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Abstract

Bacterial genetic diversity is often described solely using base-pair changes despite a wide variety of other mutation types
likely being major contributors. Tandem duplication/amplifications are thought to be widespread among bacteria but due to
their often-intractable size and instability, comprehensive studies of these mutations are rare. We define a methodology to
investigate amplifications in bacterial genomes based on read depth of genome sequence data as a proxy for copy number. We
demonstrate the approach with Bordetella pertussis, whose insertion sequence element-rich genome provides extensive scope
for amplifications to occur. Analysis of data for 2430 B. pertussis isolates identified 272 putative amplifications, of which 94%
were located at 11 hotspot loci. We demonstrate limited phylogenetic connection for the occurrence of amplifications, suggest-
ing unstable and sporadic characteristics. Genome instability was further described in vitro using long-read sequencing via the
Nanopore platform, which revealed that clonally derived laboratory cultures produced heterogenous populations rapidly. We
extended this research to analyse a population of 1000 isolates of another important pathogen, Mycobacterium tuberculosis.
We found 590 amplifications in M. tuberculosis, and like B. pertussis, these occurred primarily at hotspots. Genes amplified in B.
pertussis include those involved in motility and respiration, whilst in M. tuberuclosis, functions included intracellular growth and
regulation of virulence. Using publicly available short-read data we predicted previously unrecognized, large amplifications in
B. pertussis and M. tuberculosis. This reveals the unrecognized and dynamic genetic diversity of B. pertussis and M. tuberculosis,
highlighting the need for a more holistic understanding of bacterial genetics.

DATA SUMMARY

All data generated during this study are included in this published article and its supplementary information files. Illumina data for
the 28 resolved genome isolates is available on the SRA (https://www.ncbi.nlm.nih.gov/sra) with accession numbers SRR9123572,
SRR5829828, SRR9006092-3, SRR9123574, SRR9151823, SRR9006149, SRR5829737, SRR5829824, SRR5829749, SRR5829769/
SRR5829803, SRR9006067, SRR9118395, SRR5829789/SRR5829798, SRR9118319, SRR9118314, SRR9118293, SRR9118269,
SRR9118452, SRR5070923/SRR5514663, SRR5071090/SRR5514664, SRR9131605, SRR9131607, SRR9131663-5.SRR9151824.

Nanopore sequencing runs are deposited on the SRA under the project PRINA604974. Code needed to reproduce the analysis
in this study is contained on Github and is linked to throughout the text.
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Impact Statement

Most studies of microbial genetic diversity have been limited to variations detected within short-read DNA sequencing. However,
this excludes structural variation, which although widespread among bacteria has been largely overlooked with regards to
contributions to microbial diversity. Here, we identify copy-number variations of large genomic regions as a previously unrec-
ognized contribution to B. pertussis genomic diversity. We demonstrate a surprising plasticity to these structural variations,
suggesting a dynamic mode of genome variation. This adds to the developing picture of B. pertussis variation. We expand our
observations made with B. pertussis to M. tuberculosis, again identifying previously unrecognized CNVs. Most studies of bacterial
genetic diversity have focused on small nucleotide changes (SNPs, indels) or wholesale acquisition of genes via horizontal gene
transfer. Our study reveals structural variation as potentially widespread but poorly appreciated among bacteria. The effects of
CNVs on bacterial phenotype is unclear, but we demonstrate that copy number changes can affect gene-expression patterns. A
holistic view of bacterial genetic diversity should include all forms of variation, including structural variation and the growing
accessibility to long-read DNA sequencing opens up this aspect to much wider study.

INTRODUCTION

At the time of writing there are over 1.2 million bacterial whole-genome sequencing runs in the European Nucleotide Archive
(ENA), the majority of which have not been analysed for large deletions, inversions or tandem duplications/amplifications
(referred to simply here as amplifications), collectively known as structural variants. Despite this, there is a rich and diverse
literature describing structural variants and their phenotypes including antimicrobial resistance [1, 2] and increased virulence
[3, 4] - topics of major public health concern.

As many structural variants are formed through homologous recombination, bacterial species with highly repetitive genomes are
likely to experience an increased burden of structural variants. In this study we focus primarily on Bordetella pertussis, the main
causative agent of whooping cough, genomes of which have approximately 200 copies of IS481 [5, 6]. Speciation of B. pertussis
from a B. bronchiseptica-like ancestor was synonymous with the accumulation of insertion sequence (IS) elements and subsequent
large-scale rearrangements and deletions, likely though homologous recombination between repeats. As a result, genomes of B.
pertussis encode at least 1000 fewer genes than B. bronchiseptica [5].

Homologous recombination between repetitive IS elements still plays a major role in the genetics of B. pertussis and as
such the species is described as having a plastic genome [5, 7, 8]. B. pertussis genomes experience deletions, inversions and
amplifications of large tracts of DNA, although these distinct forms of structural variation have been described to widely
varying levels. Deletions mediated by homologous recombination continue to streamline the genome in extant B. pertussis
lineages and have enjoyed systematic description [8, 9]. Inversions have been similarly subject to description [10], and with
IS having been found to influence the expression of neighbouring genes [11] it is likely that inversions are a novel source
of variability in the B. pertussis transcriptome [11, 12]. The scale of analysis of genomic inversions has been catalysed by
advances in long-read sequencing yet amplifications, in contrast, have been found only 11 times previously, primarily using
techniques that predate whole-genome sequencing [13-19]. There exists now a wealth of whole-genome sequencing data
suitable for studying amplifications, yet there has been no systematic investigation of their contribution to genomic diversity
within the B. pertussis population. B. pertussis is therefore an attractive candidate for the prevalence of amplifications to be
systematically analysed.

Homologous recombination is a ubiquitous process among bacteria and, as this process can lead to the formation of structural
variants, these must be ubiquitous too. We aimed to describe the prevalence of these mutations in an unrelated species, M.
tuberculosis. Compared to B. pertussis, M. tuberculosis has fewer repeats, and major differences in pathogenesis, global distribu-
tion and disease mortality/burden [20, 21]. Furthermore, in contrast to B. pertussis, the M. tuberculosis genome contains only
approximately 30 copies of IS elements although it does also contain approximately 150 genes, which share high homology and
contain Pro-Glu (PE genes) or Pro-Pro-Glu (PPE genes) motifs at their termini [22, 23]. Seven amplifications have been described
previously for M. tuberculosis but, as with B. pertussis, were not found using a systematic analysis that searched for genome-wide
structural variants [24-26].

Here we address this knowledge gap by leveraging the wealth of public short-read sequencing data to screen B. pertussis and
M. tuberculosis isolates for evidence of amplification according to read depth. We detected hundreds of putative amplifications
occurring primarily at ‘hotspot’ loci and varying in size up 600 kb. We further investigated the instability of these amplifications
in B. pertussis over both short and long timescales using ultra-long Nanopore sequencing and phylogenetics, respectively. Such
transient gene amplifications are an often-overlooked source of genetic variation in bacteria, and our study provides a blueprint
to more widely describe both their structure and putative impact, which can include large numbers of protein-coding genes.
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METHODS
Sequence read mapping

Short-read data originating from the Illumina platform were retrieved from the National Centre for Biotechnology Information’s
(NCBI) Sequence Read Archive (SRA). One run was chosen at random for each BioSample, totalling 2803 runs. Reads were
mapped to the B. pertussis B1917 genome, which is broadly representative of the modern circulating isolates [27] (RefSeq ID:
NZ_CP009751.1), using BWA [28] implemented in Snippy (version 4.3) (available: https://github.com/tseemann/snippy).

Amplification prediction

CNVnator [29] was used to predict amplifications from read depth data generated from the mapping process. Statistical tests for
significance within CN'Vnator discriminate high and low confidence calls. CN'Vnator predicts amplifications as genomic ranges
(e.g. base 1000-2000), which is then processed into a range of genes (e.g. gene 10-20). To increase specificity of the pipeline, we
implemented a very low P-value cut-off (P<0.0001). Abyzov et al. empirically tested CNVnator to determine that ratios of the
average read depth to the standard deviation of 4-5 produce the best balance between sensitivity and specificity [29]. In accord-
ance, samples exhibiting ratios <3 were discarded as amplification calls were unreliable on such variable data, as documented by
Abyzov et al. [29]. Window length was optimized for each genome, testing window sizes 500-1000bp at intervals of 100 bp to
evaluate which gave a ratio closest to 4.5 as to minimize the effect of stochastic and/or artefactual fluctuations in read depth across
the genome. Copy number estimates were rounded to the nearest 0.1. Code is available: https://github.com/Jonathan-Abrahams/
Duplications

Control data

As a negative control, short-reads were simulated from the B1917 reference genome using ART to simulate the error profile of
[umina HiSeq paired-end 150 bp data (-ss HS25 -p -1150£20m 2005 10) [30]. Simulated reads were mapped back to the reference
genome using Snippy and CNVnator was used to call any spurious amplifications, as described above [29]. As a positive control
dataset, closed genome sequences from 25 isolates with manually resolved amplifications were used. This data was generated
using a combination of PacBio and Illumina sequencing and optical mapping on the Argus or Nabsys HD platforms, as done
previously [7, 31, 32].

Association of amplifications with repeat regions

The association of predicted amplifications with repetitive sequences was tested. This was only possible in closed genome sequences
and therefore only amplifications in these genomes were analysed. Closed genome sequences for isolates containing putative
amplifications (excluding previously verified amplifications) were downloaded and the association of amplification boundaries
with repeat sequences was determined using R and BLAST.

Heatmap

The read depth-based predictions were hierarchically clustered based on the similarities of amplification profiles (including
deletions) of samples using the R package Hclust. This therefore meant that isolates with similar complements of amplifica-
tions and deletions were clustered together on the heatmap, which was plotted using the R package Plotly (Plotly Technologies
2015).

Networks

Overlapping gene content among amplifications was evaluated by constructing undirected network graphs, which quantified
the relationships (edges) between each amplification (nodes). An edge was constructed between nodes if both amplifications
had a 50% overlap (non-reciprocal). Network analysis was undertaken in R using the Igraph package [33] and networks
layout was generated by the Fruchterman algorithm [34].

qPCR

Bacteria were grown on charcoal agar for 3 days at 37 °C before inoculation into Stainer-Scholte (SS) broth (Stainer and Scholte
1970) and grown overnight at 37 °C with shaking at 180 r.p.m.; these cultures were used to inoculate fresh media atan OD,=0.2.
Bacterial cells were harvested (1 ml for DNA and 10 ml for RNA extraction) at OD =1.1%0.1 by centrifugation (4000 g for 10 min)
and resuspended in 700 ul of Tri-reagent (Invitrogen, ThermoFisher, Loughborough, UK), vortexed vigorously, and frozen at
—-80°C. DNA was purified using QIAamp kit (Qiagen, Manchester, UK) in accordance with the manufacturer’s instructions. The

concentration of DNA was determined using Qubit broad range DNA quantification kit (Fisher Scientific).

qPCR was run on a StepOne Real-time PCR System (Applied Biosystems, ThermoFisher) using TagMan Universal PCR Master
Mix (Applied Biosystems) in a total reaction volume of 20 pl with 100 pg of DNA and with primer and probe concentrations as
described in Table 1. Biological triplicates and technical triplicates were run for each sample, apart from the initial screen of UK54
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Table 1. gPCR primers and probes used in addition to the determined optimal concentration

Name expt Sequence (5’ to 3') concn (nM)
CNV_fw Copy number determination TCTGGGGAGTCGAAAGCAAT 300
CNV_rv Copy number determination TCTTGAGGGTGGCGAAGAAT 900
CNV_probe Copy number determination FAM-ACGCCCCTTGCTGACGTCGC-BHQ 200
BP283_fw Copy number determination CAGGCACAGCACTATTGCG 500
BP283_RV Copy number determination GACGATTACCAGCGAGATTACGA 300
BP283_probe Copy number determination FAM-CCGCCATCGCAACCGTCGCATTCA-BHQ 200
CNV_fw Gene expression TCTGGGGAGTCGAAAGCAAT 300
CNV_rv Gene expression TCTTGAGGGTGGCGAAGAAT 300
RecA_fw Gene expression CGCGTCAAGGTGGTCAAGA 300
RecA_rv Gene expression CTGCCATACATGATGTCGAACTC 300
RecA probe Gene expression FAM-TGGCGCCGCCGTTCAAGC-BHQ 250
1736F Gene expression AAGACAAGCCCAAGCAATCG 300
1736R Gene expression TCACCACGCCATTGTTCGT 300
1736 probe Gene expression FAM-CGAGTACGCCTCCGATGCCACG-BHQ 250
1740F Gene expression TGCGCAATCACTCCTCCAT 300
1740R Gene expression AAGTCACGACATCGAGAAATTCAA 300
1744F Gene expression ATGCCGGATTCGACGACTT 300
1744R Gene expression CGGTCCTGGCGGATTTTC 300

clones where only one biological sample was used for each clone. Reaction conditions were as follows: 10 min at 95 °C followed
by 40 cycles of 15s at 95°C and 1 min at 60 °C. Copy number was quantified by using the 224" method. Three biological repeats
were used for determination of copy number in UK54.

To isolate RNA, nucleic acids were precipitated with ethanol, residual DNA was removed by incubation with 4U of Turbo DNase
(Ambion, ThermoFisher) for 1h at 37°C, and RNA was purified using the RNeasy kit (Qiagen, Manchester, UK) in accordance
with the manufacturer’s instructions. The concentration of RNA was determined using Qubit broad range RNA quantification
kit (Fisher Scientific). RNA integrity was determined by agarose gel electrophoresis. Finally, RNA was confirmed as being DNA
free by PCR using 50 ng of RNA as template in PCR with recAF and recAR primers. First-strand cDNA was synthesized using
ProtoScript IT (NEB) with 1 g of total RNA as template and 6 pM random primers and incubated for 5min at 25°C, 1 h at 42°C.
The reaction was stopped by incubating at 65°C for 20 min. cDNA was diluted 1/30 in H,O for use in qPCR.

RT-qPCR was run on an a StepOne Real-time PCR System using TagMan Universal PCR Master Mix (Applied Biosystems) or
SyberGreen Turbo Master mix (Applied Biosystems), in a total reaction volume of 20 ul with primers at 300 nM and probes at
250 nM. Triplicate reactions were run for each sample. Reactions conditions were as follows: 95°C for 10 min and 40 cycles of
95°C for 15s and 1 min at 60 °C. The housekeeping gene recA was used as a stably expressed control gene. The ACT and AACT
were calculated by determining the difference between the reference condition and experimental condition. Relative expression
was represented as fold change (fold change=2-4¢"). Significance was determined with one-way ANOVA.

Optical mapping

Genomic DNA isolation from Bordetella pertussis isolates D236, D800, H624, J085, J196 and J321 was performed at the
CDC according to a Nabsys solution-based protocol modified from the bacterial DNA protocol for AXG 20 columns and
Nucleobond Buffer Set IIT (Macherey-Nagel, Bethlehem, PA). Purified DNA was sent to Nabsys for nicking, tagging, coating
and data collection on an HD-Mapping instrument. Nicking enzyme Nb.BssSI (NEB) was used for isolate D236 and the
nicking enzyme combination Nt.BspQI/Nb.BbvCI (NEB) was used for isolates D800, H624, J085, J196 and J321. Resulting
de novo assembled HD maps, raw data and data remapped to PacBio de novo assemblies were provided by Nabsys for further
analysis and sequence assembly comparisons at the CDC using NPS analysis (v1.2.2424) and CompareAssemblyToReference
(v1.10.0.1).
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Fig. 1. Schematic overview of prediction of amplifications from sequencing read depth. In the theoretical example (purple box, left), the query strain
contains a tandem amplification of gene 1 whilst gene 2 and 3 are at single copy (a). Short-reads from the query strain are generated (b) and mapped to
the reference genome, that contains all genes at single copy (c). Reads from both copies of gene 1 in the query strain map to this locus in the reference
sequence and thus twice as many reads map to this gene compared to genes 2 and 3. This data must be processed to avoid technical bias, the pipeline
processes read coverage data into estimates of copy number (d). Using an example with real data (red box, right) the strain SAMN08200079 was
analysed. Read coverage was plotted to reveal an amplification at ~1.4Mb (e, analogous to theoretical graph c), which was statistically analysed using
our pipeline (f, analogous to theoretical graph d).

Nanopore sequencing

B. pertussis isolate UK54 bacteria were stored at —80 °C in PBS/20% glycerol at the University of Bath. Bacteria were grown
for 72 h at 37°C on charcoal agar (Oxoid) plates. Harvested cells were resuspended in 10 ml SS broth to an OD_ of 0.1 and
grown overnight. At approximately OD_ 1.0, cultures were diluted in 50 ml SS broth to an OD_, of 0.1 and grown to OD,,
1.0. Bacteria were centrifuged at 13000 g for 5min and processed for gDNA extraction using the protocol available from dx.
doi.org/10.17504/protocols.io.mrxc57n. The rapid adaptor (SQK-RADO004) Nanopore library preparation steps were included,
adapted for sequencing of very long gDNA molecules.

DNA was sequenced for 48 h on GridION or MinION sequencers using R9.4 flow cells. Base-calling was performed with
Guppy (V2.1.3 or V3.2.1) using the ‘fast’ Flip-flop model. Reads spanning the amplification locus were identified using Blastn
alignment with a minimum query length coverage of 90% for the 16kb amplification locus and 10% for the single-copy
flanking regions (~1kb).

Phylogenetics

To investigate the phylogenetic relationship between isolates containing amplifications, a core-genome SNP alignment was
created using Snippy (available: https://github.com/tseemann/snippy). An initial phylogenetic tree was constructed using
IQtree2 [35]. Ultra-fast bootstrapping (UFboot2) was used as implemented in IQtree2 and as per recommendations, branches
with UFBoot2 scores <95, approximately equivalent to 80% standard bootstrap support, were collapsed [36, 37]. The model
that fit the data the best was chosen using ModelFinder, as implemented in IQtree2 [38]. The optimal model for both trees
was “TVM+F+ASC’ Itol [39] was used to display the tree. A subclade of the tree was plotted to aid visualization.
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Fig. 2. Heatmap containing the copy-number states gene-by-gene index (Y axis) of 9 isolates (A to |) belonging to network 1 (X axis). Colour scale (Z axis)
indicates the copy number of each gene. A legend of the colour scale is on the far right.

RESULTS

The US Centers for Disease Control and Prevention (CDC) conducts routine and enhanced surveillance of pertussis, which
includes whole-genome sequencing of B. pertussis clinical isolates using the PacBio and Illumina platforms. Including both
retrospectively and prospectively sequenced samples, 725 isolates were sequenced during the years 2014-2018 and their
genome sequences assembled. Forty four assemblies could not be resolved. The sequence data contained evidence of amplifica-
tions, primarily, increased read depth coverage localized to discrete genomic regions of approximately 2-3 x the expected
depth. Sequence data alone was incapable of resolving assembly of these regions but optical mapping of high-molecular
weight DNA confirmed that the high read depth resulted from tandem amplifications. Amplifications were identified in
28 isolates, which each contained one amplification, including those used in the production of pertussis vaccines [17].
Conflicting genome orders from multiple data sources and/or inadequate coverage of the amplification junction when reads

Table 2. Eleven hotspot loci contained 254/272 (93%) of the predicted amplifications and are described here. Columns are, from left to right: the
hotspot name (ordered by frequency), the number of strains in which each hotspot was observed, median number of genes in each amplification,
median start gene, median end gene and mean copy number. Median start/end columns refer to the locus tags in the reference genome, B1917.
Expanded on in Table S3

Hotspot name Frequency Median start Median end Mean copy no.
Median length
(genes)
1 102 106 B1917_RS12140 B1917_RS12755 1.6
2 57 82 B1917_RS15100 B1917_RS15490 1.7
3 21 80 B1917_RS07175 B1917_RS07660 1.68
4 18 20 B1917_RS00010 B1917_RS00130 1.35
5 13 67 B1917_RS19230 B1917_RS19625 1.93
6 11 75 B1917_RS05505 B1917_RS05935 1.6
7 8 49 B1917_RS04185 B1917_RS04430 1.88
8 8 74 B1917_RS09665 B1917_RS10290 1.82
9 7 13 B1917_RS19965 B1917_RS10580 2.49
10 6 23 B1917_RS19465 B1917_RS19565 1.32
11 3 45 B1917_RS01035 B1917_RS01300 1.63
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Fig. 3. Quantification of amplification copy number of 8 clones of UK54 (X axis) by qPCR demonstrated a range of copy numbers from 2.17 to 51.21 (Y
axis). UK54 was predicted to have an 16 kb amplification at the copy number of 4.1. Eight clones of UK54 were screened for their copy number of this
locus (X axis) and their copy number was determined (Y axis). For clarity, the exact copy number that was determined is noted in white text in each bar.
A range of copy numbers could be seen, from 2.17 to 51.21.

were mapped to the hypothesized genome order led to the genome sequences of the remaining 16 isolates not being closed
using the manual assembly method. The identified amplifications ranged from 15 to 197 kb in length and involved hundreds
of genes. Similar regions were amplified in multiple isolates although not always with conserved breakpoints. The accurate
assembly of these genomes required manual resolution, using data from short-read, long-read and optical mapping sources.
Using the manually resolved dataset as a benchmark, we sought to develop a prediction and screening algorithm to identify
amplifications within the public repository of B. pertussis genome sequence data on the Sequence Read Archive (SRA) using
a scalable and automated approach.

Read depth as a proxy for copy number

We mapped short-read data from each query strain to a reference genome sequence and used read depth as a proxy for copy
number of individual genomic regions, namely protein-coding genes (Fig. 1). If the query strain contained two copies of a
locus that was present at single copy in the reference genome, twice as many mapped reads would be detected at that locus.
Conversely, a gene deletion in the query strain produces zero read depth at that locus in the reference. Due to a combination
of biases and stochasticity read depth coverage fluctuates during whole-genome sequencing [40, 41] and therefore must be
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Fig. 4. Nanopore sequencing of UK54 clone 8 revealed reads with between one and seven copies of the amplified locus (X axis) in varying frequencies
(Y axis) within a single culture. No reads were observed that spanned the full locus, so the true copy number for these reads is unknown.

normalized and loci with greater read depth coverage analysed for statistical significance. We carried out this process using
the tool CN'Vnator [29].

The performance of our amplification prediction method was tested on two datasets: a simulated negative control and the
manually resolved amplifications contained in the CDC strains described above. For the negative control, reads were simulated
for the reference strain B1917 (containing no amplifications) and mapped to its sequence. As expected, all genes were predicted
at single copy number, with no false positives or negatives.

For the manually resolved amplifications, a prediction was considered correct if it had an 80% reciprocal overlap with the true
amplification. Out of the 28 isolates, three were excluded from further analysis. One isolate failed quality-control tests due to
read-depth noise that was too erratic to be normalized. Two isolates were excluded due to divergent gene orders compared to the
reference at the amplification loci, which meant the accuracy of predictions in these samples could not be judged fairly.

Our method was used to predict amplifications in the remaining 25 high-quality isolates with the same gene order as the refer-
ence (Table S1, available in the online version of this article). The amplifications for 23 of the 25 resolved genomes (Fig. S1) were
predicted correctly and with excellent breakpoint accuracy. In two of these isolates the amplification was predicted correctly but as
a major fragment (which satisfied the 80% reciprocal overlap rule needed to be a true positive) and a minor fragment, which was
counted as a false positive. One isolate had a second amplification predicted at a different locus and on manual inspection, whilst
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Expression is shown as a relative fold change to clone 2. Error bars represent standard deviation. The results show that copy number corresponds to
gene expression levels.

there was a rise in coverage at this locus, consultation of the optical maps did not evidence an amplification here and as such this
was counted as a false positive. Thus, the pipeline correctly predicted, and with good breakpoint accuracy, the amplifications for
20 of the 27 isolates with high-quality data (74%), with two further amplifications correctly predicted (11%) but each having a
major and minor fragment and with two isolates excluded for having divergent gene orders at the amplification locus. Our results
were comparable to other implementations of CNVnator and read-depth prediction tools [29, 42].

Amplifications as a source of genetic diversity

Short-read sequence data from the SRA for 2709 B. pertussis isolates were mapped to the reference genome, B1917. Of these,
94 exhibited <30 x average coverage and 185 had highly erratic read coverage. The final test dataset therefore comprised 2430
B. pertussis isolates. Of these, 1711 had all genes predicted at single copy, 528 isolates had at least one putative deletion and 191
isolates had at least one amplification (8% of the studied isolates), relative to B1917. 272 amplifications were observed in these
191 isolates, meaning some isolates contained multiple amplifications. Computed copy-number estimates were visualized with a
heatmap where it became apparent that particular loci were amplified in multiple isolates (Fig. 2). Consistent with our observa-
tions in the resolved dataset and previous reports [17, 19, 43], amplifications at these loci varied in length between isolates, with
differing breakpoints. It was found that genes at the start/end of the predicted amplifications were significantly associated (P<0.05)
with repeat sequences (such as IS481 and rRNA) when compared to all genes in the B1917 genome (Fig. S2). This supported the
validity of the predictions and suggested homologous recombination was the likely mechanism of the creation of these mutations.

Most amplifications occur at hotspots

It was clear that the majority of amplifications were overlapping at a small number of loci (Fig. 2). There appeared to be genes that
were present in the vast majority of amplifications at these loci and genes that appeared less commonly amplified on the periphery.
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of increased copy number can be seen, displaying a hotspot-like effect.

These qualities matched the limited description of bacterial amplification hotspots in the literature [2, 25], which found that
positive selection drove the formation of hotspots. In particular, Hjort et al. found that all amplifications (with an approximate
average size of 100kb) in a hotspot were maintained by positive selection for increased copy number of a single gene involved in
antibiotic resistance [44]. We hypothesized that the hotspots described here were also maintained by positive selection. Thus we
sought to describe the core genes in each hotspot, the genes most likely to be under positive selection [2].

The pairwise overlap between all amplifications at each region was recorded and network graphs were constructed between
amplifications (‘nodes’) that were connected by at least 50% content overlap (‘edges’). The 272 identified amplifications formed
24 network graphs, representing 24 distinct genomic loci (Table S2).

Eleven loci had amplifications in three or more isolates and contained 254/272 (93%) of the predicted amplifications (Table 2,
Fig. S3), we formally defined these loci as hotspots. To investigate genes within each hotspot that may have been under positive
selection, we defined the hotspot ‘core’ as those genes present in at least 90% of amplifications of that locus. To ensure accuracy,
the core was calculated only for hotspots observed in at least ten strains.

Some isolates had multiple, separate amplifications at the same hotspot region. This may have been due to a complex mixture
of structural variations affecting the same locus, such as nested amplifications [32] or the locus being disrupted by inversions.
It is also possible that, as detected in two cases of the benchmarking experiment, a single gene was predicted to be single copy,
splitting an amplification into two separate regions of higher copy number.

For the most frequently observed hotspot, hotspot 1, 71 genes were in the core and included genes encoding the flagella machinery
(flg and fli operons in addition to flaG). This hotspot also contained genes predicted to encode an ABC-type amino acid transporter
(B1917_RS12575, B1917_RS12580 and B1917_RS12585), the periplasmic substrate binding domain of which is homologous to
annotated transporters of cystine in the Conserved Domain Database. Amplification at hotspot 2 was observed in 57 isolates,
with 31 core genes included in at least 90% of the amplifications at this region. These included the nuo operon, which encodes
components of NADH:ubiquinone oxidoreductase [45], the first large complex of the electron transport chain, amplification of
which perhaps enhanced metabolism.

Plasticity of amplifications on a global scale and during in vitro growth

Previous research found that distinct lineages of cells under positive selection for increased copy number of the same locus gener-
ated the same hotspot effect described here [1, 24]. This may explain the observed diversity in the gene contents of amplifications
at hotspots. Alternatively, this may have arisen from a single ancestral mutation that had been remodelled by further structural
variants in related isolates. To distinguish between these scenarios, we investigated the phylogenetic relationships between isolates
having amplifications at the same hotspots and observed that they had distant phylogenetic relationships. This suggested that
amplifications arose independently in multiple different isolates (Fig. S4).

Underlying the phylogenetics of amplifications are the genome dynamics of B. pertussis over short time scales. We observed that
amplifications were often predicted with non-integer copy numbers (1.2 or 2.2 etc), including among the benchmark dataset of
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manually resolved amplifications (Fig. S5). Non-integer copy-number predictions might arise from sequence data deriving from
laboratory cultures in which the locus copy number varies among cells, with the predicted value being the average read depth
among that population. To investigate this, we exploited the tractable size of one relatively small amplification. The genome of
UK54 (SAMEA1920853) was predicted to have a 16 kb amplification at a copy number of 4.1; short enough to observe the entire
amplification locus in a single sequence read on the Nanopore platform, assuming that each copy occurred in tandem as observed
in both our data and previous reports [17, 43]. The amplification was part of hotspot 9, which comprised six other amplifications,
one of which was also predicted at a copy number >2 (3.3, Isolate SAMN11822098).

We picked eight single colonies of UK54 and passaged them once by growth on agar and then once during broth growth. Each of
these clonal populations were theoretically derived from a single bacterium. The copy number at the amplification locus in each
of the resulting clones was estimated using qPCR (Fig. 3) and ranged from 2.2 (clone 6) to 51.2 (clone 8).

We sequenced UK54 clone 4 and 8, with copy numbers of 4.3 and 51.2, respectively, using the ultra-long-read Nanopore protocol
(Fig. 4). For clone 4, we observed individual reads containing tandem arrays of either two or five copies of the locus with flanking
DNA on both sides (i.e. the complete amplification was captured on a single read). For clone 8, which exhibited a copy-number
estimate of 51 by qPCR (corresponding to a predicted amplification length of 816 kb), no reads spanning the entire amplification
locus (i.e. the amplification locus with flanking DNA on each side) were identified, presumably due to its extreme length. However,
reads containing up to seven copies of the locus, without flanking regions, were identified. Relaxing the BLASTN alignment
parameters from a 90% minimum query length of the amplification locus to 50% identified a maximum of nine copies of the
locus present on a single read with incompletely sequenced copies at each end. Consistent with the copy-number prediction
from qPCR, the read depth at this locus for UK54 clone eight from the Nanopore data was approximately 60 x higher than the
genome average, strongly supporting the very high copy-number estimate for this locus in this clone.

Thus, cells containing different copy numbers arose during in vitro growth from a single bacterium to the culture from which the
gDNA was extracted, which we estimate to equate to approximately 25 generations. This strongly suggested that amplification
copy number was plastic, and variation in copy number occurred over short time scales.

Copy number correlates with gene expression level

To investigate the effect of copy-number variation on gene expression, we measured mRNA levels for one gene (B1917_RS10525
in B1917/BP1746 in Tohama) within the amplified locus in UK54 clones with different average copy numbers. Levels were
normalized to the single-copy gene recA that is often used as a stably expressed housekeeping gene in RT-qPCR experiments. We
selected clones 2, 4 and 8, with screened copy numbers of 2.63, 4.32 and 51.21, respectively. As we demonstrated that each culture
comprises a heterogenous mixture of cells with varied amplification copy number, we re-estimated the locus copy number for each
clone using the same laboratory culture from which RNA was extracted. Upon re-growing these clones for RNA extraction, the
average copy number in each changed (non-significantly) to 4.1, 6.5 and 53.1 in clones 2, 4 and 8, respectively. The relative mRNA
level for the amplified gene correlated with the copy number (Fig. 5); normalizing the transcript level in clone 2 to a value of 1, it
was 16.8-fold higher (P<0.0001) in clone 8. It was also higher, but not significantly, in clone 4 (P=0.76). However, broadly, there
was an association between gene copy number and transcript abundance. To investigate this further we chose three other genes
from this locus, corresponding to different apparent transcriptional units across the locus as judged by gene organisation. We
quantified the level of BP1736, BP1740 and BP1744 relative to recA in clones 3 and 8. We grew fresh cultures in triplicate of both
clones for this and so verified the copy number of the locus in these cultures. The copy number of the locus in the three cultures
of clone 3 was between 3 and 4, and for clone 10 all three were over 50. Relative to the level of expression in clone 3, expression
of 1736, 1740 and 1744 in clone 10 was 13.76- (+/-1.69), 23.33- (+/-1.76) and 21.34- (+/-1.29) fold higher. This strongly suggests
that the gene dosages produced by amplification of this locus affected relative gene expression levels within the cell.

The presence of large amplifications in Mycobacterium tuberculosis

We sampled 1000 M. tuberculosis genome sequences reported by Walker et al. [46] and mapped to the reference genome sequence
of H37Rv. Out of 1000 isolates, 945 had read-depth coverage that was consistent enough to predict amplifications. We identified
590 amplifications in 125 isolates. Similar to B. pertussis, 97% of the amplifications were found at 24 hotspots (regions amplified
in three or more isolates) (Fig. 6, Tables S4 and S5). It was apparent that 48% (n=61) of these isolates had two or more amplifica-
tions (mean: 8.3) whereas this was 27% (1=53) (mean: 5) in B. pertussis. Like B. pertussis, predicted copy numbers were largely
non-integer suggesting they derived from sequencing a mixed population of cells.

The putative functions of duplicated genes were analysed. Genes were binned into likely ontological groups based on their
homology to genes of known function using the COG ontology scheme (Table S6). There was no clear COG category that
was over-represented among duplicated genes. However, we noted that genes encoding toxin-antitoxins (TA) were present
in many of the duplications. Ramage et al. confirmed that at least 33 of the 80 putative TA systems that have been identified
in M. tuberculosis were toxic in M. smegmatis [47]. Of these 33, 26 were found in the hotspot networks. Enrichment testing
using Fisher's exact test found this enrichment was significant (P=0.048). Networks 1, 2, 3, 4, 7, 9, 15, 17 and 23 contained
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between one and eight active TA systems. However, when analysing for enrichment of TA systems in hotspot cores, which we
suggest are the focus of selection for duplications (calculated only for networks with over ten isolates), there was no significant
enrichment (P=0.2).

In network 1, the locus most frequently amplified, the espACD operon is at the centre of the hotspot and is amplified in 29
isolates. This gene cluster codes for proteins, which are essential for the ESX-1 (ESAT-6 system 1) type 7 protein secretion system
that exports pro-inflammatory proteins involved in cell entry, phagosome escape and intercellular spread. Mutants of this locus
demonstrated attenuated virulence in mice [48] but it is unclear how overexpression, the presumed transcriptional effect of
amplification, might affect virulence.

Network 3 contained the recBCD operon, which codes for the RecBCD holoenzyme involved in double strand break DNA repair.
In contrast to other species, however, RecBCD is not involved in homologous recombination in the species [49]. Overexpression
of these genes is likely to alter in the ability of the cells to repair double-stranded breaks in some way.

DISCUSSION

We systematically analysed amplifications in both B. pertussis and M. tuberculosis, revealing there was greater genetic diversity in
both species than previously thought. This contributes to a growing literature demonstrating that quantifying diversity requires
a comprehensive view of mutation types, not just the quantification of DNA base changes and gene gain/loss [7, 31, 43, 50].

The highly repetitive B. pertussis genome suggests that a very large number of different genome rearrangements [7, 51] and
amplifications are possible - yet they were primarily observed at just 11 loci. This disparity was striking. The observed frequency
of an amplification is a product of its rate of formation, rate of loss and the difference of selective forces acting on the natural
and amplified state [44, 52]. Given that the frequency of repeat regions in a genomic locus is the best described factor of local
rates of amplification formation and loss [53] and that B. pertussis has relatively evenly spaced repeats [5], we hypothesize that
selection was a major driver of the observed pattern of amplifications. We suggest that amplifications in hotspots are likely to be
at an appreciable frequency as they are under neutral or positive selection. For the amplifications identified in B. pertussis, we
described a number of functional categories of genes in the cores of hotspot loci, which may have been under positive selection,
a pattern that was found in Salmonella enterica by Hjort et al. [2]. This included the genes of the flagella operons in hotspot 1,
the most frequently observed amplification.

Motility has been frequently implicated in the virulence of bacterial pathogens, but B. pertussis has long been regarded as non-
motile. However, recent research has shown that motility can be occasionally observed in vitro and flagellar biosynthesis genes
are expressed during murine challenge compared to in vitro growth, potentially implicating motility or biofilm formation in
infection [54]. Motility has been observed in only a small number of isolates and can occur sporadically [55]. The isolates found
by Hoftman et al. to be motile do not have publicly accessible genome sequences and therefore it could not be established if
these isolates contained amplifications at the flagella locus. While it is unclear as to the factors that determine when B. pertussis
is motile, it is tempting to speculate that amplification of the flagella locus affects B. pertussis motility.

Multiple metabolic functions were affected by amplifications in our analysis including uptake of cystine and the electron transport
chain. B. pertussis is auxotrophic for cysteine, potentially as several genes involved in sulphate transport and cysteine biosynthesis
are present as pseudogenes and require trace amounts in laboratory medium for growth. It is possible that amplification of the
genes for this predicted cystine import system increase the level of cystine uptake, providing a growth advantage. Interestingly,
the genes encoding NADH:quinone oxidoreductase (nuo) have been implicated previously in an amplification hotspot [2],
although it was found that in the presence of antibiotics, the nuo operon was not under positive selection, but hitchhiking. It is
plausible that increased NADH:quinone oxidoreductase in B. pertussis aids the generation of ATP and therefore impacts fitness.

The instability of amplifications was exemplified by the observation of a UK54 clone with an average copy number of 51. In
experimental systems, copy numbers of genes of up to 100 have been generated [56] and in clinically derived isolates the copy
numbers of antimicrobial resistance genes can change rapidly, increasing up to 70 copies in response to antibiotics [1]. Whilst
the function of the genes in the UK54 amplifications are unclear it is possible that they provide a fitness benefit to the isolate
under certain conditions.

Our investigation demonstrates widely applicable approaches to the study of amplifications. Our application of a CNVnator-based
pipeline utilizes short-read sequencing data that is available for thousands of bacteria. A limitation of this approach is that reads
were mapped to B1917 and therefore amplifications were predicted as if the gene order was the same in B1917, despite frequent
rearrangements in the population. This may lead to the read-depth signal being ‘split’ on the B1917 reference when they are, in
truth, contiguous on another genome, leading to multiple amplification predictions. To overcome the limitations of short-read
sequencing we therefore used long-read DNA sequencing for spanning repeat regions to enable resolution of amplifications and
genome arrangement, although correct assemblies required additional data. However, genotypes could be described using single
Nanopore reads to identify copy number heterogeneity within in vitro cultures.
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Whilst unusual, B. pertussis is not unique in the abundance of its IS elements as it ranks in the top 30 in a study of 1000s of
bacterial isolates [57]. Indeed, genomes of related species B. parapertussis and B. holmesii each harbour fewer IS elements
and thus exhibit fewer rearrangements [51] and very rare amplifications (unpublished). This suggests that the vast repertoire
of short-read sequence data for the bacterial kingdom is suited to high-throughput screening for amplifications, as our
investigations in M. tuberculosis found [25, 58].

Previously, seven amplifications had been found at three loci in M. tuberculosis [24-26]. Only one of these shared a 50%
overlap with the amplifications identified here. Therefore, our data greatly expands the range of known amplifications for M.
tuberculosis, and supports our assertion that amplifications are widespread among bacteria and identifiable from short-read
data archives. Genes that were in the core of the three most frequent hotspots in M. tuberculosis included PPE56 in hotspot
1, rseA in hotspot 2 and the recBCD operon in hotspot 3, which have been implicated in intracellular growth [59], virulence
regulation [60, 61] and DNA maintenance [49, 62], respectively. How amplification of these genes effects the pathogenicity
of the species is unclear however, although overexpression (the likely effect of amplification) of these genes can shed light on
the likely impacts. Overexpression of the antisigma factor RseA was associated with decreased expression of both the SigE
sigma factor and its regulon, knockouts of which are associated with increased bacterial persistence and attenuation in the
mouse model [63]. Thus, it is tempting to speculate that amplification of rseA affects latency in M. tuberculosis.

In conclusion, we have identified widespread amplifications in B. pertussis and M. tuberculosis, revealing a novel layer of
diversity that should be considered when quantifying variation within these species. As structural variants are found ubiq-
uitously in all organisms, these results impact many fields of study. These include epidemiology, where amplifications would
disrupt PFGE typing, masking ancestral relationships, and the development of antibiotics, considering that amplifications
of resistance genes are frequently described yet are still likely underestimates [1]. Our results scratch the surface of the
diversity of these mutations in the bacterial kingdom, with many more species with repetitive genomes likely harbouring
similar repertoires. In particular, our contemporary genomic study of circulating B. pertussis should signal the end to its
designation as a monomorphic species [64].
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