Supplementary Note 1 (Dataset sources)

We calculated SBS spectra for 84 phylogenetic clades from 31 diverse bacterial species. In each case, we
used whole genome sequences from one or more previous publications. Below, we describe the niches,
population structure, sources of genome sequences and the data processing applied to each dataset.

Burkholderia cenocepacia

Causes chronic lung infections in patients with Cystic Fibrosis (CF)!. Transmission occurs directly and
indirectly between CF patients, although strategies to reduce patient-to-patient transmission were
introduced in 2003. While B. cenocepacia is diverse, genome sequencing studies have identified clusters of
isolates from multiple patients consistent with historical transmission?. We obtained all B. cenocepacia
genome assemblies from GenBank and shredded these to FASTQ files that were mapped against a B.
cenocepacia reference. Phylogenetic reconstruction showed several clusters of closely related sequences.
The majority of sequences in these clusters are from CF patients in Vancouver?. The clusters include multiple
samples from individual patients and all clusters contain multiple patients with first samples preceding
introduction of strategies to reduce transmission. The mutations acquired within each cluster were therefore
likely acquired during chronic lung infections and we consider lung to be the major niche for these clusters.
We included three clusters in the spectrum calculation and excluded long branches that are likely due to
knockout of mismatch repair during chronic infection3.

Burkholderia pseudomallei

Replicates within the rhizosphere and surface groundwater, from which it can infect animals and humans*>.
Person-to-person transmission is rare>®. We therefore consider the environment to be the major replication
niche. The overall population is divided into five groups, termed groups 1-5, based on phylogenetic
clustering, with the same overall groupings inferred from both chromosomes®. We calculated spectra for
each of the five groups separately; as chromosome 1 and chromosome 2 spectra were highly similar,
chromosome 1 spectra were used for further analyses. We obtained each dataset from previous study
authors® as an alighment of whole genome sequences produced through mapping to a species reference
genome.

Campylobacter jejuni

Colonises the gastrointestinal tract of many animal species’. Prevalent cause of gastroenteritis in humans
upon exposure to animals or their products, contaminated environments or, rarely, person-to-person
transmission’8, We therefore consider C. jejuni to be gastrointestinal. We obtained a post-gubbins variable
sites alignment from previous study authors®; as the dataset was diverse, we ran FastBAPS to identify
clusters. Five clusters containing a reasonable number of sequences and diversity were extracted. We
calculated a mutational spectrum for each cluster separately.

Cutibacterium acnes

Common commensal found across the surface of dry, moist and sebaceous human skin', particularly in
sebaceous regions of the face and upper body!'. We therefore consider skin to be the major niche for C.
acnes. We obtained all C. acnes genome assemblies from GenBank and shredded these to FASTQ files before
mapping against a species reference.

Enterococcus faecalis

Generalist organism that is ubiquitous in the gastrointestinal tract of animals and insects'>13. We therefore
consider E. faecalis to primarily inhabit a gut niche in multiple hosts. The E. faecalis population was
previously divided into 173 PopPUNK clusters!2. We obtained post-gubbins variable sites alignments from
previous study authors!? for three of these clusters and calculated mutational spectra for each cluster
separately.

Escherichia coli



Widespread in the gastrointestinal tract of warm-blooded animals!®. While E. coli is often commensal,
variants can cause severe intestinal and extraintestinal disease. This has led to the description of eight
pathotypes which exhibit preference for different infection sites'®. The population has previously been
divided into PopPUNK clusters that can be assigned pathotypes based on their isolation sources®. We
obtained datasets for four PopPUNK clusters belonging to different pathotypes: two gastrointestinal
clusters, one extraintestinal cluster found in blood and the urinary tract, and one cluster found across these
niches. These isolates were obtained as assemblies that were shredded before mapping against a cluster
reference.

Shigella sonnei and Shigella flexneri are human-adapted gastrointestinal clades within E. coli*®. We therefore
consider Shigella clades to be gastrointestinal. The S. sonnei population can be divided into several major
lineages that diverged within the past several hundred years!®. We examined three of these lineages which
we obtained as FASTQ files and mapped against a species reference. S. flexneri has been divided into seven
phylogenetic groups!’. We examined phylogenetic group 3 and obtained data as FASTQ files which were
mapped against a species reference.

Haemophilus influenzae

Prevalent as a commensal in the human upper respiratory tract'®1°, While systemic and lower respiratory
tract infections can occur, we consider the upper respiratory tract to be the major niche for H. influenzae.
The species is classified based on production and antigenicity of the polysaccharide capsule. Non-capsule
expressing isolates are defined as nontypeable H. influenzae while capsule-producing strains are divided into
six serotypes termed a through f°. Serotype B H. influenzae (Hib) has been highly prevalent. We obtained a
dataset of Hib sequences from multiple sources that was previously used to develop and test a serotype
prediction tool*. These samples were obtained as assemblies that were shredded to FASTQ files prior to
mapping against a Hib reference.

Klebsiella pneumoniae

Klebsiella pneumoniae is a commensal and environmental organism that can cause a range of opportunistic
infections (predominantly in immunocompromised individuals). Of the four species within the K.
pneumoniae species complex, K. pneumoniae sensu stricto causes the majority of human infections and is
divided into over 250 sequence types (STs), with only a small number of STs causing most human cases?.
We calculated spectra for five STs (11, 15, 101, 147 and 258/512), each of which is highly prevalent,
geographically widespread and associated with carbapenem resistance?®. K. pneumoniae commonly
colonises mucosal surfaces in the human gastrointestinal tract and nasopharynx?'~24 and we therefore treat
these sites as major replication niches for these STs. It is possible that substantial replication also occurs on
environmental surfaces and during infections of sites including the urinary tract. We used isolates sequenced
across multiple previous studies and obtained these samples as FASTQ files and assemblies. Assemblies were
shredded to FASTQ files before all samples were mapped against a ST-specific reference.

Legionella pneumophila

Lives in aquatic habitats within amoeba, ciliated protozoa and other protists?>. Can infect human lungs upon
inhalation. However, as human-to-human transmission at most occurs very rarely?®, we consider aquatic
protists to be the major niche for L. pneumophila. The population is currently divided into over 2000
sequence types (STs) with large variation in prevalence?®. We calculated spectra of ST1 (one of the most
prevalent STs in Europe and North America) and a group of low prevalence STs (ST51, ST87, ST376, ST454,
ST578 and ST611)%°. Isolates were obtained as FASTQ files that were mapped against a local reference.

Mycobacterium abscessus

We used M. abscessus SBS spectra calculated previously?’. In this previous study, we identified seven
dominant circulating clones (DCCs) amongst the M. abscessus phylogenetic diversity. These DCCs are
commonly isolated from lung infections of individuals with and without Cystic Fibrosis and exhibit features
consistent with person-to-person transmission, including clustering of geographically diverse isolates?”%.



However, the major replication niche(s) of the DCCs remains controversial. The remainder of the M.
abscessus species tree consists of diverse isolates consistent with sampling from a diverse environmental
reservoir; we consider these isolates to be environmental and refer to these isolates as environmental M.
abscessus®’?8. We used SBS spectra that we previously calculated for the DCCs and environmental M.
abscessus?’.

Mycobacterium avium

A primarily environmental bacterium that can be isolated from soil and water sources®®. We therefore
consider M. avium to be environmental. The population is divided into three major clusters that are further
divided into subclusters3®. We calculated the spectrum of the M. avium species using a dataset containing
samples from all three clusters. Isolates were obtained as genome assemblies and shredded to FASTQ files
prior to mapping.

Mycobacterium canettii

M. canettii is believed to be an environmental bacterium although most isolates are from human
infections3132, Lineages are not currently defined amongst the limited number of sequenced M. canettii
genomes, although a recently emerged outbreak clade has been identified3!. We calculated the mutational
spectrum of the available diversity in M. canettii. Samples were obtained as FASTQ files that were mapped
against a complete genome from the closely related Mycobacterium tuberculosis.

Mycobacterium chimaera

An environmental bacterium that can be isolated from multiple environmental sources®3. Can cause
opportunistic pulmonary infections and caused a large outbreak of invasive infections associated with heater
cooler units (HCUs)3**3>. We therefore consider M. chimaera to be environmental. Isolates associated with
the HCU outbreak form a single clade®>. We calculated the M. chimaera mutational spectrum using all
available genome sequences. Samples were obtained as FASTQ files that were mapped against a species
reference.

Mycobacterium intracellulare

Environmental bacterium that can be isolated from soil and water sources®**. We therefore consider M.
intracellulare to be environmental. The population structure of M. intracellulare has not been well defined.
We calculated the mutational spectrum of the M. intracellulare species using all available genome
sequences. Samples were obtained as FASTQ files that were mapped against a species reference.

Mycobacterium kansasii

Environmental bacterium that can be isolated from multiple environmental sources3*, although water is
likely a major reservoir for M. kansasii infections3®. A previous population genomics study showed that most
isolates cluster within a single clade termed the M. kansasii main cluster (MKMC)3¢. The remaining isolates
fall on long terminal phylogenetic branches and are not closely related to other isolates, as expected of
diverse environmental samples. We therefore consider the non-MKMC region of the M. kansasii tree to be
environmental. The MKMC exhibits characteristics potentially consistent with patient-to-patient
transmission, including closely related isolates from distant geographical locations, but the role of patient-
to-patient transmission compared with environmental acquisition is currently unclear3®. We therefore
consider the major niche of the MKMC to be unclear. We calculated mutational spectra for the non-MKMC
and MKMC regions of the tree separately. Samples were obtained as assemblies that were shredded to
FASTQ files prior to mapping against a species reference.

Mycobacterium leprae

M. leprae is known to infect the respiratory system, skin and peripheral nervous system of humans®’.
Transmission  occurs between people through droplets from the nose and mouth
(https://www.who.int/news-room/fact-sheets/detail/leprosy, last accessed 20" April 2023). We therefore
consider the major niche of M. leprae to be the human respiratory system. The M. leprae population is



https://www.who.int/news-room/fact-sheets/detail/leprosy

currently divided into four SNP types and 16 SNP subtypes®®. We calculated the mutational spectrum of the
M. leprae species. Samples were obtained as FASTQ files that were mapped against a species reference. The
dataset includes several known hypermutator strains with mutations in the nth gene3®; mutations on the tip
phylogenetic branches representing hypermutator strains were excluded from the spectrum.

Mycobacterium tuberculosis

The M. tuberculosis complex (MTBC) consists of human and animal pathogens. Human infections are
currently divided into lineages 1 through 9 which show highly different prevalence and phylogeographical
patterns3®. The human lineages predominantly infect the lungs and transmit directly from one person to
another through inhalation of infectious particles. The animal lineages analysed here form a closely related
monophyletic clade and are each associated with infection of specific host species: M. bovis in cattle, M.
caprae in sheep and goats and M. orygis in antelope3®. The lung is likely a major target of these infections®%4%,
We therefore consider the lung to be the major niche for M. tuberculosis lineages. We calculated mutational
spectra for the major human lineages L1-L7 (L8 and L9 were not analysed due to a limited number of
genomes) and for the animal lineages M. bovis, M. caprae and M. orygis. Samples were obtained as FASTQ
files that were mapped against a local reference.

Neisseria gonorrhoea

Predominantly colonises the genital mucosa*?. We therefore consider N. gonorrhoea to be genital. Multiple
clades have previously been identified*>. We calculated the mutational spectrum of the N. gonorrhoea
species using available whole genome sequences. These were obtained as FASTQ files that were mapped
against a species reference.

Neisseria meningitidis

Asymptomatically colonises the oropharynx in roughly 10% of humans and transmits from one person to
another through inhalation of respiratory secretions and saliva**. We analyse two respiratory clusters of N.
meningitidis and an additional cluster associated with urethritis. The urethritis cluster likely predominantly
resides within the upper respiratory tract but can infect the urogenital tract upon exposure®. We therefore
consider the upper respiratory tract to be the major niche for the two respiratory N. meningitidis clusters
and the upper respiratory and urogenital tracts to be major niches for the urethritis cluster. We calculated
the mutational spectra of these three clusters separately. Samples were obtained as FASTQ files and mapped
against a local reference.

Pseudomonas aeruginosa

Causes acute and chronic infections in a variety of human tissues, including respiratory infections
(particularly in individuals with Cystic Fibrosis (CF)), urinary tract infections, skin and soft tissue infections
and keratitis*. Can also be identified in a variety of environmental niches, often associated with human
activity?’. The interaction between these different niches and the sources of P. aeruginosa infections are
not well understood. Many of the genomes we include here were collected from lung infections of
individuals with CF. We therefore consider P. aeruginosa to have multiple niches including the human lung.
P. aeruginosa is divided into a large number of sequence types. We calculated mutational spectra for five
common sequence types: ST17,ST111, ST146, ST175 and ST253. Samples were obtained as FASTQ files that
were mapped against a species reference.

Salmonella enterica serovar Typhimurium

Serovar of non-typhoidal Salmonella that causes gastroenteritis, some lineages of which are also a frequent
cause of invasive disease in sub-Saharan Africa*®. We therefore consider Typhimurium to be both
gastrointestinal and invasive. Typhimurium is divided into many sequence types®*. We calculated the
Typhimurium mutational spectrum using a dataset containing gastrointestinal and invasive isolates
belonging to multiple sequence types*®. Samples were obtained as a mixture of FASTQ files and assemblies
that were initially shredded to FASTQ files. All samples were mapped against a serovar reference.



Staphylococcus aureus

Carried on the skin and in the nasopharynx (upper respiratory tract) in humans. Longitudinal studies have
shown that approximately 50-80% of the human population are intermittent S. aureus nasal carriers and 12-
30% are persistent carriers®®°1, S. gureus has also been detected in a taxonomically and ecologically diverse
range of animal hosts. We therefore consider the upper respiratory tract and skin to be the major niches for
S. aureus. S. aureus population structure is highly clonal, with over 90% of known S. aureus genomes being
categorized into just four predominant clonal complexes (CC5, CC8, CC398 and CC30)°2. We calculated
mutational spectra for four recently emerged clades of S. aureus with different host ranges: ST22 (human)®3,
ST239 (human)>*, ST772> and CC398 (livestock and human)®¢. Samples were obtained as FASTQ files that
were mapped against a local reference.

Staphylococcus epidermidis

Carried on the skin of virtually all humans®?, predominantly within moist skin sites!?. We therefore consider
skin (and in particular moist skin sites) to be the major niche for S. epidermidis. Multiple levels of
phylogenetic classification exist for S. epidermidis: over 80 STs have been described, most of which only
contain a small number of sequenced genomes; the STs are grouped into CCs; the CCs are further grouped
into phylogenetic groups of which groups A, B and C are most prevalent®>”*®, We analysed phylogenetic
groups A, B and C. These samples were obtained as assemblies that were shredded into FASTQ files prior to
mapping against a species reference.

Staphylococcus haemolyticus

Widespread skin commensal found in the axilla, perineum and inguinal areas that can also cause
septicaemia, peritonitis, otitis and urinary tract infections>>®. We therefore consider localised regions of the
skin to be the major niche for S. haemolyticus. Multiple clades have been defined within S. haemolyticus
based on genomic variation®l. We calculated the mutational spectrum of the species using a dataset of
geographically diverse isolates®l. Samples were obtained as FASTQ files that were mapped against a species
reference.

Streptococcus agalactiae

Commensal bacterium that colonizes the human gastrointestinal and genital tracts in a high proportion of
adults®>%3, Can cause invasive disease through septicaemia and meningitis in young children®*. We consider
the human gastrointestinal and genital tracts to be the major replication niches for S. agalactiae. S.
agalactiae isolates cluster into clonal complexes (CCs). We analysed the five CCs associated with the majority
of carriage and clinical isolates: CC1, CC10, CC17, CC19 and CC23%4%>, These samples were obtained as whole
genome alignments from previous study authors®*.

Streptococcus equi

Infects the equine upper respiratory tract and transmits from one individual to another upon bacterial
shedding via the nasopharynx®®®’. We therefore consider the equine upper respiratory tract to be the major
niche for S. equi. The global population of S. equi has been divided into BAPS clusters and sequence types®’.
We calculated the mutational spectrum of the complete S. equi clade using a geographically diverse
dataset®’. Samples were obtained as FASTQ files that were mapped against a clade reference.

Streptococcus pneumoniae

Colonizes the mucosal surfaces of the human upper respiratory tract®. Carried in the upper respiratory tract
by a high proportion of children and adults and transmits from one person to another®. We therefore
consider the human upper respiratory tract to be the dominant niche for S. pneumoniae lineages. Large scale
genome sequencing has classified the S. pneumoniae population into over 600 Global Pneumococcal
Sequence Clusters (GPSCs) which vary greatly in prevalence®. We analysed 5 prevalent GPSCs (GPSC1,
GPSC2, GPSC3, GPSC6 and GPSC54) which were obtained from previous study authors®® as recombination-
stripped variable sites alignments.



Streptococcus pyogenes

Common cause of human upper respiratory tract and skin infections’®. The mucosal epithelium and
oropharynx are the primary replication sites of S. pyogenes and transmission occurs directly from one person
to another through respiratory droplets or skin contact’®. We therefore consider the upper respiratory tract
and skin to be the major niches for S. pyogenes. Analysis of the core and accessory genome has divided S.
pyogenes into roughly 300 phylogroups’t. We analysed the four most prevalent phylogroups’:. Samples
were obtained as either FASTQ files or assemblies (which we shredded to FASTQ files) and were mapped
against a phylogroup-specific reference.

Yersinia pestis

Predominantly exists in sylvatic infection cycles between many species of rodents and their fleas’%’3.
Additional transmission pathways also occur to predatory birds and mammals and to humans, where person-
to-person transmission is possible’?. The bacterium replicates within the flea gastrointestinal tract’*. We
therefore consider rodents and fleas, including the gastrointestinal tract and blood, to be the major niches
for Y. pestis. The Y. pestis population is divided into several branches on the basis of mutations’. We
calculated the mutational spectrum of the species using a geographically diverse dataset that captures the
currently known sequence diversity’>. Samples were obtained as assemblies that were shredded to FASTQ
files before mapping against a species reference.

Supplementary Note 2 (Examination of the Mycobacterium kansasii MKMC clade)

The genetic diversity within the M. kansasii species can be divided into the M. kansasii main cluster (MKMC)
and non-MKM(C isolates3®. The MKMC emerged in the early 1900s and contains closely related isolates that
have been collected from 11 countries on six continents, while the non-MKMC isolates are highly diverse3®.
Previous analyses have suggested that M. kansasii infections are acquired independently from
environmental water sources®®. We found that the non-MKMC isolates exhibit a mutational spectrum
consistent with the environmental niche (Fig. 4, Fig. S18). However, the MKMC spectrum exhibits
characteristics of both environmental and lung spectra (Fig. 4, Fig. S18). The spectra results therefore
suggest that the MKMC lives within and can be acquired from both the environment and the lung. We
investigated this possibility further through transmission network analyses and gene burden testing.

We identified probable and possible transmission events within the MKMC using SNP distance cutoffs
previously established for Mycobacterium abscessus?®’® (which exhibits a highly similar substitution rate to
the MKMC?73). Reconstructing transmission networks at these SNP distances showed that almost all
transmission linkages are within the MKMC (Fig. S19). We observe large numbers of transmission linkages
at each cutoff, including many international linkages which cannot be explained by shared water sources
(Fig. $19).

Gene burden testing identified 24 genes containing more missense and nonsense mutations than expected
given their length and the number of observed mutations (Fig. $20). These genes include two adjacent tetR
family members (tetR1 and tetR2) that were previously observed to be under positive selection in the
MKMC3®. We identified 14 independent mutations of tetR1/tetR2 within the MKMC, six of which occurred
on internal phylogenetic branches leading to multiple isolates (Fig. $21). 26% of MKMC isolates contain a
missense or nonsense mutation in tetR1 or tetR2 and mutations in these genes occur more often on internal
phylogenetic branches than expected (p = 0.017, Fisher exact test).

Genes within the tetR family are involved in adaptation of M. abscessus to the human lung’’. We therefore
hypothesised that tetR mutations on internal phylogenetic branches occurred within the human lung and
transmitted onwards to multiple individuals through human-to-human lung transmission. Supporting this,
we observe multiple clades with tetR1 or tetR2 mutation that were collected on multiple continents (Fig.
S21), including a clade we termed “MKMC tetR1/2 clade 1” that was sampled in China, Japan and Australia.
We were able to investigate the mutational spectrum of the internal phylogenetic branches of this clade and



found high levels of C>A mutations and low levels of T>C mutations (Fig. S21B), strongly supporting the
internal phylogenetic branches of MKMC tetR1/2 clade 1 being within the lung.

Together, these data strongly support a significant proportion of MKMC infections being acquired through
human-to-human lung transmission, further supporting the patterns observed in the mutational spectra.
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Figure S1. Summary of the pipeline used to calculate pathogen SBS spectra and comparison to cancer
SBS spectrum calculation. To calculate pathogen SBS spectra, we initially reconstruct directional mutations
from an alignment of genetic sequences and a phylogenetic tree. The context of each mutation is identified
from a reference genome that is updated at each phylogenetic node to incorporate mutations that have
occurred preceding the node within the phylogenetic tree, thereby enabling identification of the context of
each mutation within the branch on which it occurred. Contextual mutations are rescaled by triplet
availability within the reference genome to enable comparison between bacteria. We have implemented

pathogen mutational spectrum calculation in the open-source software tool MutTui
(https://github.com/chrisruis/MutTui).
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Figure S2. SBS spectra reconstructed from 84 phylogenetic groups across 31 bacterial species. We
assembled datasets containing whole genome sequence alignments and phylogenetic trees from previous
publications and reconstructed SBS spectra as described in Fig. S1. Source data are provided as a Source
Data file.
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Figure S3. Correlation between genomic G+C content and GC base mutations. Correlation between the
proportion of G and C nucleotides in the genome with (A) the proportion of mutations of GC base pairs
(including C>A, C>G and C>T) (P < 2.2E-16), (B) the proportion of mutations from a GC base pair to an AT or
TA base pair (including C>A and C>T) (P < 2.2E-16) and (C) the proportion of C>G mutations (P = 3.26E-16).
n = 84 SBS spectra in each case; all SBS spectra in Fig. S2 are included. Correlation p-values were calculated
using Pearson’s product moment correlation coefficient. Source data are provided as a Source Data file.
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Figure S4. Summaries of mutation contexts across datasets. (A) Distribution of variance of the 16
contextual mutation proportions within each mutation type across the 84 SBS spectra. C>T and T>C exhibit
elevated context-specificity (Tukey HSD corrected two-way ANOVA P < 0.001). (B) Distribution of
contextual mutation proportions within each mutation type across the 84 SBS spectra. Significant contexts
exhibit median context proportion at least 2.5 median average deviations away from the median
proportion across all contexts within the mutation type. n = 84 SBS spectra in each case. Source data are
provided as a Source Data file.
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Figure S5. Correlation between phylogenetic relatedness and SBS spectrum similarity. We calculated the
cosine similarity between all SBS spectrum pairs and split based on taxonomic relationship. Cosine
similarities are only placed in the lowest taxonomic match, for example if spectra are from the same
species, they will not be included in the same genus comparisons. Significance was calculated using Tukey
HSD corrected two-way ANOVA between the distributions, *** - P < 0.001 (p-values: same species vs same
genus = 7.45E-5; same species vs same phylum < 2.2E-16; same species vs different phylum < 2.2E-16;
same genus vs same phylum < 2.2E-16; same genus vs different phylum < 2.2E-16; same phylum vs
different phylum = 3.0E-7). n = number of comparisons (sample species = 157; same genus = 230; same
phylum = 831; different phylum = 2268). Source data are provided as a Source Data file.
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Figure S6. Comparison of SBS spectra between Neisseria gonorrhoeae clades. (A) Phylogenetic tree of 412
N. gonorrhoeae isolates used to reconstruct the SBS spectrum. The tree is coloured by clade based on
phylogenetic clustering. The N. gonorrhoeae SBS spectrum included in other analyses was calculated across
the complete tree. (B) SBS spectrum of each of the six clades highlighted in panel A. SBS spectra are highly
similar between clades, cosine similarity >0.98 between all pairs. Source data are provided as a Source

Data file.
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Figure S7. Hypermutator branches in P. aeruginosa sequence types. P. aeruginosa sequence type
phylogenetic trees showing hypermutator branches and the inferred responsible genes. Hypermutator
branches were identified based on branch length and the ratio of transition and transversion mutations
and are coloured based on the inferred responsible gene. Responsible genes were identified as DNA repair
genes exhibiting a mutation on the long phylogenetic branch or ancestral branch. Black branches did not
contribute to hypermutator spectra. Sequence types are labelled above the corresponding tree.
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Figure S9. Comparison of contextual C>T and T>C mutations between mismatch repair hypermutators in
P. aeruginosa and B. cenocepacia. The proportion of each contextual mutation within C>T or T>C is
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between all pairs. Source data are provided as a Source Data file.
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Figure S10. Structural modelling of DNA polymerase lll. Predicted models of each subunit of DNA
polymerase Ill in P. aeruginosa and B. cenocepacia are shown as electrostatic surfaces with negative
charges shown in red and positive charges in blue. Alpha and beta subunit predicted models are
superposed on the crystal structure of E. coli replicative DNA polymerase complex (PDB ID 5FKV) that
contains bound DNA (shown in yellow as stick representation). Residues with predicted local distance
difference test (pLDDT) score greater than 70 are shown for the gamma subunit. Numbers above the
structures indicate included residues. Gamma subunit models include the c-terminal residues of the alpha
subunit (yellow ribbon) that interact with the gamma subunit, inferred by superposing the respective
subunits onto the cryo EM structure of the E. coli replicative DNA polymerase complex (PDB ID 5FKV).
Horizontal lines in the delta and delta prime models separate the interface between delta (above the line)
and delta prime (below the line) subunits; the interaction interface is inferred by superposing the
homology models onto the respective subunits of the crystal structure of the E.coli clamp loader complex
(PDB ID 1XXI; gamma subunit chains B, C and D shown as c-alpha trace in green, yellow and cyan
respectively). Predicted epsilon subunit models are superposed onto the cryo EM structure of the E. coli
replicative DNA polymerase complex (PDB ID 5FKW; alpha and beta subunits shown as ribbon in light grey
and dark grey, respectively, bound DNA shown as coloured ribbon). Overall DNA polymerase Il subunit
structures are similar between P. aeruginosa and B. cenocepacia but electrostatic surfaces are distinct.
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Figure S11. Comparison of GO signatures between bacteria and humans. (A) Mutational signatures of GO
genes extracted from bacteria and COSMIC signatures associated with GO genes in humans. (B) Regression
of the proportion of the 16 contextual mutations within C>A between gene signatures that exhibit C>A
mutations. The correlation is significant between P. aeruginosa mutY and P. aeruginosa PA4172 (Pearson’s
r=0.73;95% Cl: 0.37, 0.9; Benjamini-Hochberg corrected P = 0.005) and between COSMIC SBS18 and
COSMIC SBS36 (Pearson’s r = 0.84; 95% Cl: 0.59, 0.94; Benjamini-Hochberg corrected P < 0.001).
Correlation p-values were calculated using Pearson’s product moment correlation coefficient. Source data
are provided as a Source Data file.
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Figure S12. Comparison of ung signatures between bacteria and humans. (A) Mutational signatures of
ung gene hypermutator lineages extracted from bacteria and in vitro UNG knockout in human cells. (B)

Subtraction of the human UNG knockout signature from the bacterial ung signatures. Asterisks indicate

CpG contexts. (C) Regression of the proportion of the 16 contextual mutations within C>T between gene
signatures. The correlation is significant between P. aeruginosa ung and M. abscessus ung (Pearson’s r =
0.91; 95% Cl: 0.75, 0.97; Benjamini-Hochberg corrected P < 0.001). Correlation p-values were calculated
using Pearson’s product moment correlation coefficient. Source data are provided as a Source Data file.
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Figure S13. Comparison of nth signatures between bacteria and humans. (A) Mutational signatures of nth
gene hypermutator lineages extracted from bacteria and COSMIC SBS30 which is associated with in vitro
knockout of the nth homologue NTHL1 in human cells. (B) Regression of the proportions of the 16
contextual mutations within C>T between gene signatures. None of the correlations are statistically
significant. Correlation p-values were calculated using Pearson’s product moment correlation coefficient.
Source data are provided as a Source Data file.
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Figure S14. Signatures of DNA repair deficiency in C. jejuni. Spectrum plots show the SBS mutations
elevated in the respective C. jejuni cluster compared with E. coli lineage 34 which occupies a similar niche.
Due to the shared niche, these elevated mutations are likely the result of processes ongoing within C.
jejuni. Pie charts show the proportion of elevated mutations assigned to the respective bacterial DNA
repair signature in a decomposition analysis into the full set of extracted bacterial DNA repair signatures in
Fig. 2B-D. Source data are provided as a Source Data file.
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Figure S15. Mutational signatures extracted from decomposition analysis of datasets of species and
genus SBS spectra. Hierarchical clustering of the 33 mutational signatures extracted from 13 extraction
datasets containing SBS spectra from clades within a species or within a genus. Signatures were combined
if they cluster at cosine similarity of 0.95, shown by the red vertical line. Based on this, the 33 extracted
mutational signatures were collapsed to 24 final mutational signatures, which are labelled on the
corresponding tip branches. The heatmap shows the proportion of contextual mutations within each
mutational signature. Source data are provided as a Source Data file.
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Figure S17. Mutation types associated with pathogen niches. Mutation types with an association with a
pathogen niche were identified through linear models, comparing a model with genus only with a model
including genus and a binary niche predictor variable. (A and C) LOD scores showing the significance of the
improvement in model fit when including (A) lung/environment or (C) URT/non-URT as an additional
predictor variable compared with genus only. Blue dashed lines correspond to a p-value of 0.05; points
above this line exhibit a significant improvement in model fit, suggesting that the respective niche(s)
influence that mutation type. Point sizes are proportional to the improvement in R? when including the
niche. (B) Comparison of mutation type proportions between lung and environmental niches in
Mycobacteria and Burkholderia. The proportion of mutations of the respective type is plotted for each
spectrum in the respective niche. Significance of differences between Mycobacteria niches was calculated
through comparing the difference in median proportions in the real data with that in 1000 bootstrap
randomisations of niches; * shows p < 0.05, ** shows p < 0.01. While C>G was detected as significant,
there is not a consistent direction of change between Mycobacteria and Burkholderia so we did not
analyse this mutation further. Number of clades analysed (n): Burkholderia environment = 5, Burkholderia
lung = 1, Mycobacteria environment = 6, Mycobacteria lung = 9. (D) Comparison of the proportion of T>A
mutations within URT and non-URT clades of Neisseria, Staphylococcus and Streptococcus. As in Fig. 5A.
Number of clades included: Neisseria other = 1, Neisseria URT = 3, Staphylococcus other =4,
Staphylococcus URT = 4, Streptococcus other = 5, Streptococcus URT = 10. In (B) and (D), boxplot centre
lines show median value; upper and lower bounds show the 25" and 75t quantile, respectively; upper and
lower whiskers show the largest and smallest values within 1.5 times the interquartile range above the 75t
percentile and below the 25 percentile, respectively. All clade values are shown as points. Source data are
provided as a Source Data file.
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Figure S18. Contextual mutation comparisons between Mycobacteria and Burkholderia. PCA of
contextual mutation proportions within each mutation type across Mycobacteria and Burkholderia SBS
spectra. Source data are provided as a Source Data file.
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Figure S20. Gene burden test in M. kansasii. (A) Quantile-quantile plot of gene burden test results. Each
point represents a single gene in the genome. The expected -log10 p-value axis shows the expected p-
values under a uniform distribution. (B) Manhattan plot showing adjusted p-values from the gene burden
test across all genes in the M. kansasii reference genome (accession NC022663.1). Significance assessed
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Source Data file.
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Figure S21. Frequent mutation of tetR1/2 genes in MKMLC. (A) Phylogenetic tree of the MKMC clade of M.
kansasii. Phylogenetic branches coloured red contain a mutation in either the tetR1 or tetR2 gene; these
genes have mutated on 14 independent branches within the MKMC, including six internal branches, and
26% of MKMC sequences contain a mutation in tetR1 or tetR2. Clades containing a mutation in tetR1 or
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reduced levels of T>A mutations. Source data are provided as a Source Data file.
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