genes, typified by ribonucleoside diphosphate reductase
nrdE (Rv3os1c), characterized by marked changes in diversity between sputum and culture.
Genes in this group, which we will hereafter refer to as “shifting targets”, include RNA
polymerases rpoB (Rvo667) and rpoC (Rvo668), elongation factor fusA1 (Rvo684), ribosomal
protein rpsA (Rv1630), iron sulfur binding reductase Rvo338c, respiratory nitrate reductase nar/
(Rv1164), and maltosyltransferase glgE (Rv1327c). Genes in this grouping are annotated as
either intermediary metabolism (n=3) or information pathways (n=5); all but one (narl/Rv1164) is
essential for in vitro growth. RpoB and rpoC are known to mediate resistance to rifamycins,
which are first line TB treatments; as expected, signatures of positive selection have been
identified previously at these loci (6, 54). TB treatment details were not provided for the samples
included in Brown et al, but at least some of the patients included in the study and analyzed
here had been treated previously (10). We clearly expect selection pressures on drug resistance
loci to shift between sputum and culture in antibiotic free media, and thus the identification of
rpoB and rpoC provides support for the use of our outlier method to identify genes under
differential selection pressures in vivo and in vitro. As with the putative sloppy targets, the eight
genes listed above were Fsr outliers across multiple patients (Table 3.1), further supporting the
idea that they are under distinct selection pressures in the two environments. Of note, seven of
eight genes in this group (glgE/Rv1327c is the exception) appear to be expressed differently in
sputum versus culture (34, 47, 48, 55). As described above, broad patterns of gene expression
suggest that the shift of M. tb from sputum to culture involves an increase in metabolic activity
and replication. We hypothesize that shifting targets are under relatively strong purifying
selection in vitro, as bacteria compete in an environment in which it is no longer advantageous
to suspend growth. This transition to relatively strong purifying selection is expected to result in
a decrease in diversity during culture, as observed here.

In this analysis of M. tb and M. bovis genomic data recovered directly from sputum and

from cultured samples, we identified intra- and inter-patient variability, as well as an effect of
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sample type on bacterial genetic diversity. We hypothesize that this variability reflects
differences in the milieu within hosts, the nature of host pathogen interactions, and the distinct

evolutionary pressures experienced by these bacteria in natural and laboratory environments.
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Figure 3.1. Smear score. Boxplot of proportion of sequencing data retained after filtering (y-
axis) versus sputum smear score (x-axis) for M. tb sputum samples from Brown et al.
Thresholds for smear score of potentially infected sputum are o AFB/100 fields: smear negative,
1-9 AFB/100 fields: actual number of AFB seen on slide, 10-g9 AFB/100 fields: 1+, 1-10 AFB/field
in 50 fields: 2+, >10 AFB/field in 20 fields: 3+, where AFB corresponds to the number of acid-
fast bacilli present.
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Figure 3.2. Bacterial diversity across genome windows in sputum and culture samples.
Frequency (y-axis) of nucleotide diversity (171, x-axis) in sliding windows across the genome
(windows = 100Kb, step-size = 10 Kb). Diversity varies among patients as well as among

samples from the same patient, as shown by the differences in the shapes of these

distributions. Sputum samples exhibit more variability among patients, and diversity is generally
higher than it is for culture samples. Sputum and culture in red and grey, respectively. Dotted

line at T = 1e-5.
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Figure 3.3. Differences in bacterial diversity among inter-patient and intra-patient pairs of
samples. Frequency (y-axis) of absolute difference in genome-wide nucleotide diversity
(average T across sliding windows, x-axis) between samples. We calculated the absolute
difference in genome-wide T for all possible pairs of sputum samples and all possible pairs of
culture samples for inter- and intra-patient samples (sputum versus sputum and culture versus
culture). Inter- and intra-patient differences pictured in coral and teal, respectively. Differences
among samples from the same patient are similar to the bulk of comparisons between patients.
Some between-patient pairs exhibit extreme differences in diversity.
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Figure 3.4. Genome-wide diversity in sputum and culture. Average genome-wide nucleotide
diversity (1) in sputum and culture samples. Sputum and culture pictured in red and grey,
respectively. Left box: inter-patient samples; right box: intra-patient samples. Medians 2.77e-05
and 2.10e-05, 1.02e-05 and 3.98e-06 for sputum and culture in inter-patient and intra-patient

samples, respectively.
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Diversity in Sputum Diversity in Culture

Figure 3.5. Differences in gene diversity of sputum and culture samples. Alluvial plot of
changes in nucleotide diversity (1) per gene in sputum and culture samples (left and right,
respectively). Inter- and intra-patient samples were all included. Categories defined by

diversity quartiles: Extremely high (= Q3 + 1.5*IQR), high (= Q2 and < Q3 + 1.5*IQR), low (= Q1 -
1.5*1QR and < Q2) and zero diversity. Strata colored by each category. Strata width corresponds
to the total number of genes in each category.
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Figure 3.6. Linear regression of gene diversity in culture vs sputum. Nucleotide diversity
(1T) per gene in sputum (x-axis) vs culture (y-axis) for each patient. Each dot corresponds to a
gene identified in sputum and culture samples. Regression line is shown in blue. Red dots mark
outliers as identified with Cook’s distance from the regression line (i.e. genes with Cook’s
distance > 4 times the mean of observed distances). We used the F-test of overall significance
to assess the fit of a linear regression model to the observed data; no F-test had a p-value >
0.05. The slope of the regression line varies substantially among patients. Two genes identified
as outliers in this linear regression analysis are specifically highlighted: Rv2o20c, marked in
yellow, appeared as an outlier in all 13 TB patients. nrdE, marked in orange, also appeared
repeatedly as an outlier but in a different part of the distribution.
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Tables

Table 3.1. M. tb genes with extreme patterns of variation across multiple patients and
multiple measures. The number of patients in whom each gene was identified as an outlier is
shown for linear regression of diversity in sputum versus culture (Im), fold change in diversity (z-
score) or absolute difference (Zo) and Fsr analyses.

Gene Lm z-score

Rv2o20c (hypothetical) 13
Rv1318c 11
Rv1319c 9

Rv3109 (moaA1)
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Supplementary Figures
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Figure 3.S1. Sliding window diversity of Patient 14 in sputum, culture and culture spiked
with negative sputum. Nucleotide diversity (11, y-axis) calculated in sliding windows (10 kb
steps, 100 kb windows) across the genome (x-axis) for the culture, composite, and sputum
samples from Patient 14. Composite sample contains sequences from Patient 14’s culture
sample and ~3,000 sequences from TB negative sputum that passed metagenomic filtering.
Culture, composite and sputum pictured in green, purple and blue, respectively. Background

contamination does increase nucleotide diversity across the genome, but the patterns produced
do not mirror those seen in the sputum sample.
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Figure 3.S2. Patterns of nucleotide diversity in composite patient sample. Nucleotide
diversity (17, y-axis log1o transformed) calculated in sliding windows (10 kb steps, 100 kb
windows) across the genome (x-axis) for sputum and culture samples from each patient.
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Figure 3.S3. Patterns of Watterson’s theta in sputum and culture. Watterson’s theta (6w, y-
axis log1o transformed) calculated in sliding windows (10 kb steps, 100 Kb windows) across the

genome (x-axis, in bp) for sputum and culture samples from each patient.
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Figure 3.S4. Patterns of Tajima’s D in sputum and culture. Tajima’s D (y-axis) calculated in

sliding windows (10 kb steps, 100 Kb windows) across the genome (x-axis, in bp) for sputum and
culture samples from each patient.
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Figure 3.S5. Patterns of fold change in nucleotide diversity across the genome. Fold
change in nucleotide diversity (y-axis log1o transformed) from sputum to culture across the
genome (x-axis, in bp) for each patient. Fold change calculated from sliding-window analysis of
nucleotide diversity as 1 per window in sputum/tr per window in culture for each patient.
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Figure 3.S6. Histogram of Fsr outliers in M. tuberculosis samples. Frequency (y-axis) of Fsr
outliers versus number of patients in which an outlier is present (x-axis). Fsr outliers identified

using Fisher’s exact test (adjusted p-value < 0.01).



Supplementary Tables
Table 3.S1. Regions Removed

M. tb Start | M. tb Stop Mb Start | Mb Stop
4154 4214 10887 10960
4553 4642 10887 10960
7246 7339 10887 10960
10881 10966 11112 11184
11108 11185 11112 11184
17865 17972 11112 11184
18025 18077 25625 25707
21859 21921 25625 25707
22454 22495 25625 25707
23168 23278 28918 29187
24686 24741 33566 33778
32335 32390 43546 46455
33572 33804 80272 80586
36215 36277 103748 | 105251
53525 53589 105360 | 106751
55524 55565 105360 | 106751
55640 55705 131420 | 132910
79495 79567 131420 | 132910
80175 80555 149571 | 151187
84622 84703 149571 | 151187
95259 95328 177733 | 179499
103688 105225 177733 | 179499
105314 106725 179509 | 181086
112318 112388 179509 | 181086
131372 132882 187623 | 189029
142555 142635 187623 | 189029
149523 151006 189121 | 190629
154068 154243 189121 | 190629
161054 161104 194334 | 194513
163655 163714 248311 | 249102
167964 168053 306202 | 307872
177230 177288 306202 | 307872
177533 180906 331762 | 332004
185874 185953 331762 | 332004
187423 188849 331827 | 334433
188921 190449 331827 | 334433
194944 194999 334697 | 337330
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206807 206855 334697 | 337330
206864 206912 337580 | 340075
207922 208017 337580 | 340075
210664 210733 340366 | 341976
215931 215988 340366 | 341976
222792 222883 350626 | 350934
234453 234489 350626 | 350934
242264 242315 350937 | 352478
243516 243571 350937 | 352478
249237 249307 362336 | 364156
253412 253463 362336 | 364156
260351 260407 367197 | 370640
261971 262094 367197 | 370640
267591 267648 370784 | 376741
271297 271350 370784 | 376741
272850 272960 387234 | 387304
279528 279598 387234 | 387304
307867 309557 387234 | 387304
309891 310111 400565 | 401080
327549 327601 400565 | 401080
332797 332874 425173 | 435696
333427 336384 425173 | 435696
336550 339148 467689 | 469020
339354 340984 467689 | 469020
344015 344071 531770 | 533209
349614 351486 531770 | 533209
353796 353853 544193 | 545749
361324 363119 544193 | 545749
366140 372774 601592 | 602998
372810 375721 623943 | 625688
379626 379674 623943 | 625688
382034 382320 625594 | 625821
382638 382705 625594 | 625821
399525 400060 659352 | 659432
400142 401713 659352 | 659432
410224 410306 659352 | 659432
421182 421250 673239 | 677159
423325 423377 673239 | 677159
424006 424153 702629 | 704012
424259 424704 702651 | 703259
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424767 434689 703261 | 704004
467449 468011 722975 | 723679
472702 472759 732730 | 732802
472771 474116 732730 | 732802
475800 476194 732730 | 732802
484274 484318 732839 | 732912
488730 488777 732839 | 732912
490194 490250 732839 | 732912
498220 498292 734760 | 734832
507871 507947 734760 | 734832
514323 514382 734760 | 734832
530741 532224 834176 | 834692
543164 544740 834358 | 834672
547483 547522 834814 | 835332
554164 554232 834814 | 835332
569811 569988 837525 | 839918
577276 577506 837525 | 839918
580200 580267 840317 | 843046
580567 580837 840317 | 843046
587449 587507 848349 | 850103
595338 595378 848349 | 850103
595388 595449 850293 | 852230
606501 608072 850293 | 852230
611944 611994 852532 | 852717
616823 616883 852832 | 852903
621354 641400 852832 | 852903
642749 642816 852832 | 852903
645201 645267 891218 | 892312
671986 675926 891218 | 892309
678392 678481 922405 | 922695
681570 681624 922405 | 922692
686593 686660 924633 | 924705
690544 690607 924633 | 924705
698082 698145 924633 | 924705
701242 701374 924829 | 924902
701396 702769 924829 | 924902
703514 703581 924829 | 924902
703907 703990 924940 | 925013
706785 706868 924940 | 925013
707923 707983 924940 | 925013
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708386 708450 925043 | 925116
709420 709553 925043 | 925116
709580 709668 925043 | 925116
710248 710320 925781 | 926194
710348 710422 925781 | 926194
711619 711707 926191 | 928512
714406 714477 926191 | 928512
715452 715511 928739 | 931234
721083 721155 928739 | 931234
725545 725642 948066 | 948396
725971 726023 948067 | 948399
731600 731678 968884 | 970710
733885 733937 968884 | 970710
736228 736273 977352 | 978668
742596 742639 977352 | 978668
745321 745381 979827 | 980693
748930 749021 1020524 | 1021795
754128 754208 1020524 | 1021795
755258 755322 1021810 | 1022109
791755 791811 1021810 | 1022109
795462 795523 1025787 | 1025859
802424 802482 1025787 | 1025859
812830 812980 1025787 | 1025859
822548 822608 1025924 | 1027359
832035 832366 1025924 | 1025938
832524 832858 1025963 | 1027282
832971 833518 1027345 | 1027359
835150 835164 1027507 | 1029829
835691 838062 1027507 | 1027555
838441 840866 1027526 | 1027542
841490 841566 1027570 | 1028151
842010 842341 1028151 | 1029803
846149 847923 1029782 | 1029829
848093 850050 1029811 | 1029827
850332 850537 1090812 | 1093583
850631 850721 1090812 | 1093583
863150 863260 1093800 | 1094807
863625 863666 1093800 | 1094807
867252 867313 1095529 | 1096902
885603 885669 1095529 | 1096902
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888947 891492 1113962 | 1114034
898219 898322 1113962 | 1114034
908171 909356 1113962 | 1114034
912083 912139 1125895 | 1127454
915545 915596 1133785 | 1134360
917568 917740 1138523 | 1138594
921565 921903 1138523 | 1138594
923800 923885 1138523 | 1138594
924100 924196 1159365 | 1159754
924941 927620 1159368 | 1160880
927827 930495 1159822 | 1160508
947302 947654 1160542 | 1160880
950010 950080 1161744 | 1162919
960157 960338 1161744 | 1162919
961382 961438 1162996 | 1163823
964575 965049 1162996 | 1163823
966558 966620 1165019 | 1165997
968414 970254 1165019 | 1165570
971856 971911 1165539 | 1165946
976862 978213 1169747 | 1171181
993355 993460 1169820 | 1169834
995579 995650 1169872 | 1171119
1004771 1004822 1171129 | 1171143
1010775 1010827 1177376 | 1177690
1020048 1021653 1177844 | 1177917
1025314 1025398 1177844 | 1177917
1025453 1025477 1177844 | 1177917
1025487 1026826 1188869 | 1190884
1026874 1026898 1188869 | 1190884
1027056 1027081 1191217 | 1193508
1027094 1029365 1191217 | 1193508
1043368 1043419 1212920 | 1215244
1049817 1049874 1212920 | 1215244
1056807 1056877 1215894 | 1216328
1064045 1064108 1215894 | 1216328
1082311 1082375 1216207 | 1216512
1085274 1085336 1216207 | 1216512
1090363 1093154 1217850 | 1220402
1093351 1094602 1217850 | 1220402
1095068 1096702 1252988 | 1254343
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1108773 1108833 1263643 | 1265499
1112913 1112958 1263643 | 1265499
1121656 1121732 1277672 | 1279120
1135370 1135433 1279215 | 1280192
1142279 1142400 1279215 | 1279218
1145250 1145302 1279219 | 1279235
1146444 1146524 1279265 | 1279672
1150190 1150246 1279641 | 1280189
1158908 1159317 1280173 | 1280188
1159365 1160071 1280189 | 1280192
1160085 1160443 1300139 | 1300681
1160529 1161177 1300139 | 1300681
1161287 1162482 1300635 | 1301177
1162539 1163386 1300635 | 1301177
1164562 1165559 1301195 | 1301497
1169287 1170743 1301195 | 1301497
1171795 1171872 1303128 | 1304054
1176918 1177383 1303128 | 1304054
1179340 1179400 1340253 | 1340552
1179545 1179633 1340253 | 1340552
1188411 1190434 1340599 | 1341771
1190747 1192158 1340599 | 1341771
1195719 1195773 1342535 | 1342542
1203486 1203549 1342543 | 1343977
1211550 1213873 1342581 | 1342595
1214503 1215141 1342605 | 1343852
1216459 1219040 1343890 | 1343904
1236930 1236988 1343978 | 1343985
1240520 1240578 1358493 | 1358867
1251607 1252982 1358493 | 1358867
1256506 1256572 1386233 | 1387921
1262262 1264138 1386233 | 1387921
1275919 1276025 1444242 | 1444314
1276283 1277807 1444242 | 1444314
1277833 1278830 1444242 | 1444314
1282832 1282893 1444428 | 1446080
1283452 1283655 1466189 | 1467688
1284355 1284431 1466189 | 1466208
1287965 1288019 1467669 | 1467688
1296263 1296315 1469882 | 1471418
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1297712 1297785 1469882 | 1471418
1298754 1300134 1469882 | 1471418
1301745 1302691 1471694 | 1474831
1305485 1305671 1471694 | 1474831
1318254 1318305 1471694 | 1474831
1330540 1330591 1474935 | 1475049
1338993 1339312 1474935 | 1475049
1339339 1342740 1474935 | 1475049
1351216 1351284 1486189 | 1488000
1353148 1353208 1486189 | 1488000
1353242 1353333 1510763 | 1510846
1357075 1357127 1510763 | 1510846
1357170 1357254 1510763 | 1510846
1357283 1357635 1530478 | 1531668
1357929 1358003 1530478 | 1531668
1367316 1367379 1558143 | 1558451
1369247 1369302 1558143 | 1558451
1369610 1369670 1558448 | 1560067
1383874 1383933 1558448 | 1560067
1384979 1386687 1568806 | 1570164
1410877 1410952 1568806 | 1570164
1418863 1418932 1578473 | 1579411
1420193 1420262 1579408 | 1580781
1421128 1421181 1602693 | 1604279
1421891 1421949 1602693 | 1604279
1425283 1425335 1614537 | 1616012
1428005 1428088 1614537 | 1616012
1434753 1434809 1626985 | 1631211
1441417 1441550 1626985 | 1631211
1441576 1441702 1632588 | 1634975
1443728 1443780 1632588 | 1634975
1446182 1446273 1652355 | 1653467
1451769 1452005 1652355 | 1653467
1456580 1456632 1720532 | 1723657
1457448 1457562 1735310 | 1737346
1461088 1461145 1735310 | 1737346
1461955 1462014 1764680 | 1765090
1468138 1469626 1765296 | 1765607
1469628 1469656 1765712 | 1766065
1472713 1472961 1766009 | 1767430
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1473022 1473257 1767438 | 1767950
1474157 1474274 1768124 | 1768594
1474436 1474618 1768675 | 1768989
1475761 1476033 1768986 | 1769258
1476107 1476522 1769272 | 1769667
1479770 1479831 1769863 | 1771278
1481384 1481432 1771278 | 1771676
1481444 1481504 1771673 | 1771894
1483103 1483150 1771950 | 1772465
1483213 1483265 1772462 | 1773871
1488144 1489975 1773873 | 1775235
1507526 1507586 1813381 | 1813454
1508673 1508728 1813381 | 1813454
1525560 1525616 1813381 | 1813454
1532433 1533663 1833883 | 1837401
1535288 1535336 1838971 | 1839753
1536126 1536182 1841129 | 1842061
1541939 1543328 1841129 | 1842061
1548976 1549022 1844098 | 1845123
1553244 1553318 1845123 | 1847618
1559385 1559448 1847712 | 1850768
1561454 1563398 1847712 | 1850768
1572117 1573867 1898942 | 1900216
1578616 1578703 1903282 | 1904088
1584142 1584204 1912553 | 1913931
1588812 1588865 1916838 | 1917995
1595912 1595966 1916838 | 1917995
1606376 1607982 1918035 | 1919219
1611868 1611912 1918035 | 1919219
1612553 1612667 1931953 | 1932026
1618199 1619694 1931953 | 1932026
1625361 1625423 1931953 | 1932026
1630628 1634800 1932189 | 1932363
1635994 1638402 1967012 | 1970167
1644243 1644375 1967012 | 1970167
1649393 1649480 1989024 | 1990253
1655599 1656731 1989024 | 1989037
1658572 1658665 1989582 | 1989797
1678953 1679018 1990240 | 1990253
1679052 1679102 1991054 | 1992928
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1681860 1681922 1991054 | 1992928
1683757 1683812 2015759 | 2016853
1685479 1685546 2015759 | 2016853
1702401 1702448 2016932 | 2017231
1702469 1702516 2016932 | 2017231
1702667 1702853 2017245 | 2018426
1708592 1708658 2017245 | 2018426
1724527 1724577 2018880 | 2019932
1725801 1725849 2018880 | 2019932
1751287 1753343 2020359 | 2020658
1776751 1776830 2020359 | 2020658
1777604 1777671 2029908 | 2031875
1779184 1779734 2029908 | 2031875
1779799 1782594 2032456 | 2033727
1782613 1783238 2032456 | 2033727
1783299 1784311 2033839 | 2035230
1784487 1786538 2033839 | 2035230
1786574 1789875 2035378 | 2037000
1800175 1800228 2035378 | 2037000
1809654 1809759 2037034 | 2037297
1810323 1810370 2037034 | 2037297
1814843 1815138 2038527 | 2038826
1821850 1821933 2038527 | 2038826
1830069 1830130 2038853 | 2040052
1831729 1831818 2038853 | 2040052
1849453 1849541 2040376 | 2041605
1855754 1856706 2040376 | 2041605
1858834 1858888 2041737 | 2042300
1859876 1859936 2041737 | 2042300
1862337 1865392 2042301 | 2043149
1867241 1867318 2042301 | 2043149
1868407 1868455 2051633 | 2053138
1869201 1869258 2051633 | 2053138
1870485 1870589 2078323 | 2079723
1871815 1871870 2078323 | 2079723
1876454 1876469 2134686 | 2135117
1876570 1876635 2153213 | 2158945
1882571 1882617 2153213 | 2158945
1883749 1883790 2159283 | 2160287
1889452 1889481 2159283 | 2160287
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1895343 1895603 2160370 | 2162247
1900022 1900100 2160370 | 2162247
1902728 1902778 2187623 | 2188984
1907454 1907580 2205160 | 2206836
1918531 1918585 2205160 | 2206836
1923414 1923470 2210596 | 2211135
1926192 1927147 2239359 | 2240586
1927201 1928594 2239440 | 2240060
1931487 1932664 2240014 | 2240604
1932684 1933888 2324842 | 2326310
1938088 1938150 2338572 | 2340047
1944751 1944813 2338572 | 2340047
1946608 1946701 2347842 | 2348138
1946839 1947033 2347842 | 2348138
1955662 1955677 2348194 | 2348925
1958367 1958428 2348194 | 2348925
1969339 1969408 2361496 | 2362890
1970094 1970143 2361496 | 2362890
1981604 1984785 2367600 | 2368667
1987689 1989069 2367600 | 2368667
1989823 1992587 2371613 | 2372857
1994964 1995032 2382501 | 2382586
1996089 1998622 2382501 | 2382586
1999132 1999367 2382501 | 2382586
1999795 1999818 2403758 | 2405230
2000604 2002480 2403758 | 2405230
2004918 2004976 2408627 | 2409661
2014109 2014161 2418179 | 2418982
2016296 2016362 2418316 | 2418981
2017877 2017938 2489746 | 2489817
2025291 2026408 2489746 | 2489817
2026467 2027981 2489746 | 2489817
2028415 2029487 2559359 | 2559432
2029894 2030213 2559359 | 2559432
2030322 2030993 2559359 | 2559432
2039443 2041430 2578326 | 2579474
2041991 2043282 2578326 | 2579474
2043374 2044785 2595264 | 2596505
2044913 2046852 2595264 | 2596505
2048062 2048381 2597004 | 2597076
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2048388 2049607 2597004 | 2597076
2049911 2051160 2597004 | 2597076
2051272 2052698 2603651 | 2605024
2052700 2052789 2603651 | 2605024
2059424 2059605 2605762 | 2607606
2061168 2062684 2605762 | 2607606
2074426 2074643 2607744 | 2609135
2087961 2089528 2619824 | 2620009
2094907 2094922 2619824 | 2620009
2101328 2101392 2660871 | 2661953
2108587 2108665 2660871 | 2661953
2122554 2122610 2674201 | 2674920
2124851 2124898 2674201 | 2674920
2136995 2137048 2688829 | 2690039
2152758 2152836 2688829 | 2688841
2153712 2153746 2688961 | 2689653
2155718 2155774 2689667 | 2689960
2156801 2156869 2690027 | 2690039
2157480 2157549 2695499 | 2696083
2162922 2167321 2695499 | 2696083
2167639 2170622 2696130 | 2696429
2186009 2186068 2696130 | 2696429
2187106 2187155 2715758 | 2718388
2195847 2197370 2733494 | 2733567
2198718 2198819 2733494 | 2733567
2204586 2204694 2733494 | 2733567
2206523 2206574 2733704 | 2733774
2211306 2211371 2733704 | 2733774
2226234 2227930 2733704 | 2733774
2237389 2237442 2760978 | 2761051
2242369 2242422 2760978 | 2761051
2244105 2244158 2760978 | 2761051
2244624 2244691 2762102 | 2762926
2254188 2254243 2762102 | 2762926
2260655 2261698 2762605 | 2763777
2262000 2263179 2762605 | 2763777
2266507 2266517 2763566 | 2764186
2270877 2270928 2763566 | 2764186
2289864 2289909 2768055 | 2771507
2291348 2291418 2768055 | 2771507
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2292286 2292363 2771504 | 2773033
2295160 2296432 2771504 | 2773033
2296964 2297034 2794651 | 2794723
2299187 2300832 2794651 | 2794723
2300897 2300984 2794651 | 2794723
2301250 2302522 2795291 | 2796725
2303051 2303120 2795329 | 2795343
2305256 2306899 2795353 | 2796600
2309562 2309640 2796638 | 2796652
2315203 2315270 2802291 | 2802363
2318466 2318551 2802291 | 2802363
2321642 2321693 2802291 | 2802363
2324325 2324376 2802582 | 2804060
2330142 2330230 2802582 | 2804060
2337797 2337863 2840710 | 2841222
2337927 2338104 2841223 | 2843937
2339366 2339430 2863416 | 2865251
2339444 2339508 2872269 | 2873540
2340116 2340252 2888999 | 2890639
2340520 2340697 2888999 | 2890639
2341363 2341425 2892274 | 2892840
2343017 2343926 2902503 | 2904245
2343984 2344234 2902503 | 2904245
2345421 2345490 2908646 | 2910724
2347230 2347298 2911057 | 2912451
2347385 2347623 2911057 | 2912451
2350382 2350430 2927567 | 2929903
2353918 2353972 2927567 | 2929903
2356719 2358216 2936959 | 2937030
2358379 2360051 2936959 | 2937030
2365394 2366781 2936959 | 2937030
2367349 2367665 2937215 | 2937287
2367701 2368452 2937215 | 2937287
2372430 2372554 2937215 | 2937287
2381061 2382502 2937317 | 2937387
2387192 2387982 2937317 | 2937387
2401812 2401880 2937317 | 2937387
2404876 2404938 2937404 | 2937475
2407507 2407548 2937404 | 2937475
2412567 2412616 2937404 | 2937475
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2412945 2413001 2939425 | 2940353
2419690 2419776 2939498 | 2939512
2421412 2421468 2939550 | 2940353
2421695 2421762 2996461 | 2997405
2423230 2424848 3001622 | 3003160
2427954 2428013 3010528 | 3012042
2430104 2431484 3010528 | 3012042
2439130 2439958 3033468 | 3034652
2445687 2445745 3033468 | 3034652
2458387 2458454 3034732 | 3035559
2461310 2461514 3034732 | 3035559
2462549 2462623 3035883 | 3037031
2468266 2468328 3035883 | 3037031
2471703 2471771 3045594 | 3046910
2476267 2476321 3056724 | 3058755
2482559 2482660 3056751 | 3058130
2482819 2482904 3058130 | 3058711
2484934 2485012 3058913 | 3059809
2493796 2493823 3072293 | 3072694
2494047 2494116 3072296 | 3072694
2498273 2498340 3073369 | 3074775
2512061 2512121 3073370 | 3074050
2517089 2517151 3073980 | 3074777
2521728 2521776 3075735 | 3080138
2522099 2522153 3075735 | 3075770
2522168 2522235 3075806 | 3075841
2523179 2523242 3075879 | 3075914
2528654 2528710 3075953 | 3075988
2531883 2532219 3076032 | 3076067
2536672 2536727 3076109 | 3076144
2537212 2537270 3076183 | 3076218
2549994 2551380 3076257 | 3076292
2581753 2582308 3076330 | 3076365
2583425 2583789 3076404 | 3076439
2597855 2597898 3076475 | 3076510
2598756 2598818 3076548 | 3076583
2600721 2601889 3076621 | 3076656
2617657 2618918 3076693 | 3076728
2619400 2619487 3076765 | 3076800
2622065 2622148 3076839 | 3076874
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2622780 2622843 3076913 | 3076948
2624357 2624427 3076984 | 3077003
2625868 2626693 3077001 | 3077003
2632913 2634108 3077004 | 3078358
2634518 2637034 3077004 | 3077031
2637248 2637543 3077046 | 3077882
2637678 2639618 3077981 | 3078307
2651743 2651948 3078331 | 3078358
2664274 2664368 3078359 | 3078361
2672054 2672134 3078362 | 3078377
2674204 2674275 3078418 | 3078453
2681308 2681351 3078493 | 3078528
2686476 2686524 3078566 | 3078601
2687123 2687262 3078642 | 3078677
2690666 2690739 3078719 | 3078754
2692789 2693894 3078791 | 3078826
2706007 2706746 3078863 | 3078898
2708313 2708367 3078936 | 3078971
2716310 2716396 3078997 | 3079032
2720625 2721787 3079074 | 3079109
2721839 2721861 3079146 | 3079181
2727326 2727930 3079221 | 3079256
2727957 2728276 3079295 | 3079330
2738102 2738161 3079369 | 3079404
2744460 2744521 3079440 | 3079475
2744529 2744610 3079515 | 3079550
2753317 2753403 3079589 | 3079624
2760389 2760475 3079664 | 3079699
2762757 2763066 3079736 | 3079771
2763392 2763701 3079807 | 3079842
2779812 2779942 3079880 | 3079915
2780739 2780788 3079952 | 3079987
2784591 2785987 3080029 | 3080064
2794168 2794256 3080103 | 3080138
2795291 2797395 3097058 | 3097885
2797856 2797917 3107772 | 3109520
2798635 2798738 3118784 | 3120631
2800666 2800923 3118784 | 3120631
2801244 2806246 3146099 | 3147193
2806363 2806630 3150681 | 3152948
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2815022 2815063 3150745 | 3152064
2824615 2824667 3152061 | 3152948
2827847 2827955 3157310 | 3158536
2828484 2829940 3157310 | 3158536
2835491 2835568 3172181 | 3172873
2835775 2837273 3172877 | 3173407
2837402 2837471 3244934 | 3244938
2842038 2842151 3244939 | 3247151
2844099 2844152 3244939 | 3244992
2850923 2850974 3245037 | 3246278
2866496 2866573 3246278 | 3246808
2866581 2866759 3247098 | 3247151
2866917 2866996 3247152 | 3247156
2867032 2867099 3269972 | 3270361
2867154 2867234 3290455 | 3292479
2867236 2867406 3290455 | 3290460
2867456 2867485 3290472 | 3291851
2867505 2867664 3291851 | 3292435
2867688 2867765 3292474 | 3292479
2873069 2873124 3305107 | 3305179
2880988 2881048 3305107 | 3305179
2887933 2887982 3305107 | 3305179
2905135 2905221 3305219 | 3305290
2915149 2915214 3305219 | 3305290
2921541 2923192 3305219 | 3305290
2935036 2936798 3305365 | 3306837
2943590 2945236 3323879 | 3325408
2953453 2953502 3326565 | 3328049
2960095 2962451 3328046 | 3328345
2969498 2969572 3333554 | 3334867
2969750 2969827 3333554 | 3334867
2969936 2970017 3334888 | 3334974
2970541 2971559 3335595 | 3335888
2971649 2972037 3335935 | 3337242
2972095 2973475 3335935 | 3337242
2973785 2976564 3337239 | 3337553
2976576 2976919 3337239 | 3337553
2976979 2980828 3337865 | 3337872
2982934 2983884 3337873 | 3339307
2990579 2990703 3337911 | 3337925
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2995994 2996178 3337935 | 3339182
3007028 3007230 3339220 | 3339234
3013607 3013692 3339308 | 3339315
3022125 3022199 3339345 | 3340448
3038448 3038517 3388387 | 3388459
3041651 3041715 3388387 | 3388459
3053904 3055501 3388387 | 3388459
3072037 3072100 3422325 | 3423638
3073050 3073118 3422325 | 3423638
3076884 3078088 3437865 | 3437872
3078148 3078995 3437873 | 3439307
3079299 3080467 3437946 | 3437960
3082456 3082664 3437998 | 3439245
3100169 3102172 3439255 | 3439269
3104974 3105042 3439308 | 3439315
3105553 3105611 3444248 | 3445423
3107355 3107404 3444248 | 3445423
3113032 3113092 3455106 | 3456251
3113699 3113776 3455106 | 3456251
3113790 3113850 3456903 | 3458045
3115731 3116152 3456903 | 3458045
3116713 3116741 3465197 | 3466426
3116808 3118237 3465197 | 3466426
3119178 3123581 3482500 | 3484269
3129945 3130081 3482500 | 3484269
3132882 3133465 3484517 | 3486415
3135778 3136361 3484517 | 3486415
3137381 3137453 3511796 | 3513185
3142822 3142887 3511796 | 3511858
3155869 3156099 3511845 | 3512879
3156294 3156405 3513123 | 3513185
3159422 3159492 3513905 | 3513978
3160517 3160588 3513905 | 3513978
3162258 3164125 3513905 | 3513978
3171458 3171637 3668986 | 3670071
3173805 3173834 3668998 | 3670710
3181789 3181841 3679870 | 3680880
3181847 3181902 3686614 | 3690630
3189478 3189524 3686614 | 3690630
3189533 3189559 3690679 | 3694692
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3189560 3189591 3690679 | 3694692
3192185 3192365 3694689 | 3696308
3194128 3196442 3694689 | 3696308
3200784 3202030 3697245 | 3700430
3203384 3204300 3697245 | 3700430
3219058 3219102 3700427 | 3706717
3225734 3225838 3700427 | 3706717
3232641 3232876 3706864 | 3707893
3239465 3239795 3707297 | 3707788
3247574 3247642 3707825 | 3708565
3247810 3247911 3707825 | 3708565
3247923 3248158 3709479 | 3713138
3252989 3253055 3709479 | 3713138
3253227 3253574 3713132 | 3719266
3258327 3258396 3713132 | 3719266
3263691 3263777 3719324 | 3720628
3266553 3266625 3719324 | 3720628
3285770 3285855 3731263 | 3731727
3288454 3290516 3732094 | 3733974
3291414 3291441 3732094 | 3733974
3291452 3291508 3752268 | 3752269
3293192 3293238 3752270 | 3753837
3313273 3313682 3752270 | 3752294
3316409 3316475 3752375 | 3753079
3317524 3317749 3753069 | 3753746
3318830 3318894 3753813 | 3753837
3319463 3319671 3753838 | 3753839
3319788 3319843 3753936 | 3756185
3320753 3320810 3753936 | 3756185
3324329 3324395 3794867 | 3795403
3333132 3333190 3794867 | 3795403
3333748 3335758 3795344 | 3796507
3335782 3335797 3795344 | 3796507
3335992 3336036 3796996 | 3797841
3336494 3336812 3796998 | 3797842
3339306 3339359 3823752 | 3824645
3351086 3351218 3831221 | 3832613
3353997 3354049 3840431 | 3840727
3361693 3361749 3840431 | 3840727
3364843 3364889 3840764 | 3841945
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3370927 3370986 3840764 | 3841945
3376917 3378279 3872192 | 3876274
3378319 3378460 3872192 | 3876274
3379354 3381036 3876565 | 3880947
3381302 3382759 3876565 | 3880947
3387531 3387588 3883854 | 3889670
3392126 3392193 3883854 | 3889670
3393617 3393668 3890501 | 3893479
3394362 3394418 3890501 | 3893479
3415176 3415199 3912558 | 3913778
3426042 3426094 3912558 | 3913778
3429293 3429356 3913920 | 3915668
3430941 3431043 3913920 | 3915668
3444275 3444343 3921274 | 3922713
3454826 3454903 3921274 | 3922713
3456333 3456385 3941195 | 3942853
3459654 3459737 3941195 | 3942853
3462136 3462191 3964401 | 3965609
3462589 3462645 3965610 | 3967019
3465768 3467101 3974619 | 3976373
3467364 3467477 3974619 | 3976373
3473535 3473641 3979813 | 3981291
3481315 3482774 3979813 | 3981291
3483936 3485121 3984664 | 3986181
3489875 3490012 4012903 | 4015020
3490466 3491661 4012903 | 4012951
3493380 3493445 4012989 | 4013336
3501324 3501742 4013721 | 4014221
3501784 3502946 4014221 | 4014967
3510078 3511327 4014972 | 4015020
3521364 3521417 4015743 | 4017035
3527381 3529173 4015743 | 4015755
3532762 3532827 4015757 | 4016986
3535192 3535273 4017023 | 4017035
3536560 3536627 4018602 | 4018674
3543311 3543386 4018602 | 4018674
3551202 3552604 4018602 | 4018674
3552695 3554080 4028470 | 4028754
3557301 3558355 4028470 | 4028754
3559355 3559452 4030869 | 4031183

159



3560027 3560095 4030869 | 4031183
3573437 3573509 4031177 | 4031890
3579515 3579581 4031177 | 4031890
3587740 3587789 4063888 | 4063961
3589231 3589361 4063888 | 4063961
3590655 3590702 4063888 | 4063961
3591488 3591574 4105805 | 4105890
3594253 3594468 4105805 | 4105890
3598479 3598571 4105805 | 4105890
3598716 3598776 4126745 | 4127101
3614755 3614823 4126745 | 4127101
3617109 3617185 4132465 | 4132800
3617921 3618006 4132465 | 4132800
3626609 3626671 4135168 | 4135383
3630276 3630327 4135425 | 4135511
3632992 3633046 4135425 | 4135511
3650939 3650989 4135425 | 4135511
3653782 3664005 4153159 | 4153231
3679071 3679163 4153159 | 4153231
3686809 3686868 4153159 | 4153231
3690946 3691064 4153262 | 4153350
3695686 3695751 4153262 | 4153350
3704890 3705009 4153262 | 4153350
3710369 3713471 4155980 | 4157227
3717556 3717622 4158876 | 4158962
3720078 3720213 4158876 | 4158962
3729354 3736945 4158876 | 4158962
3736974 3742784 4189149 | 4190642
3743193 3743610 4189149 | 4189175
3743701 3753194 4189288 | 4189905
3753321 3755247 4189880 | 4190611
3755942 3767112 4190616 | 4190642
3769509 3769725 4212844 | 4214358
3769749 3769867 4212844 | 4214358
3770989 3771096 4237816 | 4239688
3774348 3774401 4237836 | 4239062
3775671 3775715 4239059 | 4239670
3778558 3780344 4243928 | 4245187
3781201 3781300 4254615 | 4255644
3781956 3782005 4255048 | 4255539
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3790337 3790391 4287065 | 4287361
3795034 3796426 4287065 | 4287361
3799982 3800016 4287395 | 4288501
3800044 3801473 4287395 | 4288501
3801525 3801559 4308441 | 4309640
3801643 3803918 4308441 | 4309640
3806693 3806750 4309719 | 4309952
3807003 3807073 4309719 | 4309952
3808835 3808906 4341488 | 4342162
3809848 3809934
3810075 3810130
3810457 3810509
3810824 3810905
3810916 3810989
3811202 3811253
3811787 3811841
3820312 3820599
3830720 3830784
3841523 3842813
3842836 3842898
3843026 3843744
3843875 3844650
3844728 3845980
3846451 3848815
3849284 3850149
3851798 3851933
3858351 3858456
3873454 3873518
3877773 3877837
3878577 3878622
3883515 3884931
3890762 3892150
3894083 3895617
3908955 3909002
3909764 3909823
3914556 3914607
3918208 3936720
3937852 3937930
3939607 3944973
3945088 3945607
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3945768 3950273
3950820 3951339
3953579 3953638
3955425 3955482
3969333 3970573
3970695 3972463
3978049 3979508
3991563 3991630
3997970 3999648
4006907 4006951
4020196 4020254
4021386 4021458
4026554 4026622
4031394 4033168
4036721 4038060
4042648 4042761
4045224 4045280
4046637 4046698
4052490 4052552
4052944 4053559
4059974 4060601
4060638 4062208
4063123 4063184
4064556 4064612
4070236 4070325
4075610 4075635
4075742 4076109
4076474 4077755
4077787 4077859
4077989 4078211
4078501 4079759
4079781 4079803
4087491 4087625
4088863 4088911
4091027 4091078
4091223 4091527
4093622 4094537
4095859 4095942
4096666 4096719
4118107 4118171
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4118868 4118922
4120910 4121058
4134596 4134730
4146550 4146605
4149398 4149471
4149622 4149675
4151038 4151100
4155454 4155588
4156789 4156977
4157003 4157076
4168436 4168490
4168936 4168987
4175865 4175925
4189275 4190242
4190274 4190527
4196161 4196516
4198195 4198607
4198864 4199099
4204922 4204981
4207124 4207178
4215871 4216279
4216861 4216942
4222395 4222458
4227017 4227073
4238008 4238074
4252872 4254342
4266551 4266627
4268843 4268894
4269949 4270012
4274489 4274560
4276561 4278095
4279321 4279378
4280060 4280139
4283411 4283467
4287745 4287808
4301533 4303407
4311220 4311292
4317978 4318023
4318331 4319381
4320039 4320111
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4343218 4343275
4346675 4346730
4348716 4348831
4350735 4351054
4351065 4352191
4353189 4353441
4353846 4353912
4359121 4359179
4369594 4369716
4374474 4375693
4375752 4376005
4378078 4378150
4383361 4383438
4390041 4390147
4390341 4390403
4400961 4401025
4408688 4408739

Table 3.S2. Variation at lineage defining loci
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Patient | Lineage # of lineage Total # of Proportion of lineage-
specific loci with lineage specific loci with >1 allele
multiple allele specific loci state
states

10 L2 9 665 0.013533835

10 L3 1 590 0.001694915

10 L4 5 2843 0.001758706

10 L6 1 220 0.004545455

10 L7 2 898 0.002227171

11 L1 6 1113 0.005390836

11 L2 23 665 0.034586466

11 L3 60 590 0.101694915

11 L4 164 2843 0.057685543

11 L5 1 372 0.002688172

11 L6 1 220 0.004545455

11 L7 3 898 0.003340757

11 BOVAFRI |1 167 0.005988024

14 L1 14 1113 0.012578616

14 L2 46 665 0.069172932

14 L3 8 590 0.013559322

14 L4 165 2843 0.058037285

14 L5 4 372 0.010752688

14 L7 8 898 0.008908686

14 BOVAFRI |1 167 0.005988024

2 L2 1 665 0.001503759
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2 L4 6 2843 0.002110447

21 L1 5 1113 0.004492363

21 L2 5 665 0.007518797

21 L7 1 898 0.001113586

22 L1 20 1113 0.017969452

22 L3 1 590 0.001694915

22 L4 3 2843 0.001055223

22 L5 1 372 0.002688172

22 L7 3 898 0.003340757

23 L2 1 665 0.001503759

23 L3 3 590 0.005084746

23 L4 1 2843 0.000351741

23 L7 1 898 0.001113586

3 L4 1 2843 0.000351741

4 L1 1 1113 0.000898473

4 L2 22 665 0.033082707

4 L4 11 2843 0.003869152

5 L2 2 665 0.003007519

5 L4 1 2843 0.000351741

5 L7 2 898 0.002227171

7 L2 2 665 0.003007519

7 L4 6 2843 0.002110447

7 L7 3 898 0.003340757

7 BOVAFRI |1 167 0.005988024

8 L1 1 1113 0.000898473

8 L2 21 665 0.031578947

8 L4 11 2843 0.003869152

8 L7 2 898 0.002227171

9 L2 1 665 0.001503759

9 L4 1 2843 0.000351741

9 L7 2 898 0.002227171

Table 3.S3.1 Coverage statistics

Sample Patient | Source | Starting Aligned | Final Initial | Final
Seq. Seq. (%) | Seq. (%) Cov. Cov.

ERR867528 |1 culture 9148963 98.7 97.9 190.3 | 165.2

ERR867519 |2 sputum | 6646608 94.7 92.5 168.7 | 140.5

ERR867529 |2 culture 5953855 98.6 98 131.1 | 115.2

ERR867520 |3 sputum | 5294384 89.5 87.5 128.7 | 108.5

ERR867530 |3 culture 3979300 98.9 98.2 83.2 73.8

ERR867521 |4 sputum | 5517011 75.2 73.1 109.6 |91.4

ERR867531 | 4 culture 4281752 98 97.4 87 76.6

ERR867522 |5 sputum | 5230228 60.7 56.9 80.3 64.9

ERR867532 |5 culture 3796847 98.6 97.9 78.4 68.7
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ERR867523 | 6 sputum | 626100 88.8 79.4 15 12.1
ERR867533 | 6 culture 4280737 98.8 98 90.8 79.9
ERR867524 |7 sputum | 5517225 82.9 76.6 121 99.4
ERR867534 |7 culture 3807941 98.3 97.7 76.9 68
ERR867525 |8 sputum | 5737989 76.7 71.1 110.8 [90.4
ERR867535 |8 culture 4046977 98.7 98.1 83.4 73.5
ERR867526 |9 sputum | 4605729 83.8 81.1 96.9 80.7
ERR867536 |9 culture 3304710 98.7 98.1 69.3 61.4
ERR867527 | 10 sputum | 5980880 85.1 81 133.3 | 109.8
ERR867537 | 10 culture 3554521 98.6 98 76 67
ERR867538 | 11 sputum | 8556954 39.9 35.8 81.4 67.6
ERR867546 | 11 culture 7389662 99.1 97.8 164.2 | 142.3
ERR867547 | 12 culture 8538092 98.8 97.7 178 153.5
ERR867548 | 13 culture 7580863 99.1 97.4 163 139.5
ERR867541 | 14 sputum | 13575009 | 46.3 38.3 135.4 | 107.8
ERR867549 | 14 culture 7381945 98.7 97.7 156.2 | 1354
ERR867542 | 15 sputum | 13778926 | 15.6 11.4 38.8 29.9
ERR867550 | 15 culture 8763567 99.3 98.1 190.2 | 164.4
ERR867543 | 16 sputum | 1847742 18.7 16.7 7.5 6.3
ERR867551 | 16 culture 16341030 | 85 83.3 317 258.7
ERR867544 | 17 Sputum 5218464 3.2 1.9 2.7 1.7
ERR867552 | 17 culture 1897822 69.4 67.6 28.9 24.2
ERR867545 | 18 sputum | 5133337 2.4 1.3 1.8 1.1
ERR867553 | 18 culture 2004349 73.5 72.1 33.4 28
ERR867554 | 19 sputum | 2289017 24.2 17.9 11.2 8.7
ERR867560 | 19 culture 2934225 63.6 61.6 44.1 37.6
ERR867555 | 20 sputum | 10002308 | 5.9 4.3 11 8.7
ERR867561 | 20 culture 2812090 79.9 78.1 54.5 45.9
ERR867556 |21 sputum | 7552762 87 85.5 1554 | 123.4
ERR867562 |21 culture 3554297 94.5 92.5 81.1 68.9
ERR867557 | 22 sputum | 8510346 85.1 83.6 169.5 | 134.7
ERR867563 | 22 culture 3531961 93.3 91.6 79.1 67.5
ERR867558 | 23 sputum | 7562433 82.5 81 146.1 | 113.2
ERR867564 | 23 culture 5744613 91.1 89.5 125.7 | 104.8
ERR867559 |24 sputum | 9709567 6.4 5 12.1 10.1
ERR867566 | 25 sputum | 3084512 4.1 0.8 1 0.4
ERR867567 | 26 sputum | 2961547 22.2 11.2 9.9 6.1
ERR867568 | 27 sputum | 1407520 17.9 14.9 5.4 4.2
ERR867569 | 28 sputum | 4142037 22.3 0.4 4 0.2
ERR867570 | 29 sputum | 4555597 32 0.7 7.4 0.4
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ERR867571 | 30 sputum | 614931 12.4 0.9 0.9 0.1
ERR867572 | 31 sputum | 418642 43.8 2.6 2.5 0.2
ERR867573 | 32 sputum | 769048 30.6 3.7 2.5 0.5
ERR867574 | 33 sputum | 998353 11.9 15 14 0.3
ERR867575 | 34 Sputum 1154247 25.4 9.1 4.3 1.8
MbWHO1c 35 culture 3477683 99.6 99.2 97.6 85.7
MbWHO1s 35 sputum | 42506627 | 32 31.1 2171 | 1914
MbWHO02c 35 culture 3736764 99.4 98.9 104.4 | 97.6
MbWHO02s 35 sputum | 33145172 | 1.9 0.9 7.2 5.2
MbWHO03c 35 culture 4061325 99.3 98.8 1134 | 99.8
MbWHO03s 35 sputum | 25292925 | 17.3 16.5 78.9 70.1
MbWHO4c 35 culture 5117264 98.6 98 1416 | 122
MbWHO04s 35 sputum | 34599011 | 17.6 16.6 104.4 |92.2
Negative NA sputum | 41013676 @ 0.3 0 0.6 0
Sputum

Table 3.S3.2. Lineage typing of M. tb samples
Sample Patient | Source | Lineage
ERR867519 | 2 sputum | Lineage 4
ERR867529 | 2 culture | Lineage 4
ERR867520 | 3 sputum | Lineage 4
ERR867530 | 3 culture | Lineage 4
ERR867521 | 4 sputum | Lineage 2
ERR867531 | 4 culture | Lineage 2
ERR867522 | 5 sputum | Lineage 2
ERR867532 | 5 culture | Lineage 2
ERR867524 | 7 sputum | Lineage 4
ERR867534 | 7 culture | Lineage 4
ERR867525 | 8 sputum | Lineage 2
ERR867535 | 8 culture | Lineage 2
ERR867526 | 9 sputum | Lineage 2
ERR867536 | 9 culture | Lineage 2
ERR867527 | 10 sputum | Lineage 2
ERR867537 | 10 culture | Lineage 2
ERR867538 | 11 sputum | Lineage 4
ERR867546 | 11 culture | Lineage 4
ERR867541 | 14 sputum | Lineage 4
ERR867549 | 14 culture | Lineage 4
ERR867556 | 21 sputum | Lineage 2
ERR867562 | 21 culture | Lineage 2
ERR867557 | 22 sputum | Lineage 1




ERR867563 | 22 culture | Lineage 1
ERR867558 | 23 sputum | Lineage 3
ERR867564 | 23 culture | Lineage 3

Table 3.S4. Smear Score ANOVA of M. tb Samples

Pairs Adjusted p-value
5AFB-Negative | 0.2983938
9AFB-Negative | 0.9992703
1-Negative 0.0013321
2-Negative 0.0001493
3-Negative 0.0000108
9AFB-5AFB 0.8941813
1-5AFB 0.9998597
2-5AFB 0.8313938
3-5AFB 0.9399742
1-9AFB 0.7028359
2-9AFB 0.2969369
3-9AFB 0.3947471
1-2 0.5697069
1-3 0.6880947
2-1 0.9846854

Table 3.S5.1. M. tb windows of diversity (1) overlap

Sputum
Window | Frequency
740000 2
750000 2
760000 2
770000 2
780000 2
790000 2
800000 2
810000 2
1440000 11
1450000 11
1460000 11
1470000 11
1480000 10
1490000 10
1500000 10
1510000 10

Culture

Window | Frequency
1440000 10
1450000 10
1460000 10
1470000 10
1480000 10
1490000 10
1500000 10
1510000 10
1520000 10
1530000 10
2220000 2
2230000 2
2240000 2
2250000 2
2260000 2
2270000 2
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3370000
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Table 3.S5.2. Mb windows of diversity (1) overlap

Culture

Window

Frequency

Sputum

210000

Window

Frequency

220000

740000

3

230000

750000

240000

760000

3260000

770000

3270000

780000
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3280000

3290000

3300000

3310000

3730000
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3750000
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Table 3.S6.1 Outlier genes: Im and fold change

Gene Number of patients/samples: Gene Number of patients/samples:
Im outlier Fold change outlier
Rv2o020c | 13 Mbog48c | 2
Rv3109 11 Mbog74 | 2
Rv1318c | 11 Rvo667 |3
Rv1267¢c | 10 Rv1630 2
Rviz19c | 9 Rv3o51Cc | 6
Rva23s1c | 5 Mbo826 | 1
Rva23s50C | 5 Mb1o48 |1
Rv3o51c | 4 Mb16g5cC | 1
Rv2082 |3 Mb2o4gc | 1
Rva231gc | 2 Mb3324 |1
Rv2081c | 2 Rvoo37c |1
Rv1630 2 Rvoos8 |1
Rvi327c | 2 Rvoo8g |1
Rv1164 2 Rvo101 1
Rvo684 | 2 Rvo182c | 1
Rvo667 | 2 Rvo271c |1
Rvo338c | 2 Rvo31g 1
Mb3111 2 Rvo338c | 1
Mbogggoc | 2 Rvos85c | 1
Mbog48c | 2 Rvos91 1
Mboso8 | 2 Rvo630c | 1
Mbo217 | 3 Rvo668 |1
Mbo177 | 2 Rvo684 |1
Mbo174 |1 Rvo685 |1
Mbo7o4 |1 Rvo731c |1
Mbo826 | 1 Rvo753c |1
Mbog74 |1 Rvo8oo |1
Mb10o48 |1 Rvo803 |1
Mb1131Cc | 1 Rvo839 |1
Mb1s54¢c | 1 Rv1o07¢Cc |1
Mb2118c | 1 Rv1020 1
Mb2g21 |1 Rv1164 1
Mb2g81 |1 Rv1165 1
Mb3284c | 1 Rv1166 1
Mb3324 |1 Rv1249c |1
Rvooo6 |1 Rv1250 1
Rvoog41 1 Rv1266¢c | 1
Rvo211 1 Rv128oc |1
Rvo668 |1 Rv1315 1
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Rvo685 |1 Rv1327¢c |1
Rvo753Cc | 1 Rv1336 1
Rvo8o3 |1 Rv1365Cc | 1
Rvogsoc | 1 Rv1380 1
Rvog6sc | 1 Rvig1oc |1
Rv1020 1 Rv1425 1
Rv1165 1 Rv1453 1
Rv1250 1 Rv1467¢c |1
Rv1266¢ | 1 Rv1485 1
Rv1322 1 Rv1530 1
Rv1380 1 Rv1564cCc |1
Rv1413 1 Rv1629 1
Rv1475¢Cc |1 Rv1638 1
Rv1485 1 Rv1659 1
Rv1629 1 Rv1698 1
Rv1638 1 Rv1769 1
Rv2023A | 1 Rv1g70 1
Rva2245 |1 Rv1997 1
Rv2318 1 Rv2006 |1
Rvag72c |1 Rv2og7c |1
Rva2610c |1 Rv2150c |1
Rv3113 1 Rv2163c |1
Rv3148 1 Rv2201 1
Rv3526 |1 Rv2230c |1
Rv3573c |1 Rv2391 1
Rv3885c | 1 Rva2s31c | 1
Rv3gooc | 1 Rvag72c |1
Rv3go1c |1 Rvaggo |1
Rv2610c |1

Rv2845c | 1

Rv2888c | 1

Rv2g40c | 1

Rv2g42 |1

Rv2g67c | 1

Rv3261 1

Rv3305¢C | 1

Rv3447c |1

Rv3448 |1

Rv3612c | 1

Rv3762c |1

1

Rv3885cC
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Rv3go03c | 1




Table 3.S6.2 Outlier genes: Absolute change and Fsr

Gene Number of patients/samples: Gene Number of patients/samples:
Absolute change outlier Fst outlier
Rvo7o8 |6 Rv1318c | 11
Rv3648¢c | 4 Rv3109 8
Rvo640 |3 Rv3o51Cc | 7
Rvo378 | 2 Rv13z1gc | 6
Rvo668 | 2 Rv2o20c | 6
Rvo684 | 2 Rv1164 5
Rvo717 2 Rv1267¢c | 5
Rvo748 |2 Rva35ic | 5
Rv1164 2 Rvo667 | 4
Rv1824 2 Rvo668 | 4
Rva2272 | 2 Rva2350c | 4
Rv2703 |2 Rvooo1 3
Rva2gogc | 2 Rvooos |3
Rv3o51Cc | 2 Rvo684 | 3
Rv36o04cC | 2 Rv1248c | 3
Mb3177 | 2 Rvi475¢Cc | 3
Mb1og7 | 3 Rv1536 3
Mbo6sg | 3 Rv2082 | 3
Rvooz24 |1 Rva2357¢c | 3
Rvoo4g |1 Rv2823c | 3
Rvoos3 | 1 Rv3240c | 3
Rvoo81 1 Rv3859c | 3
Rvoo84 | 1 Rvooo6 | 2
Rvo158 1 Rvooso | 2
Rvo253 |1 Rvoz206¢c | 2
Rvo32gc | 1 Rvo244c | 2
Rvo371ic |1 Rvo282 |2
Rvo3gac | 1 Rvo338c | 2
Rvog17 1 Rvo3so | 2
Rvog44c | 1 Rvog1oc | 2
Rvo467 |1 Rvog440 | 2
Rvo492A | 1 Rvo642c | 2
Rvos00B | 1 Rvo6ss | 2
Rvos12 1 Rvo663 | 2
Rvos14 1 Rvo711 2
Rvos25 | 1 Rvo777 | 2
Rvos69 |1 Rvo89g6 | 2
Rvos8oc | 1 Rvog87 | 2
Rvo653c | 1 Rv1327¢c | 2
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Rvo658c | 1 Rvig27¢c | 2
Rvo667 |1 Rv1630 2
Rvo685 | 1 Rv1638 2
Rvo7o0 |1 Rv2023A | 2
Rvo745 |1 Rv2081c | 2
Rvo847 |1 Rv2115c | 2
Rvo871 1 Rv2349c | 2
Rvo88gc | 1 Rv2435cC | 2
Rvogoo |1 Rv2444c | 2
Rvogs6 | 1 Rva477¢c | 2
Rv1013 1 Rv2583c | 2
Rvio14c |1 Rv2606¢c | 2
Rv1087A | 1 Rva2737¢c | 2
Rv1106c | 1 Rv2783c | 2
Rv1io7c | 1 Rva2g3g | 2
Rv1116 1 Rv3048c | 2
Rv1143 1 Rv3o6o0c | 2
Rv1177 1 Rv3148 2
Rv1218c |1 Rv3g411c | 2
Rv1305 1 Rv3436¢c | 2
Rv1323 1 Rv3s97¢Cc | 2
Rv1398c | 1 Rv3783 | 2
Rv1417 1 Rv3884c | 2
Rv1535 1 Rv3894cC | 2
Rv1536 1 Rvoo14c | 1
Rv1630 1 Rvoo1sc | 1
Rv1744cC |1 Rvoo32 |1
Rv1767 1 Rvoo3s7c | 1
Rv1799 1 Rvoo41 1
Rv1852 1 Rvoos4 | 1
Rv1856¢c | 1 Rvooss |1
Rv1863c | 1 Rvoos8 |1
Rv1893 1 Rvoo64 | 1
Rvigs3 | 1 Rvoo66¢c | 1
Rv1988 1 Rvoo71 1
Rv2010 1 Rvo126 1
Rv2023C | 1 Rvo171 1
Rvz2o57Cc | 1 Rvo173 1
Rv2063 |1 Rvo18gc | 1
Rv2111c | 1 Rvo2o2c | 1
Rv2185c |1 Rvozo7c |1
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Rv21g8c | 1 Rvo211 1
Rv231gc |1 Rvoz247c |1
Rva2g422 |1 Rvo248c | 1
Rv2444c |1 Rvoz252 |1
Rvag20c | 1 Rvo267 |1
Rv2530A | 1 Rvo272c | 1
Rv2530cC |1 Rvo284 |1
Rv2606¢C | 1 Rvo322 |1
Rva2621c |1 Rvo337c |1
Rv2728c | 1 Rvo384c | 1
Rv2744c |1 Rvo3g94c | 1
Rva2765 |1 Rvog4o7 |1
Rva279g9 |1 Rvo0418 1
Rv28o4c | 1 Rvog23c |1
Rv2806 |1 Rvog430 |1
Rv2830c | 1 Rvogs7c | 1
Rv2840c | 1 Rvog462 | 1
Rv2848c | 1 Rvo47oc | 1
Rv2862c | 1 Rvo500A | 1
Rv2869c | 1 Rvos10 1
Rva2goic |1 Rvos12 1
Rvago7c | 1 Rvos2g | 1
Rv2g22A | 1 Rvos63 | 1
Rv3048¢c | 1 Rvosg2 |1
Rv3066 |1 Rvo640 |1
Rv3171c | 1 Rvo644c | 1
Rv3175 1 Rvo647c | 1
Rv3183 1 Rvo676¢ | 1
Rv32o09 |1 Rvo683 |1
Rv3319 1 Rvo685 | 1
Rv3341 1 Rvo703 |1
Rv3353Cc | 1 Rvo7o4 |1
Rv3418c | 1 Rvo7os |1
Rv3461c | 1 Rvo7o7 |1
Rv3462c | 1 Rvo714 1
Rv3489 |1 Rvo718 1
Rv3516 1 Rvo719 1
Rv3527 |1 Rvo732 |1
Rv3583c | 1 Rvo753c | 1
Rv3s587c | 1 Rvo761c | 1
Rv3596¢C | 1 Rvo782 |1
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Abstract

Mycobacterium tuberculosis (M. tb) is a globally distributed obligate human pathogen
that can be divided into seven distinct lineages. Recently, Bayesian reconstruction of M. tb
migration patterns from a sample of 552 globally distributed M. tb isolates suggest the current
distribution of Lineage 1 (L1) arose from migrations out of India. Additionally, phylogenetic
analysis of 236 M. tb Lineage 4 (L4) isolates revealed sub-lineage L4.4.1.1 isolates from
Indigenous Maori and Pacific people in New Zealand nest within the diversity of L4.4.1.1
isolates from Indigenous populations in Canada. Previous studies have demonstrated M. tb was
introduced to Canadian Indigenous populations by French-Canadian fur traders. It is possible
the introduction of M. tb to the South Pacific was driven by similar European colonial migrations
and trade expansion, but little is known about the dispersal of M. tb in this region. Here, we
sought to reconstruct the migratory history of M. tb L1 using SFS based methods of migration
inference and L4.4.1.1 using Bayesian based methods of migration interference. Reconstructing
the migratory history of M. tb L1, we found that SFS based methods of inference perform poorly
when two population migration models are used. Our Bayesian inference of M. tb L4.4.1.1’s
migratory history is indicative of multiple migrations of M. tb from Europe to Indigenous
populations in Canada and New Zealand. We linked these patterns of migration to historical
phenomena, specifically colonial migrations and trade expansion. Our results demonstrate the
power of using a pathogen’s genomic data in concert with spatial and temporal data to trace its
origins and contribute to the growing body of work showing a clear effect of human migration on

the current global distribution of M. tb.

Introduction

As bacterial pathogens diversify during infection and spread to new hosts, they acquire
informative mutations that can be used to reconstruct their migratory history. When combined,

the phylogeography of bacterial pathogens and historical phenomena associated with their
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hosts can elucidate the dynamics underlying epidemics, which can be used to inform control
strategies.

Mycobacterium tuberculosis (M. tb), the causative agent of tuberculosis (TB), is a
globally distributed obligate human pathogen that can be divided into seven distinct lineages.
These lineages differ in their global distribution and have strong phylogeographic structure (1—
3).

Lineage 1 (L1) of M. tb, also known as the “Indo-Oceanic” lineage, primarily occurs in
regions bordering the Indian Ocean and is common in areas of East Africa and Southeast Asia
with a high burden of TB (4). Bayesian reconstruction of M. tb migration patterns from a sample
of 552 globally distributed M. tb isolates (see Appendix 1) suggest the current distribution of L1
arose from migrations out of India. Despite research suggesting inference of bacterial
demography using the site frequency spectrum (SFS) is less sensitive to selection than more
commonly used Bayesian methods (5), few studies have used SFS based methods to infer the
migratory history of bacterial pathogens. We sought to reconstruct the migratory history of M. tb
L1 described above using SFS based methods.

M. tb Lineage 4 (L4), also known as the “Euro-American” lineage, is the most widely
globally dispersed lineage of M. tb (2). Ten sub-lineages of L4 have been described (6), and
recent reconstructions of L4’s dispersal suggest it was spread through European colonial
migrations to Africa and the Americas (1, 2, 7-9). Phylogenetic analysis of 236 M. tb L4.4
isolates (see Appendix 1) revealed M. tb isolates from Indigenous Maori and Pacific people in
New Zealand nest within the diversity of M. tb isolates from Indigenous populations in Canada.
M. tb from both populations belong to the L4.4 sub-lineage L4.4.1.1. The Canadian M. tb
isolates belong to the DS6%u¢bec (DS6Q) lineage, which was dispersed to Western Aboriginal
Canadians by French-Canadian fur traders in the 18th—19th centuries (9). It is possible the
introduction of DS6Q to the South Pacific was driven by similar European colonial migrations

and trade expansion. Contemporary M. tb genotypes in New Zealand Europeans, Maori and
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Pacific people in New Zealand are dominated by L4 strains, consistent with introduction of
contemporary strains by Europeans, but little is known about the dispersal of M. tb in this region.
In order to trace the origins and dispersal of M. tb in New Zealand, we reconstructed the
migratory history of M. tb L4.4.1.1 described above using Bayesian methods of migration

inference.

Methods
Sample descriptions

Lineage 1: Our sample of M. tb L1 consists of 89 isolates from a globally distributed
sample of M. tb L1-L7 (n = 552; See Appendix 1 for details of sampling strategy, assembly,
alignment and variant calling). These 89 M. tb L1 isolates span 22 countries and 6 United
Nations (UN) subregions (Table 4.S1). The alignment of M. tb L1 consists of 60787 SNPs.

Lineage 4.4.1.1: Our sample of M. tb L4.4.1.1 consists of 117 isolates from a globally
distributed sample of M. tb L4.4 (n = 236; See Appendix 1 for details of sampling strategy,
assembly, alignment and variant calling). These 117 M. tb L4.4.1.1 isolates span 19 countries
and 5 UN subregions (Table 4.S2). The alignment of M. tb L4.4.1.1 consists of 3161 SNPs.
SFS based inference of v for M. tb L1 sub-populations

We used SNP-sites (10) to convert our alignment of M. tb L1 isolates to a multi-sample
VCF and SnpEff (11) to annotate variants with respect to H37Rv [NC_000962.3; (12)] as
synonymous, hon-synonymous, or intergenic. We removed loci at which any sequence in the
population had a gap or unknown character from the data set. We used EasySFS

(https://github.com/isaacovercast/easySFS) to convert synonymous variants in the multi-sample

VCF of L1 to two-dimensional synonymous SFS (sSFS) and one-dimensional sSFS. We defined
the two extant sub-populations as India and the rest of the world (RoW) and projected
population sizes from n = 31, 58 to n = 25, 25 (India and RoW, respectively). In order to

determine v (Ne contemporary/Ne ancestral; the magnitude of effective population size change)
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for India and RoW, we performed demographic inference with the one-dimensional sSFS of
India and RoW using dadi (13). For each sub-population, we modeled constant population size
(standard neutral model) and instantaneous expansion. We optimized our parameter estimates,
v and 7 (time since expansion).

SFS based migration inference of M. tb L1

We performed migration inference with the two-dimensional sSFS of India and RoW
using dadl. We modeled no split (standard neutral model), a split with no migration, a split with
symmetric migration, a split with unidirectional migration (India to RoW), and a split with
asymmetric migration. We identified the best-fit model and maximal likelihood parameters of the
migration model given our observed data. Parameters v1 and v2 (magnitude of effective
population size change for India and RoW, respectively) were fixed according to their values
estimated from the model of instantaneous expansion (described above). Our parameter
estimates m and 1 (migration and time since population split, respectively), were optimized for
each migration model. We used the Akaike information criterion (AIC) estimator for model
selection and calculated the Poisson residuals between model and data for each best-fit model.
Phylogeographic inference of M. tb L4.4.1.1.

With the SNP alignment of M. tb L4.4.1.1, we performed ancestral reconstruction using
BEAST?2 (14), with UN region for each isolate modelled as a discrete trait. Analyses were
performed using the GTR model of nucleotide substitution, a strict molecular clock with an
estimated substitution rate of 6.28 x 108 s/s/y and BSP demographic models (see Appendix 1
for description of rate estimation and model and clock selection). For the Bayesian skyline
model, we deselected the Jeffrey’s (1/X) prior for the population size parameter; this is an
improper prior unsuitable for model evaluation using path sampling (see Appendix 1). We used
default priors for the remaining parameters. We ran three independent chains for 350 million
states sampling every 10000 states. We discarded the first 10% of states as burn-in and

assessed chains for convergence and sufficient mixing (effective sample size > 200 for all
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parameters). We combined samples from the three independent chains and based parameter
estimation on the combined chain. We inferred the maximum clade credibility (MCC, median
heights) from the combined tree samples in TreeAnnotator.

We inferred migration rates over time from the MCC tree. As described in O’Neill et al.
2019 (15), migration events were defined as a change in the most probable reconstructed state
from parent to child node. Only nodes with a posterior probability > 80% were considered.
Median heights of the parent and child nodes were treated as the range of time in which a
migration event could occur. Migration rates through time were inferred by summing the number
of migration events during each year of the phylogeny, divided by the total number of branches
in existence during each year of the phylogeny. We used the Bayesian stochastic search
variable selection method (BSSVS) implemented in BEAST? to identify well-supported (Bayes
factor > 5) migration rates between UN regions in the phylogeographic analyses and SpreaD3

(16) to calculate Bayes factor for each pairwise rate.

Results
SFS Based migration inference of L1

Results of the SFS based migration interference of L1 suggest a symmetric model of
migration best fit our observed data (Figure 4.1). However, all tested models fit poorly, as
indicated by clustering of residuals from the two-dimensional sSFS. The method was therefore
unreliable for model selection (Figure 4.2, Table 1).
Bayesian based migration Inference of L4.4.1.1

The BSP suggests L4.4.1.1 underwent a rapid population expansion following its
emergence, and corresponding migration analyses show a spike in migration at this time (Figure
4.3). This was followed by a period where the population size remained consistent until another

period of population growth in the 19th century, during which time migration tapers off.



184

Our phylogeographic reconstruction of L4.4.1.1 is indicative of migration from Africa to
Asia, as well as Europe to Canada and Oceania (Figure 4.4, Figure 4.5). Our estimated time to
most recent common ancestor (TMRCA) of the DS6Q clade is 1652 (95% HPD, 1535-1741).
We inferred two separate introductions of M. tb to New Zealand (Figure 4.4). The estimated
TMRCA of the first, older introduction is 1813 (95% HPD, 1746-1868). The estimated TMRCA

of the second, more recent introduction is 1980 (95% HPD, 1969-1988).

Discussion

Using SFS and Bayesian based methods, we have inferred the migratory histories of two
distinct lineages of M. tb. In reconstructing the migratory history of M. tb L1, we found that SFS
based methods of inference perform poorly when complex models are used. Our Bayesian
inference of M. tb L4.4.1.1’s migratory history is indicative of multiple migrations of closely
related DS6Q strains from Europe to Canada and the South Pacific that are likely the result of
colonial migrations.

All tested models for the SFS based inference of M. tb L1’s migratory history fit poorly,
as indicated by clustering of residuals from the two-dimensional sSFS (Figure 4.2). These
results are consistent with prior research indicating that SFS based methods perform well for
fully linked genomes when inference is done under very simple models but not more complex
models (17).

The polytomy at the root of the DS6Q clade and the polyphyletic nature of the New
Zealand and Canadian isolates (Figure 4.4) suggests dispersal of several closely related strains
from a common origin. The TMRCA estimate for the DS6Q clade of M. th L4.4.1.1, (mid-17th
century) coincides with French migration to Quebec. This TMRCA is consistent with a French
origin as previously reported for the DS6Q lineage [Figure 4.4; (9)]. The early 19th century
TMRCA estimate for the introduction of M. tb to New Zealand fits with an introduction to

Polynesia by French/European whalers or other traders. Whaling was the only French economic
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activity of any scale in the South Pacific during the early 19th century (18—20). During the
whaling era, Polynesian men were often recruited as crew on whaling ships and accounted for
up to one-fifth of European whaling crews (21, 22). These interactions would have been
conducive for the dispersal of M. tb. Additionally, unlike New Zealand, which received a large
ingress of European migrants after British annexation in 1840 (24), other Polynesian islands did
not experience the same influx of European emigrants. This lends further support to a trade-
associated introduction of M. tb to New Zealand.

Our results indicate the younger cluster of M. tb isolates in New Zealand arose from a
relatively recent clonal expansion. This could be the result of a more recent introduction of M. tb
or emergence from a previously introduced, unsampled DS6Q strain. The TMRCA of this cluster
(late 20" century) follows a period of mass migration to New Zealand from the Pacific Islands in
the 1950s-1970s, a plausible route of introduction. Although it is evident that this strain
ultimately emerged from a strain of European origin, more in-depth sampling of L4.4.1.1 isolates
from both New Zealand and the Pacific may provide a clearer picture of the dispersal of this
strain from Europe to New Zealand and will shed additional light on the dispersal of this sub-
lineage in this region.

The TMRCA of the younger cluster of M. tb isolated in New Zealand coincides with
major demographic changes in New Zealand’s Maori population that occurred in the mid-20th
century. Maori experienced a fast rate of urbanization between 1945-1980 (25). Urbanization
was accompanied by overcrowded housing and increased incarceration rates, both of which are
TB risk factors (26, 27). The temporal association between emergence of the younger New
Zealand M. tb cluster and the urbanization of Maori suggests that human social phenomena are
important contributors to the demographic history of M. tb.

A recent reconstruction of the migratory history of L4, which did not include isolates from
the South Pacific, suggest global dispersal of L4 was dominated by historical migrations out of

Europe and connected with European colonial migrations (7). We observe a similar scenario in
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our reconstruction of the migratory history of the DS6Q clade: Several closely related M. tb
strains dispersed from Europe in the 17th—19th centuries to remote and unconnected
populations via European colonial migrations and expanding trade networks.

Our data indicate L4.4.1.1 expanded in the 19th century (Figure 4.3), which could be
attributed to colonial activities during this time involving countries in our sample; the French-
Canadian fur trade [1710-1870; (28)], the South Pacific whaling trade [1790-1860; (20)], and
the rapid occupation and colonization of much of the African continent during the New
Imperialism period [1876—-1912; (29)]. The decline in effective population size in the late 20th
century of our sample of M. tb observed in the BSP (Figure 4.3) coincides with the dramatic
decline in TB incidence in the developed world over the last century. Our results highlight the
power of phylogeographic methods and the utilization of WGS data to reconstruct a pathogen’s
migratory history in high resolution and reasserts the role of European migrations in the

dispersal of M. tb L4.
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Figure 4.1. Observed and inferred two-dimensional sSFS of India and RoW. Heatmaps of

two-dimensional spectra colored by number of SNPs at each frequency in the population (log-

transformed). Masked data and SNP counts = 0 in white. From left to right, top to bottom:
Observed, no split and no migration, no migration, symmetric migration, unidirectional migration,

and asymmetric migration.
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Figure 4.2. Poisson residuals for best-fit migration models. Heatmaps of Poisson residuals

between data and model for the spectra calculated using dadl. Masked data and SNP counts =
0 colored in white. Positive or negative residuals indicate the model predicts too many or too
few SNPs at a given frequency, respectively. From left to right, top to bottom: No migration,
symmetric migration, unidirectional migration, and asymmetric migration.
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Figure 4.3. Demography of M. tb L4.4.1.1. Top: Effective population size (Ne) through time of
L4.4.1.1. Median Ne and 95% highest posterior density pictured as black line and grey shading,
respectively. X-axis in calendar years. Bottom: Migration events through time of L4.4.1.1. Black
line depicts the rate of migration through time, calculated as the sum of migration events
occurring across every year of the phylogeny divided by the total number of branches during
each year of the phylogeny. Grey shading depicts the rates inferred after the addition or
subtraction of a single migration event. X-axis in calendar years.
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Figure 4.4. MCC phylogeny of M. tb L4.4.1.1. Tips and terminal branches colored according to
UN region of isolation. Pie charts on nodes colored according to geographic state probabilities.
Only nodes with > 0.8 posterior probability shown. X-axis in calendar years.
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Figure 4.5. Migration matrix of M. tb L4.4.1.1. Heatmap of pairwise relative migration rates
between UN regions. Only relative rates with Bayes factor > 5 shown.
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Table 4.1. Summary of gdadi migration analyses for M. tb L1
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Model Vindia VRow MindiaToRow | MRowToindia | Generations | LL AIC
Neutral - - - - - -2244 -
No Migration | 101 30 0.00 0.00 0.65 -507 1020
Symmetric 101 30 0.33 0.33 1.93 -477 1017
Migration

Unidirectional | 101 30 0.72 0.00 1.68 -503 963
Migration

Asymmetric 101 30 0.01 0.65 1.56 -465 940
Migration

Values for migration model parameters Ne/Nanc (V), migration (m) and generations since
population split (1), and log likelihood values (LL) and AIC of each migration model

Supplementary Tables

Table 4S.1. M. tb L1 accessions and metadata

BioSample Runs Assembly Method | Country UN

ERS019896 | ERR245843 reference guided Malawi Eastern-Africa
alignment

ERS019934 | ERR245677 reference guided Malawi Eastern-Africa
alignment

ERS023444 | ERR040121 reference guided Uganda Eastern-Africa
alignment

ERS1028701 | ERR1200626 reference guided Ethiopia Eastern-Africa
alignment

ERS1028704 | ERR1200629 reference guided Ethiopia Eastern-Africa
alignment

ERS1028707 | ERR1200632 reference guided Ethiopia Eastern-Africa
alignment

ERS107959 | ERR163963 reference guided Malawi Eastern-Africa
alignment

ERS141551 | ERR176483 reference guided Malawi Eastern-Africa
alignment

ERS142071 | ERR181936 reference guided Malawi Eastern-Africa
alignment

ERS142242 | ERR181723 reference guided Malawi Eastern-Africa
alignment

ERS142323 | ERR181798 reference guided Malawi Eastern-Africa
alignment

ERS142332 | ERR181807 reference guided Malawi Eastern-Africa
alignment

ERS142428 | ERR190365 reference guided Malawi Eastern-Africa
alignment

ERS142442 | ERR190377 reference guided Malawi Eastern-Africa
alignment

ERS142454 | ERR190389 reference guided Malawi Eastern-Africa
alignment
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ERS153838 | ERR211991 reference guided Malawi Eastern-Africa
alignment

ERS153982 | ERR212131 reference guided Malawi Eastern-Africa
alignment

ERS217639 | ERR233351 reference guided Ethiopia Eastern-Africa
alignment

ERS217641 | ERR233353 reference guided Ethiopia Eastern-Africa
alignment

ERS218215 | ERR234164 reference guided Uganda Eastern-Africa
alignment

ERS218216 | ERR234165 reference guided Tanzania Eastern-Africa
alignment

ERS218323 | ERR234272 reference guided Somalia Eastern-Africa
alignment

ERS217644 | ERR233356 reference guided China Eastern-Asia
alignment

ERS217652 | ERR233364 reference guided China Eastern-Asia
alignment

ERS218313 | ERR234262 reference guided China Eastern-Asia
alignment

SRS490604 | SRR1019186, reference guided Taiwan Eastern-Asia

SRR1011511 alignment
SRS490607 | SRR1019190, reference guided Taiwan Eastern-Asia
SRR1011516 alignment

AOMGO02 AOMGO00000000.2 | multiple genome Malaysia South-Eastern-Asia
alignment

ATNFO1 ATNFO00000000.1 | multiple genome Thailand South-Eastern-Asia
alignment

ERS217633 | ERR238746 reference guided Vietnam South-Eastern-Asia
alignment

ERS217651 | ERR233363 reference guided Cambodia | South-Eastern-Asia
alignment

ERS217653 | ERR233365 reference guided Vietnam South-Eastern-Asia
alignment

ERS217660 | ERR233372 reference guided Malaysia South-Eastern-Asia
alignment

ERS218206 | ERR234155 reference guided Thailand South-Eastern-Asia
alignment

ERS218207 | ERR234156 reference guided Thailand South-Eastern-Asia
alignment

ERS218208 | ERR234157 reference guided Vietnam South-Eastern-Asia
alignment

ERS218236 | ERR234185 reference guided Singapore | South-Eastern-Asia
alignment

ERS218258 | ERR234207 reference guided Vietnam South-Eastern-Asia
alignment

ERS218265 | ERR234214 reference guided Thailand South-Eastern-Asia
alignment

ERS218275 | ERR234224 reference guided The South-Eastern-Asia
alignment Philippines
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ERS218289 | ERR234238 reference guided Vietnam South-Eastern-Asia
alignment

ERS218291 | ERR234240 reference guided Vietnam South-Eastern-Asia
alignment

ERS218292 | ERR234241 reference guided Vietnam South-Eastern-Asia
alignment

ERS218315 | ERR234264 reference guided The South-Eastern-Asia
alignment Philippines

ERS218317 | ERR234266 reference guided The South-Eastern-Asia
alignment Philippines

ALYGO1 ALYGO00000000.1 | multiple genome India Southern-Asia
alignment

ERS217662 | ERR233374 reference guided Sri Lanka Southern-Asia
alignment

ERS217664 | ERR233376 reference guided Nepal Southern-Asia
alignment

ERS217665 | ERR233377 reference guided Nepal Southern-Asia
alignment

ERS217668 | ERR233380 reference guided Nepal Southern-Asia
alignment

ERS218220 | ERR234169 reference guided India Southern-Asia
alignment

ERS218242 | ERR234191 reference guided Sri Lanka Southern-Asia
alignment

ERS218248 | ERR234197 reference guided Afghanista | Southern-Asia
alignment n

ERS218286 | ERR234235 reference guided India Southern-Asia
alignment

ERS218288 | ERR234237 reference guided India Southern-Asia
alignment

ERS611795 | ERR688020 reference guided Pakistan Southern-Asia
alignment

ERS611799 | ERR688024 reference guided Pakistan Southern-Asia
alignment

ERS611813 | ERR688038 reference guided Pakistan Southern-Asia
alignment

JMEKO1 JMEKO00000000.1 | multiple genome India Southern-Asia
alignment

JMIMO1 JMIM00000000.1 | multiple genome India Southern-Asia
alignment

JMJHO1 JMJH00000000.1 | multiple genome India Southern-Asia
alignment

JNVIO02 JNVIO0000000.2 multiple genome India Southern-Asia
alignment

JQGHO1 JQGHO00000000.1 | multiple genome India Southern-Asia
alignment

SRS557806 | SRR1169488, reference guided India Southern-Asia

SRR1183033, alignment
SRR1180217,

SRR1172309
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SRS557855 | SRR1172226, reference guided India Southern-Asia
SRR1169563, alignment
SRR1180160,
SRR1182980
SRS557872 | SRR1180224, reference guided India Southern-Asia
SRR1172022, alignment
SRR1183159,
SRR1169586
SRS559605 | SRR1173036, reference guided India Southern-Asia
SRR1172709 alignment
SRS559606 | SRR1172710 reference guided India Southern-Asia
alignment
SRS559664 | SRR1175088, reference guided India Southern-Asia
SRR1172787 alignment
SRS559665 | SRR1172788, reference guided India Southern-Asia
SRR1175027 alignment
SRS559695 | SRR1172900, reference guided India Southern-Asia
SRR1172828 alignment
SRS559720 | SRR1172860, reference guided India Southern-Asia
SRR1172872 alignment
SRS559736 | SRR1175036, reference guided India Southern-Asia
SRR1172881 alignment
SRS559747 | SRR1172905, reference guided India Southern-Asia
SRR1175116 alignment
SRS559754 | SRR1172915, reference guided India Southern-Asia
SRR1175053 alignment
SRS559766 | SRR1175155, reference guided India Southern-Asia
SRR1172942 alignment
SRS559772 | SRR1172950, reference guided India Southern-Asia
SRR1175123 alignment
SRS559777 | SRR1175071, reference guided India Southern-Asia
SRR1172955 alignment
SRS559783 | SRR1172965, reference guided India Southern-Asia
SRR1173489 alignment
SRS559811 | SRR1173198, reference guided India Southern-Asia
SRR1173010 alignment
SRS559817 | SRR1173136, reference guided India Southern-Asia
SRR1173031 alignment
SRS559825 | SRR1173043, reference guided India Southern-Asia
SRR1173178 alignment
SRS559850 | SRR1173611, reference guided India Southern-Asia
SRR1173098 alignment
SRS559867 | SRR1173129, reference guided India Southern-Asia
SRR1173673 alignment
SRS560015 | SRR1173787, reference guided India Southern-Asia
SRR1173551 alignment
ERS218233 | ERR234182 reference guided Serbia Southern-Europe
alignment
ERS218245 | ERR234194 reference guided Burkina Western-Africa
alignment Faso
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ERS218256 | ERR234205 reference guided Ghana Western-Africa
alignment
SRS485067 | SRR998721, reference guided Mali Western-Africa
SRR998720, alignment
SRR998722
Table 4.52. M. tb L4.4.1.1 accessions and metadata
Name Run ID Project ID Year Country UN Region
ERR024359 | ERR024359 | PRJEB2057 1999 Netherlands Europe
ERR040124 | ERR040124 | PRJEB2424 2005 Uganda Africa
ERR040130 | ERR040130 | PRJEB2424 2004 Uganda Africa
ERR046901 | ERR046901 | PRJEB2221 2007 United Kingdom | Europe
ERR047013 | ERR047013 | PRJEB2221 2006 United Kingdom | Europe
ERR108481 | ERR108481 | PRJEB2138 2009 Russia Europe
ERR133974 | ERR133974 | PRJEB2138 2009 Russia Europe
ERR161047 | ERR161047 | PRJEB2794 2003 Malawi Africa
ERR163930 | ERR163930 | PRJEB2794 2004 Malawi Africa
ERR163942 | ERR163942 | PRJEB2794 2004 Malawi Africa
ERR163946 | ERR163946 | PRJEB2794 2004 Malawi Africa
ERR164012 | ERR164012 | PRJEB2794 1997 Malawi Africa
ERR176454 | ERR176454 | PRJEB2794 2004 Malawi Africa
ERR176628 | ERR176628 | PRJEB2794 1997 Malawi Africa
ERR176725 | ERR176725 | PRJEB2794 1998 Malawi Africa
ERR181836 | ERR181836 | PRJEB2794 2009 Malawi Africa
ERR181853 | ERR181853 | PRJEB2794 2009 Malawi Africa
ERR181946 | ERR181946 | PRJEB2794 2005 Malawi Africa
ERR182011 | ERR182011 | PRJEB2794 2006 Malawi Africa
ERR190410 | ERR190410 | PRJEB2794 1997 Malawi Africa
ERR211992 | ERR211992 | PRJEB2794 2002 Malawi Africa
ERR212117 | ERR212117 | PRJEB2794 1999 Malawi Africa
ERR212132 | ERR212132 | PRJEB2794 2009 Malawi Africa
ERR212152 | ERR212152 | PRJEB2794 2009 Malawi Africa
ERR212159 | ERR212159 | PRJEB2794 2009 Malawi Africa
ERR221551 | ERR221551 | PRJEB2794 2002 Malawi Africa
ERR221554 | ERR221554 | PRJEB2794 2002 Malawi Africa
ERR221600 | ERR221600 | PRJEB2794 2002 Malawi Africa
ERR228025 | ERR228025 | PRJEB2138 2010 Russia Europe
ERR228067 | ERR228067 | PRJEB2138 2010 Russia Europe
ERR245800 | ERR245800 | PRJEB2358 2001 Malawi Africa
NzO1 SRR5074294 | PRINA356104 | 2008 New Zealand Oceania
NZO2 SRR5074712 | PRINA356104 | 2011 New Zealand Oceania
NzZO3 SRR5074713 | PRINA356104 | 2008 New Zealand Oceania
NzO4 NA NA 2013 New Zealand Oceania
NZO5 NA NA 2003 New Zealand Oceania
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NzO6 NA NA 2013 New Zealand Oceania
NzO7 NA NA 2006 New Zealand Oceania
NZR22 SRR8420474 | PRINA513885 | 2010 New Zealand Oceania
NZR278 SRR8420475 | PRINA513885 | 2010 New Zealand Oceania
NZR486 SRR8420472 | PRINA513885 | 2011 New Zealand Oceania
NZR494 SRR8420473 | PRINA513885 | 2011 New Zealand Oceania
NZRA NA NA 1992 New Zealand Oceania
NZRB NA NA 1992 New Zealand Oceania
NZRC NA NA 1999 New Zealand Oceania
NZRE NA NA 2001 New Zealand Oceania
NZRF NA NA 2002 New Zealand Oceania
NZRH NA NA 2006 New Zealand Oceania
NZRI NA NA 2006 New Zealand Oceania
NZRJ NA NA 2008 New Zealand Oceania
NZRK NA NA 2008 New Zealand Oceania
NZRL NA NA 1996 New Zealand Oceania
NZRM NA NA 2009 New Zealand Oceania
NZRN NA NA 1991 New Zealand Oceania
SK1 NA NA 1994 Canada Americas
SK111 NA NA 2003 Canada Americas
SK153 NA NA 1996 Canada Americas
SK160 NA NA 1999 Canada Americas
SK192 NA NA 1990 Canada Americas
SK196 NA NA 1987 Canada Americas
SK198 NA NA 1987 Canada Americas
SK199 NA NA 1989 Canada Americas
SK20 NA NA 1988 Canada Americas
SK201 NA NA 2001 Canada Americas
SK202 NA NA 1994 Canada Americas
SK204 NA NA 2002 Canada Americas
SK211 NA NA 1997 Canada Americas
SK215 NA NA 1999 Canada Americas
SK254 NA NA 2004 Canada Americas
SK256 NA NA 1987 Canada Americas
SK260 NA NA 1996 Canada Americas
SK287 NA NA 2002 Canada Americas
SK288 NA NA 2003 Canada Americas
SK30 NA NA 2003 Canada Americas
SK54 NA NA 1990 Canada Americas
SRR1019141 | SRR1019141 | PRINA183624 | 2013 Kenya Africa
SRR1019142 | SRR1019142 | PRINA183624 | 2013 South Africa Africa
SRR1019150 | SRR1019150 | PRINA183624 | 2013 South Africa Africa
SRR1019153 | SRR1019153 | PRINA183624 | 2013 Kenya Africa
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SRR1019155 | SRR1019155 | PRIJNA183624 | 2013 South Africa Africa
SRR1019159 | SRR1019159 | PRIJNA183624 | 2013 South Africa Africa
SRR1019165 | SRR1019165 | PRINA183624 | 2013 South Africa Africa
SRR1019168 | SRR1019168 | PRINA183624 | 2013 South Africa Africa
SRR1140926 | SRR1140926 | PRINA183624 | 2013 South Africa Africa
SRR1162884 | SRR1162884 | PRINA229360 | 2010 Sweden Europe
SRR1163077 | SRR1163077 | PRINA229360 | 2010 Sweden Europe
SRR1166253 | SRR1166253 | PRINA233386 | 2013 Romania Europe
SRR1172724 | SRR1172724 | PRINA235618 | 2012 South Africa Africa
SRR1172876 | SRR1172876 | PRINA235618 | 2013 South Africa Africa
SRR1172935 | SRR1172935 | PRINA235618 | 2013 South Africa Africa
SRR1173087 | SRR1173087 | PRINA235618 | 2013 South Africa Africa
SRR1173181 | SRR1173181 | PRINA235618 | 2013 South Africa Africa
SRR1173353 | SRR1173353 | PRINA235618 | 2013 South Africa Africa
SRR1173499 | SRR1173499 | PRINA235618 | 2013 South Africa Africa
SRR1173522 | SRR1173522 | PRINA235618 | 2013 South Africa Africa
SRR1173637 | SRR1173637 | PRINA235852 | 2003 India Asia
SRR1175041 | SRR1175041 | PRINA235618 | 2013 South Africa Africa
SRR1180189 | SRR1180189 | PRINA235618 | 2013 South Africa Africa
SRR1180314 | SRR1180314 | PRINA235618 | 2013 South Africa Africa
SRR1181100 | SRR1181100 | PRINA191021 | 2009 Colombia Americas
SRR1181216 | SRR1181216 | PRINA235618 | 2013 South Africa Africa
SRR1184309 | SRR1184309 | PRINA235618 | 2013 South Africa Africa
SRR5065416 | SRR5065416 | PRINA355614 | 2011 Vietham Asia
SRR5067392 | SRR5067392 | PRINA355614 | 2009 Vietham Asia
SRR5073887 | SRR5073887 | PRINA355614 | 2009 Vietham Asia
SRR5073966 | SRR5073966 | PRINA355614 | 2009 Vietnam Asia
SRR832977 | SRR832977 | PRINA183624 | 2008 South Africa Africa
SRR832988 | SRR832988 | PRINA183624 | 2009 South Africa Africa
SRR833034 | SRR833034 | PRINA183624 | 2008 South Africa Africa
SRR833044 | SRR833044 | PRIJNA183624 | 2010 South Africa Africa
SRR833119 | SRR833119 | PRINA183624 | 2008 South Africa Africa
SRR833134 | SRR833134 | PRIJNA183624 | 2010 South Africa Africa
SRR833144 | SRR833144 | PRINA183624 | 2008 South Africa Africa
SRR833165 | SRR833165 | PRINA183624 | 2008 South Africa Africa
SRR847795 | SRR847795 | PRINA183624 | 2011 South Africa Africa
SRR847797 | SRR847797 | PRINA183624 | 2011 South Africa Africa
SRR847802 | SRR847802 | PRINA183624 | 2011 South Africa Africa
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Chapter 5: Conclusions and Future Directions
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In this thesis | have examined the evolution of bacterial pathogens across three scales
using WGS data from natural populations. In Chapter 2, | characterized the evolution of the
gonococcal genetic island (GGI), examined its effects on the landscape of LGT in Neisseria
gonorrhoeae and investigated co-adaptation between the GGI and N. gonorrhoeae’s core
genome. In Chapter 3, | compared patterns of genetic diversity of pathogenic mycobacteria in
sputum to bacteria grown in vitro and elucidated differences between evolutionary pressures
encountered within the host and those imposed by ex vivo manipulation of bacterial populations.
In Chapter 4, | characterized the migratory histories of two lineages of Mycobacterium
tuberculosis (M. tb) using different methods of demographic inference. This work provides new
insights into the evolution of bacterial pathogens and demonstrates the power of WGS data and

associated analytical methods to characterize the ecology and evolution of infectious disease.

The gonococcal genetic island and identifying intragenomic interactions

The aim of Chapter 2 was to characterize the evolutionary history of the GGI, which
encodes a T4SS, and examine its effects on the landscape of LGT in natural populations of N.
gonorrhoeae. | found evidence of more core genome recombination in GGl+ populations than in
GGlI- populations. My results are the first computational prediction of increased core genome
recombination in natural populations of GGI+ N. gonorrhoeae. These results are consistent with
co-culture experiments of laboratory strains of N. gonorrhoeae that demonstrated GGI+ donor
cells produce up to 500X more transformants than donors deficient in secreting DNA (1).
Additionally, | identified recombination hotspots and genes with disparate recombination
intensities in the core genomes of GGI+ and GGlI- populations. These results further
demonstrate the impact the GGI and the T4SS have on the landscape of LGT in N.
gonorrhoeae and are a valuable resource for researchers investigating the differential selective

pressures that shape GGI+ and GGI- populations.
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Through my work, | found evidence of associations between the GGI and variants in the
core and accessory genomes of N. gonorrhoeae, and multiple facets of the GGI’s diversity
indicate it acts as a mobile element. Additionally, | found that presence/absence of the GGI, as
well as specific groups of the GGI were highly structured on N. gonorrhoeae’s core genome
phylogeny. My results suggest the GGI and N. gonorrhoeae’s core genome have co-adapted,
and we hypothesized that interactions between the GGI and N. gonorrhoeae’s core genome
impose a barrier to transfer of the GGI to a GGI- genetic background. A non-replicating plasmid
carrying part of the GGI can be integrated into isogenic GGI mutants (1), but complete transfer
of the GGl to isogenic GGI mutants has not been observed. This could be reflective of
intragenomic conflict. Co-culture experiments between GGI+ clinical isolates, as well as GGI+
and GGlI- clinical isolates, could potentially address this barrier to transfer observed in
experimental settings and my analyses of WGS data from natural populations. Additionally, the
variants associated with GGI presence/absence | identified are candidates for in vitro
experiments to determine what mutations and/or gene content allow for the maintenance of the
GGl in GGI+ populations and prevent its transfer into GGI- populations.

Co-adaptation between MGEs and bacterial chromosomes has been observed during
experimental evolution, and the mutations associated with co-adaptation in these experiments
have been identified using WGS data sequenced from the ancestral and evolved strains. |
developed an analytical framework for identifying candidates of co-adaptation between MGEs
and bacterial core genomes using WGS data from natural populations (2—6). This framework is
relevant to researchers studying the evolution of bacterial MGEs in natural populations,
independent of species. Additionally, methods are frequently being developed to analyze
bacterial pan-genomes, and new techniques could be readily incorporated into this framework
(7-9). For example, the recently developed software Piggy (7) specifically characterizes
intergenic regions in the core genome of bacteria, which were not included in this analysis but

could provide further insight into the evolution of MGEs in N. gonorrhoeae and other species.
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Analysis of the GGI in other Neisseria spp. may give us further insight into the
evolutionary history of the GGI in N. gonorrhoeae. N. meningitidis contains variants of the GGl,
albeit at a much lower frequency (approximately 17% of isolates) and the GGI has been
identified in one isolate of Neisseria bacilliformis, a commensal Neisseria; (10-13). The GGl of
some N. meningitidis strains have accumulated indels in genes essential for secretion in N.
gonorrhoeae, potentially nullifying their function. As for N. meningitidis strains with a functional
T4SS, these strains do not appear to secrete DNA and no association has been observed
between the presence of the T4SS of N. meningitidis and the infection process.

Currently, there are ~1900 N. meningitidis genomes deposited on the National Center for
Biotechnology Information’s genome database (14). Using the computational analyses of N.
gonorrhoeae’s GGl | developed to characterize the diversity of the GGI in natural populations,
we may determine if the GGI remains mobile in these populations. Additionally, these analyses
can be used to identify candidate variants that provide insight into the maintenance of the GGI
in N. meningitidis populations, as well as mutual targets of co-adaptation in the core genomes of

these pathogenic Neisseria.

Within-host evolution of pathogenic Mycobacteria

The aim of Chapter 3 was to examine the effects of host, sample and in vitro culture on
the genetic diversity of pathogenic Mycobacteria. Our approach integrated molecular techniques
and population genomics by analyzing sequences from M. tb and M. bovis populations captured
directly from sputum and from cultured samples. We found that genome-wide diversity of M. tb
in sputum samples varies substantially within and among hosts, and that diversity of these
populations is higher than it is for the same strains grown in vitro. Elucidating the effect of ex
vivo manipulation on the genetic diversity of bacterial populations using capture based methods

is an active area of research in the M. tb community (15-17), and our finding of increased M. th
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diversity in sputum relative to culture is consistent with results of other studies using similar
methods (15, 16).

Our estimates of diversity in sputum vs culture for individual genes were consistent with
our genome-wide estimates: when genes changed in diversity from sputum to culture, they were
more likely to decrease in diversity. This catalog of changes in diversity for each of M. tb’s
~4000 genes is a valuable resource for the M. tb community; It's important to understand how
the diversity of M. tb’s genes changes from sputum to culture, as the former is informative of
host-pathogen interactions and the latter is vital in distinguishing signal from noise in bacterial
sequencing data.

Using three outlier analyses, we identified a group of genes characterized by marked
changes in diversity between sputum and culture. For example, two of these genes, rpoB and
rpoC, are known to mediate resistance to rifamycins, which are first line antibiotic treatments for
TB. We expect selection pressures on drug resistance loci to shift between sputum and culture
in antibiotic free media, and thus the identification of rpoB and rpoC provides support for the use
of our outlier method to identify genes under differential selection pressures in vivo and in vitro.

While we did identify outliers in our three samples from a single M. bovis patient, we did
not discuss these genes and their role in within-host adaptation, because we could not cross
validate our findings. Analyses of in vivo versus in vitro adaptation of M. tb and/or M. bovis with
a greater number of longitudinal samples from a larger group of patients would allow for cross
validation of these results and further characterization of within-host genetic diversity during
infection.

Our results show clear effects of in vitro culture on the genetic diversity of bacterial
populations and demonstrate the utility of using capture-based techniques to elucidate
differences in the evolutionary pressures encountered in vivo versus in vitro. The outlier
analyses presented here serve as an analytical framework for future studies seeking to examine

the effects of in vitro culture on the genetic diversity of other bacterial pathogens and are
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especially valuable for researchers studying other obligate human pathogens. For example, like
M. tb, N. gonorrhoeae is an obligate human pathogen that can be grown axenically in the lab.
Few studies have examined within-host evolution of N. gonorrhoeae. Capture of N. gonorrhoeae
genomic material directly from infected host tissues and characterization of its in vivo genetic
diversity using the analyses described here could offer insight into within-host adaptation of this

species.

Migratory history of Mycobacterium tuberculosis

The aim of Chapter 4 was to characterize the migratory history of two lineages of M. tb
using different methods of migration inference. Reconstructing the migratory history of M. tb L1,
we found that site frequency spectrum (SFS) based methods of inference perform poorly when
two population migration models are used. These results are consistent with prior research
indicating that SFS based methods perform well for fully linked genomes when inference is
done under very simple models but not when using more complex models (18).

Despite research suggesting inference of bacterial demography using the SFS is less
sensitive to selection than Bayesian methods (19), few studies have used SFS-based methods
to infer the migratory history of bacterial pathogens. Unlike M. th, H. pylori is highly
recombinogenic, and its SFS is unlikely to be skewed by the effects of linkage. As described in
Chapter 1, the migratory history of H. pylori is well characterized, and WGS data from numerous
phylogeographic studies of H. pylori are publicly available (20—23). Publicly available data from
these studies of H. pylori populations could be used to further explore the utility of SFS based
methods for reconstructing the migratory history of bacterial pathogens.

Our Bayesian inference of M. tb L4.4.1.1’s migratory history is indicative of multiple
migrations of M. tb from Europe to Indigenous populations in Canada and New Zealand. We
linked these patterns of migration to historical phenomena, specifically colonial migrations and

trade expansion that occurred during the time periods M. tb was introduced to these populations
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according to our reconstructions. These results are consistent with previous analyses of L4’s
migratory history (24), which notably did not include isolates from the South Pacific, indicating
L4’s current distribution was influenced by colonial migrations. Our results demonstrate the
power of using a pathogen’s genomic data in concert with spatial and temporal data to trace its
origins and contribute to the growing body of work showing a clear effect of human migration on
the current global distribution of M. tb.

In our sample of M. tb L4.4.1.1, we observed a cluster of M. tb circulating in Indigenous
populations of New Zealand that is much younger than the cluster first introduced from Europe.
This cluster could be an expansion from a previously introduced, unsampled DS6Q strain or a
second, more recent introduction of M. tb. More samples of M. tb L4.4.1.1 from both New
Zealand and the South Pacific may elucidate the route this strain took from Europe to New
Zealand.

Finally, bacterial phylogeography is an active area of research and as we continue to
sequence more whole genomes, new and increasingly sophisticated models to reconstruct the
transmission of bacterial species are being developed. Phylogeographic analysis of M. tb using
these methods will be key in elucidating the historical dispersal of this globally distributed

pathogen and critical for informing strategies to control the current pandemic.
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Appendix 1

Analyses and results presented in this appendix were performed by Mary O’Neill and Claire

Mulholland
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Sample Description of the Old World Collection

We assembled or aligned publicly available whole genome sequences (WGS) of
thousands of M. tb isolates from recently published studies and databases for which country of
origin information were known that fell within regions traditionally defined as the Old World. We
obtained geographic locations for each of the 552 samples in the Old World collection from
NCBI and/or the publications in which the isolates were first described. We assembled isolates
using a reference guided approach (RGA) when FASTQ data were available and by multiple
genome alignment (MGA) when only draft genome assemblies were accessible (described
below). As we were interested in reconstructing historical migrations of the pathogen, we
excluded countries where the majority of contemporary TB cases are identified in recent
immigrants (1-6). Due to computational limitations, we limited our dataset to <600 isolates. We
implemented a sub-sampling strategy for countries with large numbers of available genomes
(7), whereby phylogenetic lineage diversity was captured thus minimizing the
overrepresentation of clonal complexes (e.g., outbreaks): we performed phylogenetic inference
on all isolates available from a country with Fasttree (8) and selected a random isolate from
each clade extending from n branches, where n was the desired number of isolates from the
country. The number of isolates per country was selected based on the availability of
appropriate genome sequence data as well as relative TB prevalence (9). The final Old World
collection consisted of the WGS of previously published M. tb isolates (n = 552) collected from
51 countries spanning 13 UN geoscheme subregions (Table 1).

Reference guided assembly of the Old World Collection

We retrieved previously published FASTQ data from the National Center for
Biotechnology Information (NCBI) sequence read archive [SRA; (10)]. We trimmed low-quality
bases using a threshold quality of 15 and discarded reads resulting in less than 20bp length

using Trim Galore! (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/), which is a

wrapper tool around Cutadapt (11) and FastQC
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(http://www.bioinformatics.babraham.ac.uk/projects/fastgc/). Using the MEM algorithm (12), we

mapped reads to H37Rv [NC_000962.3; (13)]. We removed duplicates using Picard Tools
(http://picard.sourceforge.net), and performed local realignment with GATK (14). We discarded
sequencing runs for which <80% of the H37Rv genome was covered by at least 20X coverage
and runs for which <70% of the reads mapped [determined by Qualimap (15)]. Using Pilon (16),
we called variants with the following parameters: --variant --mindepth 10 --minmq 40 --minqual
20.
Multiple genome alignment of the Old World Collection

Draft genome assemblies were aligned to H37Rv [NC_000962.3 (13)] with Mugsy v1.2.3
(17). Regions not present in H37Rv were removed and merged with the reference-guided
assembly.
SNP alignment of the Old World Collection

We converted variant calls (VCFs) to FASTAs with in-house scripts (available at

https://github.com/ONeillMB1/Mtb_Phylogeography). We masked transposable elements, phage

elements, and repetitive families of genes (PE, PPE, and PE-PGRS gene families) that are
poorly resolved with short read sequencing to missing data. We excluded isolates with > 20%
missing sites from the Old World collection. Using SNP-sites (18), we extracted variant positions
with respect to H37Rv. We included sites where at least half of the isolates had confident data
(i.e., non-missing) in migration inference (60787 variant sites; 3838249 bp).
Genomic data and sample description of L4.4

L4.4 genomes include 12 published and 4 unpublished M. tb genomes from New
Zealand (21, 22), 23 unpublished genomes from Canada and 190 publicly available genomes
from recently published studies (23—33) and Broad Institute sequencing initiatives
(broadinstitute.org). We assembled publicly available genomes from a list of L4 genomes (34).
We identified and selected L4.4 using KvarQ (35). We identified additional L4.4 genomes

through literature searches and screening with KvarQ. We excluded genomes with low or mixed
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coverage, and if more than one genome sequence was available for a sample only the first
listed was used. Country and year of isolation were obtained from the NCBI BioSample
database.
Reference guided assembly and variant calling of L4.4

We trimmed low-quality bases using a threshold quality of 15 and discarded reads
resulting in less than 20bp length using Trim Galore!

(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/), which is a wrapper tool

around Cutadapt (11) and FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Using the BWA-MEM algorithm (12), we mapped reads to H37Rv [NC_000962.3; (13)]. We
removed duplicates using Picard Tools (http://picard.sourceforge.net), and performed local
realignment with GATK (14). We excluded genomes if the depth of coverage was <25X or if
<75% of trimmed reads mapped to the reference genome [determined by Qualimap; (15)].
Using Pilon (16), we called variants with the following parameters: --variant --mindepth 10 --
minmgq 40 --minqual 20.

We converted VCF files generated by Pilon to FASTA format using in house scripts that
treat ambiguous calls and deletions as missing data (https://github.com/pepperell-
lab/RGAPepPipe). We masked transposable elements, phage elements, and repetitive families
of genes (PE, PPE, and PE-PGRS gene families) that are poorly resolved with short read
sequencing to missing data.

SNP alignment of L4.4

Using SNP-sites (18), we extracted variant positions with respect to H37Rv. We
excluded genomes with missing data at > 10% of sites and included only sites where at least
90% of isolates had high quality base calls in phylogenetic and molecular dating analyses.
Bayesian phylogenetic analysis of L4.4.1.1

We performed Bayesian evolutionary analysis of the L4.4.1.1 sub-lineage was

performed in BEAST2 (36) using 3161 variant sites extracted from a 3949977 bp alignment of
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117 L4.4.1.1 genomes with known year of isolation (Table S2 in Chapter 4). We manually
modified XML-input files to specify the number of invariant sites calculated by scaling the
number of non-SNP sites in the full alignment by the frequency of each base.
Assessment of temporal signal for tip-based calibration for L4.4.1.1

We calibrated the molecular clock using tip dates covering a 26-year period (1987—
2013). To determine if the temporal signal was sufficient for accurate molecular dating, we
performed root-to-tip regression and date randomization. Using PhyML, we constructed a
maximum likelihood tree, and we used Tempest to determine root-to-tip distance for regression
analysis against tip date. This revealed a modest temporal signal in the data (R? = 0.229). The
Canada-New Zealand-Russia clade sample subset (n = 47) showed weaker temporal signal
(R? = 0.139) but similar slope (4.6 x 104) to the full L4.4.1.1 sample (2.3 x 104). To further
validate the temporal signal, we randomized sampling dates (20X) and analyzed the data using
BEAST2 with a strict clock, constant demographic model and the same parameters for the
random and true dates. Substitution rate and TMRCA estimates showed no overlap in the 95%
HPD between the true and randomized dates. This indicates the data contains sufficient
temporal signal for tip-based calibration.
Molecular dating of L4.4.1.1

We estimated mutation rates and divergence times using MCMC sampling in BEAST2
with the BEAGLE library (36, 37). We performed analyses with the GTR substitution model,
strict and relaxed molecular clocks (uncorrelated relaxed clock with a log-normal distribution
(UCLD)), and coalescent constant, exponential and Bayesian skyline demographic models (38,
39). We specified two monophyletic taxon sets to ensure the root was correctly placed
(determined with high confidence bootstrap support in the maximum likelihood phylogeny). We
used a uniform prior distribution for the substitution rate (1 x 10-1°-1 x 10 s/s/y) and effective
population size (upper bound = 1 x 10%°). For the Bayesian skyline model, we deselected the

Jeffrey’s (1/X) prior for the population size parameter; this is an improper prior unsuitable for
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model evaluation using path sampling. We used default priors for the remaining parameters. We
ran three independent chains for 100-350 million states sampling every 10000 states. We
discarded the first 10% of states as burn-in and assessed chains for convergence and sufficient
mixing (effective sample size > 200 for all parameters). We combined samples from the three
independent chains and based parameter estimation on the combined chain. We inferred the
maximum clade credibility (MCC) from the combined tree samples in TreeAnnotator.

We evaluated the performance of various clock and demographic models by path
sampling analysis (40). For each model, we specified 100 path steps using the proportions of a
(0.3, 1.0) distribution. To check for consistency, we performed two separate runs per model.
Additionally, we ran the MCMC in the absence of data to sample prior distributions for each
model. Comparison of marginal posterior and prior distributions showed a strong a strong signal
from the data indicating our results are just not an artefact reflecting the prior. The effect of the
prior on parameter estimation was also examined by using different upper bounds and the
default 1/X prior for the effective population size. Congruent rate and date estimates were
obtained when the varying prior parameters on population size demonstrating the robustness of
our estimates to this prior specification. The GTR + strict clock + BSP had the best model

performance.
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Table 1. Accessions and metadata for the Old World Collection
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BioSample

Runs

Assembly
Method

Country

UN

Lineage

ERS019896

ERR245843

reference
guided
alignment

Malawi

Eastern-Africa

1

ERS019934

ERR245677

reference
guided
alignment

Malawi

Eastern-Africa

ERS023444

ERR040121

reference
guided
alignment

Uganda

Eastern-Africa

ERS1028701

ERR1200626

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028704

ERR1200629

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028707

ERR1200632

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS107959

ERR163963

reference
guided
alignment

Malawi

Eastern-Africa

ERS141551

ERR176483

reference
guided
alignment

Malawi

Eastern-Africa

ERS142071

ERR181936

reference
guided
alignment

Malawi

Eastern-Africa

ERS142242

ERR181723

reference
guided
alignment

Malawi

Eastern-Africa

ERS142323

ERR181798

reference
guided
alignment

Malawi

Eastern-Africa

ERS142332

ERR181807

reference
guided
alignment

Malawi

Eastern-Africa

ERS142428

ERR190365

reference
guided
alignment

Malawi

Eastern-Africa

ERS142442

ERR190377

reference
guided
alignment

Malawi

Eastern-Africa

ERS142454

ERR190389

reference
guided
alignment

Malawi

Eastern-Africa
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ERS153838

ERR211991

reference
guided
alignment

Malawi

Eastern-Africa

ERS153982

ERR212131

reference
guided
alignment

Malawi

Eastern-Africa

ERS217639

ERR233351

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS217641

ERR233353

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS218215

ERR234164

reference
guided
alignment

Uganda

Eastern-Africa

ERS218216

ERR234165

reference
guided
alignment

Tanzania

Eastern-Africa

ERS218323

ERR234272

reference
guided
alignment

Somalia

Eastern-Africa

ERS217644

ERR233356

reference
guided
alignment

China

Eastern-Asia

ERS217652

ERR233364

reference
guided
alignment

China

Eastern-Asia

ERS218313

ERR234262

reference
guided
alignment

China

Eastern-Asia

SRS490604

SRR1019186,

SRR1011511

reference
guided
alignment

Taiwan

Eastern-Asia

SRS490607

SRR1019190,

SRR1011516

reference
guided
alignment

Taiwan

Eastern-Asia

AOMGO02

AOMGO00000000.

2

multiple
genome
alignment

Malaysia

South-
Eastern-Asia

ATNFO1

ATNFO00000000.1

multiple
genome
alignment

Thailand

South-
Eastern-Asia

ERS217633

ERR238746

reference
guided
alignment

Vietnam

South-
Eastern-Asia

ERS217651

ERR233363

reference
guided
alignment

Cambodia

South-
Eastern-Asia
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ERS217653 | ERR233365 reference Vietnam South- 1
guided Eastern-Asia
alignment

ERS217660 | ERR233372 reference Malaysia South- 1
guided Eastern-Asia
alignment

ERS218206 | ERR234155 reference Thailand South- 1
guided Eastern-Asia
alignment

ERS218207 | ERR234156 reference Thailand South- 1
guided Eastern-Asia
alignment

ERS218208 | ERR234157 reference Vietnam South- 1
guided Eastern-Asia
alignment

ERS218236 | ERR234185 reference Singapore South- 1
guided Eastern-Asia
alignment

ERS218258 | ERR234207 reference Vietnam South- 1
guided Eastern-Asia
alignment

ERS218265 | ERR234214 reference Thailand South- 1
guided Eastern-Asia
alignment

ERS218275 | ERR234224 reference The South- 1
guided Philippines Eastern-Asia
alignment

ERS218289 | ERR234238 reference Vietnam South- 1
guided Eastern-Asia
alignment

ERS218291 | ERR234240 reference Vietnam South- 1
guided Eastern-Asia
alignment

ERS218292 | ERR234241 reference Vietnam South- 1
guided Eastern-Asia
alignment

ERS218315 | ERR234264 reference The South- 1
guided Philippines Eastern-Asia
alignment

ERS218317 | ERR234266 reference The South- 1
guided Philippines Eastern-Asia
alignment

ALYGO1 ALYGO00000000.1 | multiple India Southern-Asia 1
genome
alignment

ERS217662 | ERR233374 reference Sri Lanka Southern-Asia 1
guided

alignment
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ERS217664

ERR233376

reference
guided
alignment

Nepal

Southern-Asia

ERS217665

ERR233377

reference
guided
alignment

Nepal

Southern-Asia

ERS217668

ERR233380

reference
guided
alignment

Nepal

Southern-Asia

ERS218220

ERR234169

reference
guided
alignment

India

Southern-Asia

ERS218242

ERR234191

reference
guided
alignment

Sri Lanka

Southern-Asia

ERS218248

ERR234197

reference
guided
alignment

Afghanistan

Southern-Asia

ERS218286

ERR234235

reference
guided
alignment

India

Southern-Asia

ERS218288

ERR234237

reference
guided
alignment

India

Southern-Asia

ERS611795

ERR688020

reference
guided
alignment

Pakistan

Southern-Asia

ERS611799

ERR688024

reference
guided
alignment

Pakistan

Southern-Asia

ERS611813

ERR688038

reference
guided
alignment

Pakistan

Southern-Asia

JMEKO01

JMEKO00000000.1

multiple
genome
alignment

India

Southern-Asia

JMIMO1

JMIM00000000.1

multiple
genome
alignment

India

Southern-Asia

JMJHO1

JMJH00000000.1

multiple
genome
alignment

India

Southern-Asia

JNVIO2

JNVI00000000.2

multiple
genome
alignment

India

Southern-Asia

JQGHO1

JQGH00000000.1

multiple
genome
alignment

India

Southern-Asia
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SRS557806 SRR1169488, reference India Southern-Asia 1
SRR1183033, guided
SRR1180217, alignment
SRR1172309
SRS557855 SRR1172226, reference India Southern-Asia 1
SRR1169563, guided
SRR1180160, alignment
SRR1182980
SRS557872 SRR1180224, reference India Southern-Asia 1
SRR1172022, guided
SRR1183159, alignment
SRR1169586
SRS559605 SRR1173036, reference India Southern-Asia 1
SRR1172709 guided
alignment
SRS559606 SRR1172710 reference India Southern-Asia 1
guided
alignment
SRS559664 SRR1175088, reference India Southern-Asia 1
SRR1172787 guided
alignment
SRS559665 SRR1172788, reference India Southern-Asia 1
SRR1175027 guided
alignment
SRS559695 SRR1172900, reference India Southern-Asia 1
SRR1172828 guided
alignment
SRS559720 SRR1172860, reference India Southern-Asia 1
SRR1172872 guided
alignment
SRS559736 SRR1175036, reference India Southern-Asia 1
SRR1172881 guided
alignment
SRS559747 SRR1172905, reference India Southern-Asia 1
SRR1175116 guided
alignment
SRS559754 SRR1172915, reference India Southern-Asia 1
SRR1175053 guided
alignment
SRS559766 SRR1175155, reference India Southern-Asia 1
SRR1172942 guided
alignment
SRS559772 SRR1172950, reference India Southern-Asia 1
SRR1175123 guided
alignment
SRS559777 SRR1175071, reference India Southern-Asia 1
SRR1172955 guided

alignment
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SRS559783 SRR1172965, reference India Southern-Asia 1
SRR1173489 guided
alignment
SRS559811 SRR1173198, reference India Southern-Asia 1
SRR1173010 guided
alignment
SRS559817 SRR1173136, reference India Southern-Asia 1
SRR1173031 guided
alignment
SRS559825 SRR1173043, reference India Southern-Asia 1
SRR1173178 guided
alignment
SRS559850 SRR1173611, reference India Southern-Asia 1
SRR1173098 guided
alignment
SRS559867 SRR1173129, reference India Southern-Asia 1
SRR1173673 guided
alignment
SRS560015 SRR1173787, reference India Southern-Asia 1
SRR1173551 guided
alignment
ERS218233 ERR234182 reference Serbia Southern- 1
guided Europe
alignment
ERS218245 ERR234194 reference Burkina Faso | Western- 1
guided Africa
alignment
ERS218256 ERR234205 reference Ghana Western- 1
guided Africa
alignment
SRS485067 SRR998721, reference Mali Western- 1
SRR998720, guided Africa
SRR998722 alignment
ERS456774 ERR550659, reference Uzbekistan Central-Asia 2
ERR550658 guided
alignment
ERS456825 ERR550724 reference Uzbekistan Central-Asia 2
guided
alignment
ERS456865 ERR550778 reference Uzbekistan Central-Asia 2
guided
alignment
ERS456867 ERR550783, reference Turkmenistan | Central-Asia 2
ERR550782 guided
alignment
ERS456944 ERR550887 reference Uzbekistan Central-Asia 2
guided

alignment
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ERS457011

ERR550984

reference
guided
alignment

Turkmenistan

Central-Asia

ERS457145

ERR551159

reference
guided
alignment

Uzbekistan

Central-Asia

ERS457153

ERR551167,
ERR551168

reference
guided
alignment

Turkmenistan

Central-Asia

ERS457174

ERR551201

reference
guided
alignment

Turkmenistan

Central-Asia

ERS457242

ERR551293

reference
guided
alignment

Kazakhstan

Central-Asia

ERS457251

ERR551305

reference
guided
alignment

Uzbekistan

Central-Asia

ERS457289

ERR551360,
ERR551361

reference
guided
alignment

Uzbekistan

Central-Asia

ERS457384

ERR551494

reference
guided
alignment

Turkmenistan

Central-Asia

ERS457427

ERR551556

reference
guided
alignment

Uzbekistan

Central-Asia

ERS457487

ERR551636

reference
guided
alignment

Turkmenistan

Central-Asia

ERS457488

ERR551638

reference
guided
alignment

Uzbekistan

Central-Asia

ERS457584

ERR551772

reference
guided
alignment

Kazakhstan

Central-Asia

ERS457607

ERR551805,
ERR551804

reference
guided
alignment

Uzbekistan

Central-Asia

ERS457618

ERR551821,
ERR551822

reference
guided
alignment

Uzbekistan

Central-Asia

ERS457664

ERR551879

reference
guided
alignment

Turkmenistan

Central-Asia

ERS457709

ERRS551945,
ERR551944

reference
guided
alignment

Uzbekistan

Central-Asia
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ERS457995

ERR552358

reference
guided
alignment

Uzbekistan

Central-Asia

ERS458078

ERR552479

reference
guided
alignment

Kazakhstan

Central-Asia

ERS458089

ERR552493,
ERRS552494

reference
guided
alignment

Turkmenistan

Central-Asia

ERS458146

ERR552580

reference
guided
alignment

Uzbekistan

Central-Asia

ERS458286

ERR552760

reference
guided
alignment

Turkmenistan

Central-Asia

ERS458394

ERRS552907

reference
guided
alignment

Uzbekistan

Central-Asia

ERS458395

ERR552910,
ERR552911

reference
guided
alignment

Turkmenistan

Central-Asia

ERS458418

ERR552940,
ERRS552939

reference
guided
alignment

Uzbekistan

Central-Asia

ERS458515

ERR553068

reference
guided
alignment

Uzbekistan

Central-Asia

ERS458536

ERR553098

reference
guided
alignment

Uzbekistan

Central-Asia

ERS458568

ERRS553139

reference
guided
alignment

Uzbekistan

Central-Asia

ERS458650

ERR553251

reference
guided
alignment

Uzbekistan

Central-Asia

ERS019949

ERR245692

reference
guided
alignment

Malawi

Eastern-Africa

ERS023476

ERRO038746

reference
guided
alignment

Uganda

Eastern-Africa

ERS141674

ERR176606

reference
guided
alignment

Malawi

Eastern-Africa

ERS142685

ERR190369

reference
guided
alignment

Malawi

Eastern-Africa




229

ERS456995

ERR550957

reference
guided
alignment

Zimbabwe

Eastern-Africa

ERS458528

ERR553086

reference
guided
alignment

Kenya

Eastern-Africa

ERS217647

ERR233359

reference
guided
alignment

South Korea

Eastern-Asia

ERS218149

ERR234098

reference
guided
alignment

China

Eastern-Asia

ERS218154

ERR234103

reference
guided
alignment

China

Eastern-Asia

ERS218159

ERR234108

reference
guided
alignment

China

Eastern-Asia

ERS218165

ERR234114

reference
guided
alignment

China

Eastern-Asia

ERS218167

ERR234116

reference
guided
alignment

China

Eastern-Asia

ERS218179

ERR234128

reference
guided
alignment

China

Eastern-Asia

ERS218183

ERR234132

reference
guided
alignment

China

Eastern-Asia

ERS218184

ERR234133

reference
guided
alignment

China

Eastern-Asia

ERS218189

ERR234138

reference
guided
alignment

China

Eastern-Asia

ERS218299

ERR234248

reference
guided
alignment

China

Eastern-Asia

ERS218303

ERR234252

reference
guided
alignment

China

Eastern-Asia

ERS218304

ERR234253

reference
guided
alignment

China

Eastern-Asia

ERS218320

ERR234269

reference
guided
alignment

China

Eastern-Asia
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ERS218321 ERR234270 reference China Eastern-Asia 2
guided
alignment
ERS456971 ERR550927 reference China Eastern-Asia 2
guided
alignment
ERS457866 ERR552177 reference South Korea Eastern-Asia 2
guided
alignment
ERS458344 ERR552838 reference China Eastern-Asia 2
guided
alignment
SRS490597 SRR1011503, reference Taiwan Eastern-Asia 2
SRR1019178 guided
alignment
SRS490603 SRR1011510, reference Taiwan Eastern-Asia 2
SRR1019185 guided
alignment
SRS490606 SRR1011514, reference Taiwan Eastern-Asia 2
SRR1019188 guided
alignment
SRS490612 SRR1019194, reference Taiwan Eastern-Asia 2
SRR1011524 guided
alignment
ERS003236 ERR015614 reference Russia Eastern- 2
guided Europe
alignment
ERS003237 ERR015616 reference Russia Eastern- 2
guided Europe
alignment
ERS094104 ERR133815 reference Russia Eastern- 2
guided Europe
alignment
ERS094247 ERR133958 reference Russia Eastern- 2
guided Europe
alignment
ERS181456 ERR228062 reference Russia Eastern- 2
guided Europe
alignment
ERS181519 ERR229970 reference Russia Eastern- 2
guided Europe
alignment
ERS181548 ERR229999 reference Russia Eastern- 2
guided Europe
alignment
ERS457030 ERR551007 reference Poland Eastern- 2
guided Europe

alignment
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ERS457094 ERR551090 reference Russia Eastern- 2
guided Europe
alignment
ERS457179 ERR551212 reference Russia Eastern- 2
guided Europe
alignment
ERS457252 ERR551311 reference Russia Eastern- 2
guided Europe
alignment
ERS457716 ERR551956, reference Russia Eastern- 2
ERR551957 guided Europe
alignment
ERS457840 ERR552136 reference Russia Eastern- 2
guided Europe
alignment
ERS457843 ERR552141 reference Russia Eastern- 2
guided Europe
alignment
ERS458044 ERR552429 reference Russia Eastern- 2
guided Europe
alignment
SRS555885 SRR1169151, reference Moldova Eastern- 2
SRR1166145 guided Europe
alignment
SRS555911 SRR1169036, reference Moldova Eastern- 2
SRR1166187 guided Europe
alignment
ERS456985 ERR550947, reference Papua New Melanesia 2
ERR550946 guided Guinea
alignment
ERS457514 ERR551681, reference Kiribati Micronesia 2
ERR551680 guided
alignment
ERS457522 ERR551688 reference Kiribati Micronesia 2
guided
alignment
ERS458055 ERR552444, reference Kiribati Micronesia 2
ERR552445 guided
alignment
ERS458387 ERR552894, reference Kiribati Micronesia 2
ERR552895 guided
alignment
AMXWO02 AMXWO00000000. | multiple Malaysia South- 2
2 genome Eastern-Asia
alignment
ERS217645 ERR233357 reference Vietnam South- 2
guided Eastern-Asia

alignment
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ERS217658 | ERR233370 reference Vietnam South- 2
guided Eastern-Asia
alignment

ERS218241 | ERR234190 reference Vietnam South- 2
guided Eastern-Asia
alignment

ERS218244 | ERR234193 reference Vietnam South- 2
guided Eastern-Asia
alignment

ERS218259 | ERR234208 reference Vietnam South- 2
guided Eastern-Asia
alignment

ERS218260 | ERR234209 reference Vietnam South- 2
guided Eastern-Asia
alignment

ERS218261 | ERR234210 reference Vietnam South- 2
guided Eastern-Asia
alignment

ERS218262 | ERR234211 reference Vietnam South- 2
guided Eastern-Asia
alignment

ERS218264 | ERR234213 reference Indonesia South- 2
guided Eastern-Asia
alignment

ERS218267 | ERR234216 reference Laos South- 2
guided Eastern-Asia
alignment

ERS218293 | ERR234242 reference Vietnam South- 2
guided Eastern-Asia
alignment

ERS218296 | ERR234245 reference Cambodia South- 2
guided Eastern-Asia
alignment

ERS218297 | ERR234246 reference Vietnam South- 2
guided Eastern-Asia
alignment

ERS218298 | ERR234247 reference Indonesia South- 2
guided Eastern-Asia
alignment

ERS218300 | ERR234249 reference Vietham South- 2
guided Eastern-Asia
alignment

ERS218301 | ERR234250 reference Singapore South- 2
guided Eastern-Asia
alignment

ERS218314 | ERR234263 reference Cambodia South- 2
guided Eastern-Asia

alignment




233

ERS456836 ERR550738 reference Vietham South- 2
guided Eastern-Asia
alignment

ERS456982 | ERR550941, reference Thailand South- 2

ERR550940 guided Eastern-Asia
alignment

ERS457090 | ERR551086 reference Vietnam South- 2
guided Eastern-Asia
alignment

ERS457142 | ERR551156, reference Thailand South- 2

ERR551155 guided Eastern-Asia
alignment

ERS457191 ERR551225 reference Thailand South- 2
guided Eastern-Asia
alignment

ERS457528 ERR551693, reference Vietnam South- 2

ERR551694 guided Eastern-Asia
alignment

ERS457697 | ERR551928, reference Indonesia South- 2

ERR551927 guided Eastern-Asia
alignment

ERS457699 | ERR551930 reference Thailand South- 2
guided Eastern-Asia
alignment

ERS457876 | ERR552190 reference Thailand South- 2
guided Eastern-Asia
alignment

ERS458128 ERR552550, reference Thailand South- 2

ERR552549 guided Eastern-Asia
alignment

ERS458225 | ERR552689 reference Thailand South- 2
guided Eastern-Asia
alignment

ERS458282 | ERR552755 reference Vietnam South- 2
guided Eastern-Asia
alignment

ERS458337 | ERR552830 reference Vietnam South- 2
guided Eastern-Asia
alignment

ERS458396 | ERR552912 reference Vietnam South- 2
guided Eastern-Asia
alignment

ERS458667 ERR553274, reference Thailand South- 2

ERR553275 guided Eastern-Asia
alignment

ERS458670 | ERR553277 reference Vietnam South- 2
guided Eastern-Asia

alignment
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ERS458692 | ERR553304 reference Myanmar South- 2
guided Eastern-Asia
alignment

JWIAO1 JWIA00000000.1 | multiple Thailand South- 2
genome Eastern-Asia
alignment

ERS456837 | ERR550739 reference South Africa Southern- 2
guided Africa
alignment

ERS457077 | ERR551071 reference Swaziland Southern- 2
guided Africa
alignment

ERS457084 | ERR551079 reference Swaziland Southern- 2
guided Africa
alignment

ERS457264 | ERR619080 reference Swaziland Southern- 2
guided Africa
alignment

ERS457643 | ERR551854, reference Swaziland Southern- 2

ERR551855 guided Africa
alignment

ERS458268 | ERR552743 reference Swaziland Southern- 2
guided Africa
alignment

ERS458554 | ERR553116 reference Swaziland Southern- 2
guided Africa
alignment

ERS458582 ERR553156 reference Swaziland Southern- 2
guided Africa
alignment

ERS458700 | ERR553313 reference Swaziland Southern- 2
guided Africa
alignment

ERS458709 | ERR553324 reference Swaziland Southern- 2
guided Africa
alignment

SRS454488 SRR958234, reference South Africa Southern- 2

SRR924709 guided Africa
alignment
SRS494386 SRR1140947, reference South Africa Southern- 2
SRR1019148 guided Africa
alignment

ERS217663 | ERR233375 reference Nepal Southern-Asia 2
guided
alignment

ERS217674 | ERR233386 reference India Southern-Asia 2
guided

alignment
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ERS217676 | ERR233388 reference Nepal Southern-Asia 2
guided
alignment
ERS457399 | ERR551520 reference Nepal Southern-Asia 2
guided
alignment
ERS457835 | ERR552130 reference Afghanistan Southern-Asia 2
guided
alignment
ERS458527 | ERR553082, reference Iran Southern-Asia 2
ERR553081 guided
alignment
ERS458544 | ERR553107 reference India Southern-Asia 2
guided
alignment
ERS458590 | ERR553171 reference Nepal Southern-Asia 2
guided
alignment
JDVYO01 JDVY00000000.1 | multiple India Southern-Asia 2
genome
alignment
SRS559431 | SRR1172034, reference Iran Southern-Asia 2
SRR1172091, guided
SRR1183088 alignment
SRS559457 | SRR1172183, reference Iran Southern-Asia 2
SRR1172288, guided
SRR1180141, alignment
SRR1183064
SRS559458 SRR1172188, reference Iran Southern-Asia 2
SRR1172348, guided
SRR1180211, alignment
SRR1183029
SRS559475 SRR1172289, reference Iran Southern-Asia 2
SRR1174894, guided
SRR1180230, alignment
SRR1183028
SRS559476 | SRR1172305, reference Iran Southern-Asia 2
SRR1174896, guided
SRR1180185, alignment
SRR1183041
SRS559607 SRR1172711, reference Iran Southern-Asia 2
SRR1173722 guided
alignment
SRS559672 SRR1172798, reference India Southern-Asia 2
SRR1175131 guided
alignment
SRS559869 SRR1173131, reference Iran Southern-Asia 2
SRR1173875 guided

alignment
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SRS559873 SRR1173140 reference Iran Southern-Asia 2
guided
alignment
SRS559892 SRR1173192, reference Iran Southern-Asia 2
SRR1173793 guided
alignment
SRS559947 SRR1173347, reference Iran Southern-Asia 2
SRR1173868 guided
alignment
SRS559963 SRR1173393, reference Iran Southern-Asia 2
SRR1174307 guided
alignment
SRS559981 SRR1173446, reference Iran Southern-Asia 2
SRR1173842 guided
alignment
SRS560014 SRR1173552, reference Iran Southern-Asia 2
SRR1174308 guided
alignment
SRS560036 SRR1173628, reference Iran Southern-Asia 2
SRR1173792 guided
alignment
SRS560053 SRR1173675, reference Iran Southern-Asia 2
SRR1173750 guided
alignment
SRS560058 SRR1173684, reference Iran Southern-Asia 2
SRR1174328 guided
alignment
SRS560065 SRR1173695 reference Iran Southern-Asia 2
guided
alignment
ERS248010 | ERR275215 reference Portugal Southern- 2
guided Europe
alignment
ERS248011 | ERR275216 reference Portugal Southern- 2
guided Europe
alignment
ERS457295 ERR551369, reference Bosnia Southern- 2
ERR551370 guided Europe
alignment
ERS457325 ERR551412 reference Sierra Leone Western- 2
guided Africa
alignment
ERS457703 | ERR551934 reference Nigeria Western- 2
guided Africa
alignment
SRS703247 SRR1577806, reference Mali Western- 2
SRR1577830 guided Africa

alignment
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ERS456782 | ERR550670 reference Georgia Western-Asia 2
guided
alignment
ERS457425 | ERR551554 reference Georgia Western-Asia 2
guided
alignment
ERS457879 | ERR552194 reference Azerbaijan Western-Asia 2
guided
alignment
ERS457894 | ERR552219 reference Georgia Western-Asia 2
guided
alignment
ERS458079 | ERR552482 reference Georgia Western-Asia 2
guided
alignment
ERS458638 | ERR553237 reference Georgia Western-Asia 2
guided
alignment
JHUFO1 JHUF00000000.1 | multiple Georgia Western-Asia 2
genome
alignment
ERS456765 ERR550643, reference Germany Western- 2
ERR550644 guided Europe
alignment
ERS457161 ERR551184, reference Germany Western- 2
ERR551185 guided Europe
alignment
ERS457420 ERR551549 reference Germany Western- 2
guided Europe
alignment
ERS457438 | ERR551572 reference Germany Western- 2
guided Europe
alignment
ERS457737 | ERR551990 reference Germany Western- 2
guided Europe
alignment
ERS457807 ERR552090 reference Germany Western- 2
guided Europe
alignment
ERS458132 ERR552555 reference Germany Western- 2
guided Europe
alignment
ERS458211 ERR552668 reference Germany Western- 2
guided Europe
alignment
ERS458427 | ERR552949 reference Germany Western- 2
guided Europe

alignment
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ERS458431

ERR552954

reference
guided
alignment

Germany

Western-
Europe

ERS218246

ERR234195

reference
guided
alignment

Turkmenistan

Central-Asia

ERS019846

ERR245793

reference
guided
alignment

Malawi

Eastern-Africa

ERS023446

ERR040123

reference
guided
alignment

Uganda

Eastern-Africa

ERS023459

ERR040136

reference
guided
alignment

Uganda

Eastern-Africa

ERS1028682

ERR1200607

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028684

ERR1200609

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028705

ERR1200630

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028713

ERR1200638

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS108133

ERR161200

reference
guided
alignment

Malawi

Eastern-Africa

ERS142212

ERR181693

reference
guided
alignment

Malawi

Eastern-Africa

ERS142694

ERR190394

reference
guided
alignment

Malawi

Eastern-Africa

ERS217635

ERR233347

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS218204

ERR234153

reference
guided
alignment

Eritrea

Eastern-Africa

ERS218213

ERR234162

reference
guided
alignment

Tanzania

Eastern-Africa

ERS218217

ERR234166

reference
guided
alignment

Tanzania

Eastern-Africa
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ERS218218

ERR234167

reference
guided
alignment

Tanzania

Eastern-Africa

ERS218269

ERR234218

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS003250

ERR015615

reference
guided
alignment

Russia

Eastern-
Europe

ERS218270

ERR234219

reference
guided
alignment

Vietnam

South-
Eastern-Asia

SRS490577

SRR1062848,

SRR1011477

reference
guided
alignment

South Africa

Southern-
Africa

SRS494366

SRR1019128,

SRR1140935

reference
guided
alignment

South Africa

Southern-
Africa

ERS217648

ERR233360

reference
guided
alignment

Pakistan

Southern-Asia

ERS217669

ERR233381

reference
guided
alignment

Nepal

Southern-Asia

ERS217671

ERR233383

reference
guided
alignment

Nepal

Southern-Asia

ERS217673

ERR233385

reference
guided
alignment

Nepal

Southern-Asia

ERS217675

ERR233387

reference
guided
alignment

India

Southern-Asia

ERS217679

ERR233391

reference
guided
alignment

Nepal

Southern-Asia

ERS218150

ERR234099

reference
guided
alignment

Nepal

Southern-Asia

ERS218160

ERR234109

reference
guided
alignment

Nepal

Southern-Asia

ERS218162

ERR234111

reference
guided
alignment

Nepal

Southern-Asia

ERS218209

ERR234158

reference
guided
alignment

Iran

Southern-Asia
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ERS218219

ERR234168

reference
guided
alignment

Afghanistan

Southern-Asia

ERS218232

ERR234181

reference
guided
alignment

Pakistan

Southern-Asia

ERS218239

ERR234188

reference
guided
alignment

Sri Lanka

Southern-Asia

ERS218240

ERR234189

reference
guided
alignment

Afghanistan

Southern-Asia

ERS218243

ERR234192

reference
guided
alignment

Afghanistan

Southern-Asia

ERS218247

ERR234196

reference
guided
alignment

Afghanistan

Southern-Asia

ERS218283

ERR234232

reference
guided
alignment

India

Southern-Asia

ERS218284

ERR234233

reference
guided
alignment

India

Southern-Asia

ERS611783

ERR688008

reference
guided
alignment

Pakistan

Southern-Asia

ERS611784

ERR688009

reference
guided
alignment

Pakistan

Southern-Asia

ERS611785

ERR688010

reference
guided
alignment

Pakistan

Southern-Asia

ERS611786

ERR688011

reference
guided
alignment

Pakistan

Southern-Asia

ERS611787

ERR688012

reference
guided
alignment

Pakistan

Southern-Asia

ERS611791

ERR688016

reference
guided
alignment

Pakistan

Southern-Asia

ERS611792

ERR688017

reference
guided
alignment

Pakistan

Southern-Asia

ERS611793

ERR688018

reference
guided
alignment

Pakistan

Southern-Asia
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ERS611796

ERR688021

reference
guided
alignment

Pakistan

Southern-Asia

ERS611797

ERR688022

reference
guided
alignment

Pakistan

Southern-Asia

ERS611801

ERR688026

reference
guided
alignment

Pakistan

Southern-Asia

ERS611802

ERR688027

reference
guided
alignment

Pakistan

Southern-Asia

ERS611804

ERR688029

reference
guided
alignment

Pakistan

Southern-Asia

ERS611806

ERR688031

reference
guided
alignment

Pakistan

Southern-Asia

ERS611807

ERR688032

reference
guided
alignment

Pakistan

Southern-Asia

ERS611808

ERR688033

reference
guided
alignment

Pakistan

Southern-Asia

ERS611811

ERR688036

reference
guided
alignment

Pakistan

Southern-Asia

ERS611815

ERR688040

reference
guided
alignment

Pakistan

Southern-Asia

ERS611819

ERR688044

reference
guided
alignment

Pakistan

Southern-Asia

ERS611820

ERR688045

reference
guided
alignment

Pakistan

Southern-Asia

ERS611822

ERR688047

reference
guided
alignment

Pakistan

Southern-Asia

SRS559442

SRR1172065,

SRR1172075

reference
guided
alignment

Iran

Southern-Asia

SRS559734

SRR1172879,

SRR1173771

reference
guided
alignment

India

Southern-Asia

SRS559742

SRR1172895

reference
guided
alignment

Iran

Southern-Asia
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ERS217672

ERR233384

reference
guided
alignment

Portugal

Southern-
Europe

ERS248000

ERR275205

reference
guided
alignment

Portugal

Southern-
Europe

ERS023435

ERR040112

reference
guided
alignment

Uganda

Eastern-Africa

ERS023438

ERR040115

reference
guided
alignment

Uganda

Eastern-Africa

ERS023445

ERR040122

reference
guided
alignment

Uganda

Eastern-Africa

ERS023448

ERR040125

reference
guided
alignment

Uganda

Eastern-Africa

ERS023450

ERR040127

reference
guided
alignment

Uganda

Eastern-Africa

ERS023451

ERR040128

reference
guided
alignment

Uganda

Eastern-Africa

ERS023455

ERR040132

reference
guided
alignment

Uganda

Eastern-Africa

ERS023461

ERR040138

reference
guided
alignment

Uganda

Eastern-Africa

ERS023466

ERRO038736

reference
guided
alignment

Uganda

Eastern-Africa

ERS023468

ERRO038738

reference
guided
alignment

Uganda

Eastern-Africa

ERS023469

ERRO038739

reference
guided
alignment

Uganda

Eastern-Africa

ERS023470

ERR038740

reference
guided
alignment

Uganda

Eastern-Africa

ERS023471

ERR038741

reference
guided
alignment

Uganda

Eastern-Africa

ERS023472

ERR038742

reference
guided
alignment

Uganda

Eastern-Africa
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ERS023474

ERR038744

reference
guided
alignment

Uganda

Eastern-Africa

ERS023477

ERRO038747

reference
guided
alignment

Uganda

Eastern-Africa

ERS023478

ERR038748

reference
guided
alignment

Uganda

Eastern-Africa

ERS023479

ERR038749

reference
guided
alignment

Uganda

Eastern-Africa

ERS023480

ERRO038750

reference
guided
alignment

Uganda

Eastern-Africa

ERS023481

ERRO038751

reference
guided
alignment

Uganda

Eastern-Africa

ERS078252

ERR124634

reference
guided
alignment

Malawi

Eastern-Africa

ERS1028680

ERR1200605

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028686

ERR1200611

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028689

ERR1200614

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028690

ERR1200615

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028691

ERR1200616

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028695

ERR1200620

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028696

ERR1200621

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028702

ERR1200627

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028703

ERR1200628

reference
guided
alignment

Ethiopia

Eastern-Africa
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ERS1028712

ERR1200637

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS141583

ERR176515

reference
guided
alignment

Malawi

Eastern-Africa

ERS141816

ERR176484

reference
guided
alignment

Malawi

Eastern-Africa

ERS142107

ERR181972

reference
guided
alignment

Malawi

Eastern-Africa

ERS142122

ERR181987

reference
guided
alignment

Malawi

Eastern-Africa

ERS142343

ERR181818

reference
guided
alignment

Malawi

Eastern-Africa

ERS153902

ERR212051

reference
guided
alignment

Malawi

Eastern-Africa

ERS154027

ERR212176

reference
guided
alignment

Malawi

Eastern-Africa

ERS163344

ERR221528

reference
guided
alignment

Malawi

Eastern-Africa

ERS217636

ERR233348

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS217638

ERR233350

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS217640

ERR233352

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS217657

ERR233369

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS218212

ERR234161

reference
guided
alignment

Tanzania

Eastern-Africa

ERS218214

ERR234163

reference
guided
alignment

Tanzania

Eastern-Africa

ERS218222

ERR234171

reference
guided
alignment

Uganda

Eastern-Africa
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ERS218223 | ERR234172 reference Uganda Eastern-Africa 4
guided
alignment
ERS218224 | ERR234173 reference Uganda Eastern-Africa 4
guided
alignment
ERS218280 ERR234229 reference China Eastern-Asia 4
guided
alignment
SRS490605 SRR1011512, reference Taiwan Eastern-Asia 4
SRR1019187 guided
alignment
SRS490609 SRR1019191, reference Taiwan Eastern-Asia 4
SRR1011517 guided
alignment
SRS490610 SRR1019192, reference Taiwan Eastern-Asia 4
SRR1011521 guided
alignment
SRS515999 SRR1051198, reference Taiwan Eastern-Asia 4
SRR1051199 guided
alignment
ERS050935 ERR067732 reference Russia Eastern- 4
guided Europe
alignment
ERS053656 ERR067629 reference Russia Eastern- 4
guided Europe
alignment
ERS053685 ERR067658 reference Russia Eastern- 4
guided Europe
alignment
ERS066661 ERR108481 reference Russia Eastern- 4
guided Europe
alignment
ERS066698 ERR117451 reference Russia Eastern- 4
guided Europe
alignment
ERS094089 ERR133800 reference Russia Eastern- 4
guided Europe
alignment
ERS094163 ERR133874 reference Russia Eastern- 4
guided Europe
alignment
ERS094226 ERR133937 reference Russia Eastern- 4
guided Europe
alignment
ERS094227 ERR133938 reference Russia Eastern- 4
guided Europe

alignment
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ERS094241 ERR133952 reference Russia Eastern- 4
guided Europe
alignment
ERS096358 ERR137228 reference Russia Eastern- 4
guided Europe
alignment
ERS181386 ERR227992 reference Russia Eastern- 4
guided Europe
alignment
ERS181392 ERR227998 reference Russia Eastern- 4
guided Europe
alignment
ERS181428 ERR228034 reference Russia Eastern- 4
guided Europe
alignment
ERS181536 ERR229987 reference Russia Eastern- 4
guided Europe
alignment
SRS555850 SRR1166100 reference Romania Eastern- 4
guided Europe
alignment
SRS555858 SRR1166108 reference Romania Eastern- 4
guided Europe
alignment
SRS555863 SRR1169082, reference Moldova Eastern- 4
SRR1166116 guided Europe
alignment
SRS555869 SRR1166122 reference Romania Eastern- 4
guided Europe
alignment
SRS555879 SRR1166137 reference Romania Eastern- 4
guided Europe
alignment
SRS555896 SRR1166162 reference Romania Eastern- 4
guided Europe
alignment
SRS555906 SRR1166178 reference Romania Eastern- 4
guided Europe
alignment
SRS555924 SRR1166253 reference Romania Eastern- 4
guided Europe
alignment
SRS555929 SRR1166282, reference Moldova Eastern- 4
SRR1169055 guided Europe
alignment
SRS555952 SRR1166325 reference Romania Eastern- 4
guided Europe

alignment
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SRS561126 SRR1175470 reference Romania Eastern- 4
guided Europe
alignment
ERS218203 ERR234152 reference Vietnam South- 4
guided Eastern-Asia
alignment
ERS218221 ERR234170 reference Vietnam South- 4
guided Eastern-Asia
alignment
ERS218231 ERR234180 reference Vietnam South- 4
guided Eastern-Asia
alignment
ERS218234 ERR234183 reference Vietham South- 4
guided Eastern-Asia
alignment
ERS218290 ERR234239 reference Vietnam South- 4
guided Eastern-Asia
alignment
ERS218294 ERR234243 reference Vietnam South- 4
guided Eastern-Asia
alignment
ERS218295 ERR234244 reference Vietnam South- 4
guided Eastern-Asia
alignment
SRS415168 SRR832986, reference South Africa Southern- 4
SRR832994 guided Africa
alignment
SRS415216 SRR833084, reference South Africa Southern- 4
SRR833049 guided Africa
alignment
SRS419330 SRR847783, reference South Africa Southern- 4
SRR924228 guided Africa
alignment
SRS419334 SRR847780, reference South Africa Southern- 4
SRR924239 guided Africa
alignment
SRS454481 SRR958216, reference South Africa Southern- 4
SRR924703 guided Africa
alignment
SRS490579 SRR1062850, reference South Africa Southern- 4
SRR1011479 guided Africa
alignment
SRS490590 SRR1062861, reference South Africa Southern- 4
SRR1011490 guided Africa
alignment
SRS494362 SRR1019125, reference South Africa Southern- 4
SRR1140925 guided Africa

alignment
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SRS494389 SRR1140965, reference South Africa Southern- 4
SRR1019151 guided Africa
alignment
AUXCO01 AUXC00000000.1 | multiple India Southern-Asia 4
genome
alignment
AVQJO1 AVQJ00000000.1 | multiple India Southern-Asia 4
genome
alignment
ERS217667 | ERR233379 reference Nepal Southern-Asia 4
guided
alignment
ERS217670 | ERR233382 reference Nepal Southern-Asia 4
guided
alignment
ERS217677 | ERR233389 reference Nepal Southern-Asia 4
guided
alignment
ERS217678 | ERR233390 reference Nepal Southern-Asia 4
guided
alignment
ERS611805 | ERR688030 reference Pakistan Southern-Asia 4
guided
alignment
ERS611810 | ERR688035 reference Pakistan Southern-Asia 4
guided
alignment
ERS611816 ERR688041 reference Pakistan Southern-Asia 4
guided
alignment
ERS611818 | ERR688043 reference Pakistan Southern-Asia 4
guided
alignment
SRS559444 | SRR1180218, reference Iran Southern-Asia 4
SRR1183118 guided
alignment
SRS559452 SRR1172151, reference Iran Southern-Asia 4
SRR1172252, guided
SRR1180184, alignment
SRR1183085
SRS559453 SRR1172164, reference Iran Southern-Asia 4
SRR1172203, guided
SRR1180156, alignment
SRR1183110
SRS559455 SRR1172171, reference Iran Southern-Asia 4
SRR1172359, guided
SRR1180243, alignment

SRR1183100
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SRS559461 SRR1172189, reference Iran Southern-Asia 4
SRR1172210, guided
SRR1180146, alignment
SRR1182972
SRS559628 SRR1172738, reference India Southern-Asia 4
SRR1172979 guided
alignment
SRS559656 | SRR1172774, reference India Southern-Asia 4
SRR1172887 guided
alignment
SRS559768 | SRR1172944, reference Iran Southern-Asia 4
SRR1174323 guided
alignment
SRS559794 | SRR1172989, reference India Southern-Asia 4
SRR1175160 guided
alignment
SRS559976 | SRR1173428 reference Iran Southern-Asia 4
guided
alignment
SRS560028 | SRR1173580, reference Iran Southern-Asia 4
SRR1173859 guided
alignment
SRS560033 | SRR1173615 reference Iran Southern-Asia 4
guided
alignment
SRS560040 | SRR1173802, reference India Southern-Asia 4
SRR1173637 guided
alignment
ERS247976 | ERR275181 reference Portugal Southern- 4
guided Europe
alignment
ERS247990 | ERR275195 reference Portugal Southern- 4
guided Europe
alignment
ERS247999 | ERR275204 reference Portugal Southern- 4
guided Europe
alignment
ERS248003 | ERR275208 reference Portugal Southern- 4
guided Europe
alignment
ERS248013 | ERR275218 reference Portugal Southern- 4
guided Europe
alignment
ERS248031 | ERR275236 reference Portugal Southern- 4
guided Europe
alignment
ERS218238 | ERR234187 reference Ghana Western- 4
guided Africa

alignment
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ERS218249 ERR234198 reference Liberia Western- 4
guided Africa
alignment
ERS218251 ERR234200 reference Ghana Western- 4
guided Africa
alignment
ERS218252 ERR234201 reference Ghana Western- 4
guided Africa
alignment
ERS218254 ERR234203 reference Ghana Western- 4
guided Africa
alignment
ERS218257 ERR234206 reference Ghana Western- 4
guided Africa
alignment
SRS485045 SRR998634, reference Mali Western- 4
SRR998633, guided Africa
SRR998632 alignment
SRS485055 SRR998675, reference Mali Western- 4
SRR998674, guided Africa
SRR998672 alignment
SRS485057 SRR998683, reference Mali Western- 4
SRR998681 guided Africa
alignment
SRS485060 SRR1049965, reference Mali Western- 4
SRR998693, guided Africa
SRR998694 alignment
SRS485068 SRR998725, reference Mali Western- 4
SRR998726, guided Africa
SRR998724 alignment
SRS485077 SRR998763, reference Mali Western- 4
SRR998760 guided Africa
alignment
SRS485082 SRR998783, reference Mali Western- 4
SRR998782 guided Africa
alignment
SRS485084 SRR998791, reference Mali Western- 4
SRR998789, guided Africa
SRR998788, alignment
SRR998790
SRS526927 SRR1162746, reference Mali Western- 4
SRR1162473 guided Africa
alignment
ERS218205 ERR234154 reference Germany Western- 4
guided Europe
alignment
ERS218225 ERR234174 reference Germany Western- 4
guided Europe

alignment
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ERS218226 | ERR234175 reference Germany Western- 4
guided Europe
alignment
ERS218228 | ERR234177 reference Germany Western- 4
guided Europe
alignment
ERS218148 ERR234097 reference Sierra Leone | Western- 5
guided Africa
alignment
ERS218164 ERR234113 reference Ghana Western- 5
guided Africa
alignment
ERS218193 ERR234142 reference Ghana Western- 5
guided Africa
alignment
ERS218194 ERR234143 reference Ghana Western- 5
guided Africa
alignment
ERS218195 ERR234144 reference Ghana Western- 5
guided Africa
alignment
ERS218197 ERR234146 reference Sierra Leone | Western- 5
guided Africa
alignment
ERS218198 ERR234147 reference Ghana Western- 5
guided Africa
alignment
ERS218200 ERR234149 reference Ghana Western- 5
guided Africa
alignment
ERS218211 ERR234160 reference Ghana Western- 5
guided Africa
alignment
ERS218227 ERR234176 reference Ghana Western- 5
guided Africa
alignment
ERS218250 ERR234199 reference Ghana Western- 5
guided Africa
alignment
ERS218253 ERR234202 reference Ghana Western- 5
guided Africa
alignment
ERS218255 ERR234204 reference Ghana Western- 5
guided Africa
alignment
SRS485033 SRR998584, reference Mali Western- 5
SRR998587 guided Africa

alignment
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SRS485041 SRR998616, reference Mali Western- 5
SRR998617 guided Africa
alignment
ERS217650 | ERR233362 reference Senegal Western- 6
guided Africa
alignment
ERS217654 ERR233366 reference The Gambia Western- 6
guided Africa
alignment
ERS217655 ERR233367 reference The Gambia Western- 6
guided Africa
alignment
ERS218157 ERR234106 reference Ghana Western- 6
guided Africa
alignment
ERS218199 ERR234148 reference Ghana Western- 6
guided Africa
alignment
ERS218201 ERR234150 reference Ghana Western- 6
guided Africa
alignment
ERS218235 ERR234184 reference Ghana Western- 6
guided Africa
alignment
ERS218237 ERR234186 reference Ghana Western- 6
guided Africa
alignment
ERS218305 ERR234254 reference The Gambia Western- 6
guided Africa
alignment
ERS218306 ERR234255 reference The Gambia Western- 6
guided Africa
alignment
ERS218312 ERR234261 reference The Gambia Western- 6
guided Africa
alignment
SRS485031 SRR998576, reference Mali Western- 6
SRR998578, guided Africa
SRR998579 alignment
SRS485032 SRR998580, reference Mali Western- 6
SRR998583 guided Africa
alignment
SRS485035 SRR1049958, reference Mali Western- 6
SRR998594, guided Africa
SRR998592, alignment
SRR998593
SRS485036 SRR998598, reference Mali Western- 6
SRR998599, guided Africa
SRR998597 alignment
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SRS485037 SRR998602, reference Mali Western- 6
SRR998600 guided Africa
alignment
SRS485038 SRR998605, reference Mali Western- 6
SRR998606, guided Africa
SRR998607 alignment
SRS485039 SRR998610, reference Mali Western- 6
SRR998608 guided Africa
alignment
SRS485040 SRR998614, reference Mali Western- 6
SRR998612 guided Africa
alignment
SRS485042 SRR998620, reference Mali Western- 6
SRR998622 guided Africa
alignment
SRS485044 SRR998629, reference Mali Western- 6
SRR998630, guided Africa
SRR998628 alignment
SRS485046 SRR998636, reference Mali Western- 6
SRR998639 guided Africa
alignment
SRS485047 SRR998643, reference Mali Western- 6
SRR998640, guided Africa
SRR998641 alignment
SRS485048 SRR998646, reference Mali Western- 6
SRR998647, guided Africa
SRR998645 alignment
SRS485049 SRR998651, reference Mali Western- 6
SRR998650, guided Africa
SRR1049960, alignment
SRR998649
SRS485050 SRR998652, reference Mali Western- 6
SRR998655, guided Africa
SRR998654, alignment
SRR998653
SRS485072 SRR998742, reference Mali Western- 6
SRR998741 guided Africa
alignment
SRS526842 SRR1162479, reference Mali Western- 6
SRR1162789, guided Africa
SRR1103387 alignment
SRS526933 SRR1162477, reference Mali Western- 6
SRR1103499, guided Africa
SRR1162738 alignment
SRS526956 SRR1162470, reference Mali Western- 6
SRR1103551, guided Africa
SRR1162788 alignment
SRS703269 SRR1577831, reference Mali Western- 6
SRR1577834, guided Africa
SRR1577820 alignment
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ERS1028677

ERR1200602

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028678

ERR1200603

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028679

ERR1200604

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028681

ERR1200606

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028683

ERR1200608

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028685

ERR1200610

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028687

ERR1200612

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028688

ERR1200613

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028692

ERR1200617

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028693

ERR1200618

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028694

ERR1200619

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028698

ERR1200623

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028699

ERR1200624

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028700

ERR1200625

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028706

ERR1200631

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028708

ERR1200633

reference
guided
alignment

Ethiopia

Eastern-Africa
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ERS1028709

ERR1200634

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028710

ERR1200635

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028711

ERR1200636

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028714

ERR1200639

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS1028715

ERR1200640

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS158317

ERR159956

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS158319

ERR159958

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS158320

ERR159959

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS217634

ERR233346

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS217637

ERR233349

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS217642

ERR233354

reference
guided
alignment

Ethiopia

Eastern-Africa

ERS217643

ERR233355

reference
guided
alignment

Ethiopia

Eastern-Africa

L4_NO101

ERR234220

reference
guided
alignment

Nicaragua

Central-
America

L4_NO120

ERR234221

reference
guided
alignment

Puerto Rico

Central-
America

L4_NO137

ERR234226

reference
guided
alignment

Mexico

Central-
America

L4_N0046

ERR234251

reference
guided
alignment

Mexico

Central-
America
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L4 _NO103 ERR234258 reference Nicaragua Central- 4
guided America
alignment
L4 NO107 ERR234259 reference Guatemal Central- 4
guided America
alignment
L4 NO109 ERR234260 reference El Salvador Central- 4
guided America
alignment
L4 NO131 ERR234223 reference USA Northern- 4
guided America
alignment
L4 NO135 ERR234225 reference USA Northern- 4
guided America
alignment
L4 _NO0142 ERR234227 reference USA Northern- 4
guided America
alignment
L4 NO0143 ERR234228 reference USA Northern- 4
guided America
alignment
L4 NO149 ERR234230 reference USA Northern- 4
guided America
alignment
L4 NO136 ERR234265 reference USA Northern- 4
guided America
alignment
L4 NO146 ERR234267 reference USA Northern- 4
guided America
alignment
L4 NO0148 ERR234268 reference USA Northern- 4
guided America
alignment
Table 2. Accessions and metadata for M. tb L4.4
Name Run ID Project ID Country Region Sub- Year
lineage
ERR024359 ERR024359 PRJEB2057 Netherlands | Europe 44.1.1 | 1999
ERR040124 ERR040124 PRJEB2424 Uganda Africa 4.4.1.1 | 2005
ERR040130 ERR040130 PRJEB2424 Uganda Africa 4.4.1.1 | 2004
ERR046901 ERR046901 PRJEB2221 United Europe 4.4.1.1 | 2007
Kingdom
ERR047013 ERR047013 PRJEB2221 United Europe 4.4.1.1 | 2006
Kingdom
ERR108481 ERR108481 PRJEB2138 Russia Europe 4.4.1.1 | 2009
ERR133974 ERR133974 PRJEB2138 Russia Europe 4.4.1.1 | 2009
ERR161047 ERR161047 PRJEB2794 Malawi Africa 4.4.1.1 | 2003
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ERR163930 ERR163930 PRJEB2794 Malawi Africa 44.1.1 | 2004
ERR163942 ERR163942 PRJEB2794 Malawi Africa 44.1.1 | 2004
ERR163946 ERR163946 PRJEB2794 Malawi Africa 44.1.1 | 2004
ERR164012 ERR164012 PRJEB2794 Malawi Africa 44.1.1 | 1997
ERR176454 ERR176454 PRJEB2794 Malawi Africa 44.1.1 | 2004
ERR176628 ERR176628 PRJEB2794 Malawi Africa 44.1.1 | 1997
ERR176725 ERR176725 PRJEB2794 Malawi Africa 441.1 | 1998
ERR181836 ERR181836 PRJEB2794 Malawi Africa 44.1.1 | 2009
ERR181853 ERR181853 PRJEB2794 Malawi Africa 441.1 | 2009
ERR181946 ERR181946 PRJEB2794 Malawi Africa 44.1.1 | 2005
ERR182011 ERR182011 PRJEB2794 Malawi Africa 441.1 | 2006
ERR190410 ERR190410 PRJEB2794 Malawi Africa 44.1.1 | 1997
ERR211992 ERR211992 PRJEB2794 Malawi Africa 44.11 | 2002
ERR212117 ERR212117 PRJEB2794 Malawi Africa 44.1.1 | 1999
ERR212132 ERR212132 PRJEB2794 Malawi Africa 441.1 | 2009
ERR212152 ERR212152 PRJEB2794 Malawi Africa 44.1.1 | 2009
ERR212159 ERR212159 PRJEB2794 Malawi Africa 441.1 | 2009
ERR221551 ERR221551 PRJEB2794 Malawi Africa 44.1.1 | 2002
ERR221554 ERR221554 PRJEB2794 Malawi Africa 44.11 | 2002
ERR221600 ERR221600 PRJEB2794 Malawi Africa 44.1.1 | 2002
ERR228025 ERR228025 PRJEB2138 Russia Europe 441.1 | 2010
ERR228067 ERR228067 PRJEB2138 Russia Europe 44.1.1 | 2010
ERR245800 ERR245800 PRJEB2358 Malawi Africa 44.11 | 2001
NzO1 SRR5074294 PRINA356104 | New Oceania | 4.4.1.1 | 2008
Zealand
NZO2 SRR5074712 PRJINA356104 | New Oceania |4.4.1.1 | 2011
Zealand
NZO3 SRR5074713 PRINA356104 | New Oceania | 4.4.1.1 | 2008
Zealand
NZO4 NA NA New Oceania |4.4.1.1 | 2013
Zealand
NZO5 NA NA New Oceania | 4.4.1.1 | 2003
Zealand
NZO6 NA NA New Oceania |4.4.1.1 | 2013
Zealand
NzO7 NA NA New Oceania | 4.4.1.1 | 2006
Zealand
NZR22 SRR8420474 PRJINA513885 | New Oceania |4.4.1.1 | 2010
Zealand
NZR278 SRR8420475 PRJINA513885 | New Oceania | 4.4.1.1 | 2010
Zealand
NZR486 SRR8420472 PRJINA513885 | New Oceania |4.4.1.1 | 2011

Zealand
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NZR494 SRR8420473 PRJINA513885 | New Oceania | 4.4.1.1 | 2011
Zealand

NZRA NA NA New Oceania | 4.4.1.1 | 1992
Zealand

NZRB NA NA New Oceania | 4.4.1.1 | 1992
Zealand

NZRC NA NA New Oceania | 4.4.1.1 | 1999
Zealand

NZRE NA NA New Oceania |4.4.1.1 | 2001
Zealand

NZRF NA NA New Oceania | 4.4.1.1 | 2002
Zealand

NZRH NA NA New Oceania |4.4.1.1 | 2006
Zealand

NZRI NA NA New Oceania | 4.4.1.1 | 2006
Zealand

NZRJ NA NA New Oceania |4.4.1.1 | 2008
Zealand

NZRK NA NA New Oceania | 4.4.1.1 | 2008
Zealand

NZRL NA NA New Oceania |4.4.1.1 | 1996
Zealand

NZRM NA NA New Oceania | 4.4.1.1 | 2009
Zealand

NZRN NA NA New Oceania |4.4.1.1 | 1991
Zealand

SK1 NA NA Canada Americas | 4.4.1.1 | 1994

SK111 NA NA Canada Americas | 4.4.1.1 | 2003

SK153 NA NA Canada Americas | 4.4.1.1 | 1996

SK160 NA NA Canada Americas | 4.4.1.1 | 1999

SK192 NA NA Canada Americas | 4.4.1.1 | 1990

SK196 NA NA Canada Americas | 4.4.1.1 | 1987

SK198 NA NA Canada Americas | 4.4.1.1 | 1987

SK199 NA NA Canada Americas | 4.4.1.1 | 1989

SK20 NA NA Canada Americas | 4.4.1.1 | 1988

SK201 NA NA Canada Americas | 4.4.1.1 | 2001

SK202 NA NA Canada Americas | 4.4.1.1 | 1994

SK204 NA NA Canada Americas | 4.4.1.1 | 2002

SK211 NA NA Canada Americas | 4.4.1.1 | 1997

SK215 NA NA Canada Americas | 4.4.1.1 | 1999

SK254 NA NA Canada Americas | 4.4.1.1 | 2004

SK256 NA NA Canada Americas | 4.4.1.1 | 1987

SK260 NA NA Canada Americas | 4.4.1.1 | 1996

SK287 NA NA Canada Americas | 4.4.1.1 | 2002

SK288 NA NA Canada Americas | 4.4.1.1 | 2003
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SK30 NA NA Canada Americas | 4.4.1.1 | 2003
SK54 NA NA Canada Americas | 4.4.1.1 | 1990
SRR1019141 | SRR1019141 PRJINA183624 | Kenya Africa 4411 | 2013
SRR1019142 | SRR1019142 PRJINA183624 | South Africa | Africa 4411 | 2013
SRR1019150 | SRR1019150 PRJNA183624 | South Africa | Africa 4411 | 2013
SRR1019153 | SRR1019153 PRJINA183624 | Kenya Africa 4411 | 2013
SRR1019155 | SRR1019155 PRJNA183624 | South Africa | Africa 4411 | 2013
SRR1019159 | SRR1019159 PRJINA183624 | South Africa | Africa 4411 | 2013
SRR1019165 | SRR1019165 PRJNA183624 | South Africa | Africa 4411 | 2013
SRR1019168 | SRR1019168 PRJINA183624 | South Africa | Africa 4411 | 2013
SRR1140926 | SRR1140926 PRJNA183624 | South Africa | Africa 4411 | 2013
SRR1162884 | SRR1162884 PRJINA229360 | Sweden Europe 4411 | 2010
SRR1163077 | SRR1163077 PRJINA229360 | Sweden Europe 4.4.1.1 | 2010
SRR1166253 | SRR1166253 PRJNA233386 | Romania Europe 4411 | 2013
SRR1172724 | SRR1172724 PRJINA235618 | South Africa | Africa 4411 | 2012
SRR1172876 | SRR1172876 PRJINA235618 | South Africa | Africa 4411 | 2013
SRR1172935 | SRR1172935 PRJNA235618 | South Africa | Africa 4411 | 2013
SRR1173087 | SRR1173087 PRJINA235618 | South Africa | Africa 4411 | 2013
SRR1173181 | SRR1173181 PRJINA235618 | South Africa | Africa 4411 | 2013
SRR1173353 | SRR1173353 PRJINA235618 | South Africa | Africa 4411 | 2013
SRR1173499 | SRR1173499 PRJINA235618 | South Africa | Africa 4411 | 2013
SRR1173522 | SRR1173522 PRJINA235618 | South Africa | Africa 4411 | 2013
SRR1173637 | SRR1173637 PRJNA235852 | India Asia 4.4.1.1 | 2003
SRR1175041 | SRR1175041 PRJINA235618 | South Africa | Africa 4411 | 2013
SRR1180189 | SRR1180189 PRJINA235618 | South Africa | Africa 4411 | 2013
SRR1180314 | SRR1180314 PRJINA235618 | South Africa | Africa 4411 | 2013
SRR1181100 | SRR1181100 PRJNA191021 | Colombia Americas | 4.4.1.1 | 2009
SRR1181216 | SRR1181216 PRJINA235618 | South Africa | Africa 4411 | 2013
SRR1184309 | SRR1184309 PRJINA235618 | South Africa | Africa 4411 | 2013
SRR5065416 | SRR5065416 PRJINA355614 | Vietnam Asia 4411 | 2011
SRR5067392 | SRR5067392 PRJINA355614 | Vietnam Asia 44.1.1 | 2009
SRR5073887 | SRR5073887 PRJNA355614 | Vietnam Asia 44.1.1 | 2009
SRR5073966 | SRR5073966 PRJINA355614 | Vietnam Asia 44.1.1 | 2009
SRR832977 SRR832977 PRJINA183624 | South Africa | Africa 44.1.1 | 2008
SRR832988 SRR832988 PRJNA183624 | South Africa | Africa 44.1.1 | 2009
SRR833034 SRR833034 PRJINA183624 | South Africa | Africa 44.1.1 | 2008
SRR833044 SRR833044 PRJNA183624 | South Africa | Africa 4411 | 2010
SRR833119 SRR833119 PRJINA183624 | South Africa | Africa 44.1.1 | 2008
SRR833134 SRR833134 PRJINA183624 | South Africa | Africa 4.4.1.1 | 2010
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SRR833144 SRR833144 PRJINA183624 | South Africa | Africa 4411 | 2008
SRR833165 SRR833165 PRJINA183624 | South Africa | Africa 4411 | 2008
SRR847795 SRR847795 PRJINA183624 | South Africa | Africa 4411 | 2011
SRR847797 SRR847797 PRJINA183624 | South Africa | Africa 4411 | 2011
SRR847802 SRR847802 PRJINA183624 | South Africa | Africa 4411 | 2011




