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Abstract

This thesis explores the use of next generation sequencing as a tool to investigate the
genomics of bacterial pathogens of plants and humans.

Firstly, second-generation sequencing was applied to the evolution of distantly related
bacterial species that have converged on common host plants (Xanthomonas bacteria on
sugarcane and common-bean plants). This revealed evidence of recent horizontal gene
transfer between X. phaseoli pv. phaseoli and X. citri pv. fuscans and between X. axonopodis
pv. vasculorum and X. vasicola. distantly related sugarcane pathogens. Furthermore, we
discovered that strains isolated from lablab bean (a close relative of common bean) form a
previously unknown third distinct clade (and perhaps pathovar) and whole-genome
comparisons suggested horizontal gene transfer played an important role in the evolution of
host specificity in xanthomonad pathogens.

Next, second-generation sequencing was used to rapidly gain insight into novel
emerging bacterial pathogens, namely unusually virulent Asian strains of the human
pathogen Campylobacter jejuni and a xanthomonad causing unusual symptoms on common
bean in African country of Rwanda. A type six secretion system was shown to be associated
with a more serious form of campylobacteriosis and a molecular marker for an intact type six
secretion system was identified. This was shown to be more prevalent in strains isolated from
Asia than strains isolated in the UK, a finding which has serious implications for chicken
import. Further to this the genome sequence of a newly emerging Xanthomonas bean
pathogen isolated from a recent outbreak in Rwanda is presented. Analysis of the Rwandan
Xanthomonas genome shows it represents the first sequenced isolate in a novel species level
clade, which was subsequently named as Xanthomonas cannabis and is genetically distinct
from previously known bean pathogens.

Lastly, the performance of the third-generation sequencing platform Oxford
Nanopore MinlON was assessed which will prove to be an exciting resource to perform
bacterial genomic studies in the future. In summary, this work exemplifies the value of
sequencing-based approaches for rapidly and cheaply gaining insights into evolution of

bacterial pathogens.
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Chapter 1:

Introduction



Introduction

The scientific field of molecular biology was revolutionised in the latter part of
the last century with the advent of DNA sequencing. This revolutionary technology
has brought about a rapid and still accelerating rate of discovery that shows no signs
of slowing. In fact, in the field of modern molecular biology and ‘omics’ the limiting
factor is no longer the generation of sequencing data or the constraints of wet bench
laboratory work, but in data analysis and computational power. These technological

advances have allowed the bloom of genomics research over the last few decades.

Sequencing

The development and refinement of DNA sequencing has opened up a wealth
of possibilities. Researchers are now able to answer questions that were, until the
advent of low cost next generation sequencing (NGS) technologies, at best difficult
and more likely impossible. Recent studies have included data from thousands of
bacterial genomes (e.g. %?) and the publishing of full genome sequences happens on
a regular basis 3. In order to store and disseminate the huge amounts of data
generated and published by the scientific community worldwide, massive online
repositories have developed. These include the GenBank database hosted by the
National Centre for Biotechnology Information (NCBI) 7, the European Nucleotide
Archive hosted at the European Bioinformatics Institute (EBI) and many others. The
development of specialist repositories for organism- or subject-specific genomic
information have made available a huge amount of data which is at the fingertips

(quite literally) of any researcher with internet access.



The first DNA sequence was announced by Frederick Sanger in 1975.
Sanger, who died in 2013, later received two Nobel prizes for his work on DNA and
protein sequencing which had changed the face of bioscience and biomedical
research forever. Sanger continued to contribute to the field publishing his final
research paper in 1982 containing the first large genome sequence at 48,502 b.p. of
genomic DNA: that of the now famous bacteriophage lambda 8. In 1986, the first
automated DNA sequencing technology was pioneered by researchers at Caltech °
and released commercially by a group comprising of several factions including

Applied Biosciences (ABI) and The European Molecular Biology Laboratory (EMBL).

The history of Sanger sequencing is littered with seminal discoveries.
Beginning with the first phage sequence 8 there have since been many exciting
discoveries such as the sequence of the 320000 bp chromosome Il of
Saccharomyces cerevisiae in 1992 10, The first completed bacterial genome
sequence was that of Haemophilus influenzae, published in 1995 1! beginning a
trend which is still gaining momentum. Soon completed genomes began to be
published regularly; notable examples include the sequences for model organisms
such as the bacterium Escherichia coli in 1997 12 and the model multi-cellular
eukaryote Caenorhabditis elegans in 1998 3. This explosion in the volume of
sequence data generated necessitated the creation of the modern fields of
bioinformatics and computational biology. In the early stages of DNA sequencing
sequences deposited in repositories such as NCBI were largely short partial gene
sequences. This was until the early 1990s when whole genome sequence data
began to be generated. The amount of genome sequence data held in public data
bases has grown at an astonishing rate, with (as of June 2016) 71296 prokaryotic

genomes, 3275 eukaryotic genomes and 5576 viral genomes available at various

10



stages of completion. As time and technology progresses the volume of sequence

data increases (see Figure 1).

Not only did the advent of DNA sequencing facilitate the sequencing of
genomes of single organisms, but many novel techniques were made possible. The
development of molecular microbial profiling made a significant, far reaching and
long-term contribution to fields such as environmental ecology and clinical biology.

This method was applied by Giovannoni et al. in their 1990 study using primers
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Figure 1: Graph of number of sequences held in the NCBI genbank repository.
The lines represent sequences in GenBank (red) and whole genome sequences (blue). The y
axis is a log scale. Data obtained from 124,
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targeting the 16S rDNA gene, ubiquitously conserved among prokaryotes, to
interrogate marine samples from the Sargasso Sea 4. They discovered the SAR11
clade of bacteria (now known as Pelagibacterales) which have since been suggested

to be the most numerous bacteria in nature 1°.

The Sanger method was refined and added-to for the following decades and
this technology is still used today as a companion to more modern approaches. It
offers a cost effective method of investigating specific questions targeted at
particular regions of sequence. Often interesting or potentially controversial findings
identified using less accurate NGS methods are confirmed using Sanger sequencing

e.g.18.

In 2001 possibly the most revolutionary advance in the field of molecular
biology was announced, the first two sequences of the human genome 718, Actually,
completed by two competing teams of researchers one led by Craig Ventner and the

other by Eric Lander, this momentous achievement heralded a new age of genomics.

DNA sequencing was again to take a significant leap forward in 2006 with the
release of the GS20 by 454 life sciences °. This was the beginning of a new wave of
sequencing technologies known as NGS. 454 life sciences pioneered
pyrosequencing a technology still used today (e.g. ?°) although it has been largely
superseded by more modern methods. Pyrosequencing facilitated the generation of
previously undreamt of amounts of sequence data and opened the way for other
NGS technologies. The characteristic benefits of this new methodology, particularly
the high throughput massively parallel nature, democratized sequencing and allowed
individual research groups access to resources previously only open to a few large

sequencing centres worldwide ?1. 454 sequenced large amounts of short (100 to 700

12



base pairs ??) lengths of DNA which could be processed bioinformatically in order to

answer diverse biological questions.

Since Roche’s ground-breaking method was released there have been
several other competing technologies which have progressed the field of sequencing
further. Arguably, the most successful NGS technology to date 22 is Illumina/Solexa —
also released in 2006. The lllumina technology is again based around sequencing
short lengths of DNA. Template DNA is prepared by fragmenting the input material
using various methods such as restriction enzymes or sonication. These fragments
are then size-selected to enrich for a specific size (typically around 600 — 800 bp).
Adapters are then ligated to the fragmented strands of DNA. The sequencing
actually takes place on a flowcell: the lllumina flowcell has millions of primers
attached to its surface, which bind the corresponding adaptor on the input material.
This allows the accurate positioning of each strand of DNA on the flowcell. In situ
PCR is then carried out creating clusters of copies of each template strand. The
sequencing is actually carried out by washing the flowcell with its clusters of template
DNA with many rounds of fluorescently tagged nucleotides, taking a high-resolution
image and using proprietary image analysis software to interpret the results at each
nucleotide, generating a usable sequence. To generate paired end reads the
molecules are inverted on the flowcell and the process is repeated, generating the
pairs of reads with a ‘known’ gap 2. The benefit lllumina displayed over its
competitors was the volume of data generated and the cost per base pair of this
sequence data 2°. At its inception, the lllumina GAIl was able to produce 1GB of
sequence data with reads of 32 bp in length, already a massive leap from previous
instruments. However, soon the length of the reads generated and the amount of

sequence data generated from a single run grew and by 2014 the HI-SEQ 2000 was
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routinely able to produce 5 billion reads of 150 pairs from a single flowcell (see table
1 for detail of lllumina technologies). A further benefit afforded by Illumina
sequencing was the generation of different types of reads. Paired end and mate pair
sequencing involved the generation of sequence reads of normal lllumina length
from two ends of the same molecular fragment of DNA with a known distance in
between 28, Typically, for paired-end sequencing the fragment size is around 600
base pairs and for mate pair reads the fragment size could be much larger. These
more complex read types allowed much more information to be gained from the
sequence data. The known fragment size and therefore the gap between the reads
generated facilitated the placing of reads in a genomic context. This improved the
accuracy and effectiveness of assembling sequence reads into longer contiguous
sequences better representing the template from which they were generated 26.
These improvements, along with advances in library preparation protocols and
further improvements to the parallelisation and throughput of the system have made
multiplexing many samples on one flowcell easy and cost effective, bringing the cost
and availability of huge and varied sequencing projects into the realms of most

research groups 26.
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MiniSeq MiSeq Series | NextSeq HiSeq Series | HiSeq X Series”
System Series
Key Amplicon, Small genome, Everyday Production- Population-
Methods targeted RNA, amplicon, and exome, scale genome, and
small RNA, and | targeted gene transcriptome, exome, production-
targeted gene panel and targeted transcriptome scale whole-
panel sequencing. resequencing. sequencing, genome
sequencing. and more. sequencing.
Maximum 7.5Gb 15 Gb 120 Gb 1500 Gb 1800 Gb
Output
Maximum 25 million 25 million® 400 million 5 billion 6 billion
Reads per
Run
Maximum 2 x 150 bp 2 x 300 bp 2 x 150 bp 2 x 150 bp 2 x 150 bp
Read
Length
Run Time 4-24 hours 4-55 hours 12-30 hours <1-3.5 days <3 days
(Hiseq
3000/HiSeq
4000)
7 hours—6 days
(HiSeq 2500)
Benchtop Yes Yes Yes No No
Sequencer
System MiniSeq MiSeq * NextSeq500 e HiSeq ® HiSeqX
Versions System for System for System for 3000/HiSeq Five
low- targeted everyday 4000 Systemfor
tthUghdet and small genomics Systems for production-
targete genome production- scale
DNA and sequencing NextSeq 550 scale whole-
RNA System for .
) MiSeq FGx both genomics genome
sequencing . . sequencing
System for sequencing @ HiSeq 2500
forensic and Systemsfor @ HiSeq X
genomics cytogenomic large-scale Ten
MiSeqDx arrays genomics System_for
population-
Systemfor |
molecular scaie
diagnostics whole-
genome
sequencing

Table 1: table of the properties of lllumina sequencing technologies.
Data obtained from 122,
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http://www.illumina.com/systems/miseq.html
http://www.illumina.com/systems/miseq.html
http://www.illumina.com/systems/miseq-fgx.html
http://www.illumina.com/systems/miseq-fgx.html
http://www.illumina.com/systems/miseqdx.html
http://www.illumina.com/systems/miseqdx.html
http://www.illumina.com/systems/nextseq-sequencer.html
http://www.illumina.com/systems/nextseq-sequencer.html
http://www.illumina.com/systems/nextseq-sequencer.html
http://www.illumina.com/systems/nextseq-sequencer.html
http://www.illumina.com/systems/hiseq-3000-4000.html
http://www.illumina.com/systems/hiseq-3000-4000.html
http://www.illumina.com/systems/hiseq-3000-4000.html
http://www.illumina.com/systems/hiseq-3000-4000.html
http://www.illumina.com/systems/hiseq_2500_1500.html
http://www.illumina.com/systems/hiseq_2500_1500.html
http://www.illumina.com/systems/hiseq-x-sequencing-system/x-five-system.html
http://www.illumina.com/systems/hiseq-x-sequencing-system/x-five-system.html
http://www.illumina.com/systems/hiseq-x-sequencing-system/x-five-system.html
http://www.illumina.com/systems/hiseq-x-sequencing-system/system.html
http://www.illumina.com/systems/hiseq-x-sequencing-system/system.html
http://www.illumina.com/systems/hiseq-x-sequencing-system/system.html

There are problems inherent in lllumina sequencing technologies 27-3°, which
have been addressed to a greater or lesser extent since its introduction. There are
the obvious issues with the use of short reads which lllumina technology shares with
its competitors. Initially lllumina reads were very short, and consequentially, of
limited utility for tasks such as de novo genome assembly, but still useful for other
applications such as resequencing and RNA profiling. However, as read lengths
increased, so did the uses that Illumina data was put to. By the time the HiSeq 2000
was released, it was capable of generating 5 billion paired reads of 150 b.p. the
lllumina age had firmly taken hold. lllumina sequencing incurs an error rate of
approximately 0.1% 3, which although it sounds high, is counterbalanced by the
depth of coverage generated. Each base position in the template DNA is sequenced
many times allowing post sequencing analysis to highlight these systematic errors
and lessen or eradicate their effects. There are other errors that can cause issues;
library preparation often includes PCR amplification that has its own error rates and
biases. However, as the technology, wet bench preparation techniques and data
analysis matured, these problems were overcome. Illlumina has become the world
leader in sequencing technologies and regularly releases new sequencers such as

the NovaSeq 6000 and the NextSeq which supersede the HiSeq.

The Illumina sequencing technology is incredibly versatile and has many
applications utilizing the particular characteristics of this short-read sequencer to the
best effect®?. Draft genome sequences are routinely generated, the short reads
being assembled in silico to produce usable genomic sequence to inform studies on
a wide range of diverse subjects. These subjects range from bacterial comparative
genomics studies such as this one to producing the draft genome sequence of

complex eukaryotic organisms such as the western lowland gorilla (Gorilla gorilla

16



gorilla) 3. lllumina sequencing is routinely used for resequencing and alignment to
reference genomes in order to identify small variations and polymorphisms between
individuals or closely related isolates. This process can be used to elucidate
evolutionary mechanisms and can identify genomic markers of phenotypic variation
or uncover associations between genetic markers and human disease. It is even
possible to detect epigenetic modifications in human DNA using Illumina sequencing

and bisulphite treatment (e.g. 34).

The development of sequencing methods certainly has not stopped with the first
wave of NGS. Recently, a new wave of advances colloquially known as “third
generation” sequencing have been released with the Pacific Biosciences Single
Molecule Real Time technology (SMRT) probably the best known and is already
installed in many sequencing centres 3°. This novel process is able to sequence long
molecules of DNA a number of times, generating long accurate consensus reads,
which can be used to assemble genomic DNA de novo or scaffold contigs generated
by other sequence technologies. Pacific Biosciences claim that it will be possible to
detect epigenetic modifications during the sequencing reaction, pushing forward that
field of study. A notable competitor, producing excitement in the field is the Oxford
Nanopore Technologies MinlON - heralding the advent of the portable, real-time
sequencer 38 (Figure 2). The MinlON uses nanopore technology to sequence long
single molecules of DNA. The DNA molecules pass through nanopores in a micro
sheet and the electrical potential across the pore can be measured. The MinlON
measures the signal not from each single base but from 5- or 6-mers as they move
thorough the nanopore each one of these 5- or 6-mers resulting in a different
reading. The analysis of these signals allowing the identification of each base in the

sequence 3¢, This technology has the potential to generate very long reads of up to
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100 kb and beyond %637, These new developments are still very much in their infancy
and are dealing with similar teething problems as NGS experienced in its early days
with high error rates, library preparation challenges and cost still issues to be
addressed . However, their potential is enormous and with fourth generation
sequencing already being discussed, the rate of advancement is only picking up
pace 38. The release of more efficient and less error prone technologies from
companies such as Pacific Biosciences (Sequel II) and Oxford Nanopore
(PromethlON) are already beginning to produce results 3. Due to the novel nature of
these new approaches this project focuses mainly on data generated using NGS,
namely the lllumina Hi-Seq with the addition of an assessment of the Oxford
Nanopore Minion. Therefore from this point forward in the introduction discussion of

techniques will relate to those data used in this project.

Figure 2: The Oxford Nanopore MinlON.
Image courtesy of Nanoporetech.com 122,
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Obviously, the generation of such vast amounts of sequence data creates its
own challenges. Computational capacity has risen dramatically and necessarily so,
the cost of sequencing has dropped dramatically (Figure 3 A + B) Figure 3A shows
the costs per megabase of sequence data and Figure 3B shows the costs per
human sized genome. A steep drop in cost can be observed in 2008 when NGS
technologies began to replace traditional Sanger technology in sequencing centres.
A line representing Moore’s law is included for comparison. Technologies which
keep up with Moore’s law are viewed as successful, and as can be seen, sequencing
has vastly outpaced it 3°. New computational approaches had to be developed to
answer the questions posed by the amount and nature of the data generated. Fast
efficient sequence alignment software such as BWA 4% and BOWTIE 4! were
developed to align short reads generated from NGS to reference sequences.
Genome assemblers such as VELVET #2 and SPAdes “3 use De Brujin graphs to
efficiently produce reliable assemblies from short reads alone. The annotation of
genomic sequence which was once a laborious time consuming process has now
been automated with online services such as RAST #* and the NCBI’s Prokaryotic
Genome Annotation Pipeline 4> making the accurate annotation of prokaryotic
sequence fast and simple. Even eukaryotic sequences can now be annotated in an
automated way with some degree of confidence with tools such as MAKER 46

leading the way.
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Cost per Raw Megabase of DNA Sequence

$10K

Moore's Law

N I H National Human Genome
Research Institute
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Figure 3A: Graph showing the reduction in cost of sequencing per
megabase of sequence when compared to Moores law.

Figure 3B: Graph showing the reduction in cost of sequencing the
human genome when compared to Moores law.

Courtesy of 39,
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As mentioned previously, the generation of such vast amounts of NGS data
has necessitated the expansion of the field of bioinformatics. The impact of this fast
evolving field has been immense, with almost every bioscience field now influenced
by its discoveries and methodologies, from clinical genetics to ecology. Studies from
disparate fields of biology are now using some facet of DNA sequencing technology
to answer questions specifically related their fields. Marine ecologists are
undertaking vast sequencing efforts to attempt to increase the understanding of
marine microbiomes using metagenomic analysis 4748, Clinical disease outbreaks
are being studied in minute detail using the latest technologies to inform researchers
and clinicians in the outbreak routes of these emerging diseases. Novel genetic traits
can quickly and reliably be identified which make these novel strains more
successful and therefore, worrying and the methods to control outbreaks can be
quickly developed 452,

To facilitate these advances and discoveries there are some core methods

which are used throughout the bioinformatics sphere.
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Data analysis: Overcoming the bottleneck and introduction to methods

used

The amount of data generated by NGS platforms is huge and without a
sensible standardised way of presenting and storing this data the analysis process
would be all but impossible. Fortunately, early in the development of this new
technology the Wellcome Trust Sanger Institute created the fastq file format®? (figure
4). This was an important development, as previous formats did not store the
necessary information in one place. The fastq format stores each read as four
separate lines with the quality information of each base sequenced stored as a
separate line to enable the quality assessment of the sequencing from information

held in one file.

Figure 4 . A single sequence read represented in FASTQ format

Unique header line often containing information on the sequencing run and the position
on flowcells

Sequence line

Optional further information line always starting with a +

ASCII encoded quality line with a matching quality character for each base of sequence
in line 2

@SEQ_ID
GATTTGGGGTTCAAAGCAGTATCGATCAAATAGTAAATCCATTTGTTCAACTCACAGTTT
+

PUE((((***4)) %% %++) (%% %%) . 1***-+*"")) **55CCF>>>>>>CCCCCCC65

Typically, data generated from the lllumina platform is in the form of short
reads of between 32 (for older technologies) and 300 b.p. in length. As previously
mentioned they can come in the form of paired end or mate pair reads. The

technological limitations of NGS technologies result in a drop of in the quality
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therefore the reliability of the sequence data as the read gets longer. Software such
as FASTQC %2 can give excellent actionable metrics to assess the quality of NGS
data and allow informed trimming and filtering by packages such as TRIMMOMATIC
54 and FASTQ-MCF %° which eradicate low quality reads and portions of reads to

give the best hope of gaining accurate results from downstream analysis.

Alignment of short sequencing reads to a reference

The alignment of short NGS reads to a reference genome is a process
common to many applications of these data®¢. This process is used extensively to
identify patterns of variation between individuals, isolates or sequences. However,
there are problems inherent in both the data and the application. The reads are short
sub-sequences of a much larger template and are likely to contain errors. Given the
repetitive nature of certain genomic regions there are possibly several places which
the short read can align®’. The whole process presents a massive computational
challenge as alignment must be performed for many thousands or millions of short
reads. This is made even more challenging as one of the most useful applications of
this process is to identify regions of difference between two closely related
sequences, be that individual polymorphic bases, short inserted or deleted regions
(indels) with respect to the reference and missing genes or whole regions. This
means that the alignment process must take into account the possibility of these
variations and report the best alignment comparison possible.

These issues have been dealt with using complex computational algorithms in
such software as BOWTIE %8, BOWTIEZ2 *° and BWA “4° which use the Burrows
Wheeler transform to create a permanent reusable index for the reference genome.
The short reads are then aligned to this reference at a colossal rate, for BOWTIE this
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can reach speeds of up to 25 million reads per CPU hour. For a comprehensive
explanation of protocols see L.

The amounts of data and results generated by this process present
challenges for analysis, presentation and storage. There are several widely used
packages that have various tools designed to standardise and facilitate the analysis
of NGS data. The most widely used are SAMtools ¢ and the Genome Analysis Tool
Kit (GATK) produced by the Broad institute 6. These sequence analysis toolboxes
allow the efficient analysis of large NGS datasets and have had a great impact on
the field by attempting to standardise formats and protocols used throughout the field

in an effort to unify global research techniques.

De novo assembly of short sequencing reads

The assembly of short NGS reads into larger contiguous lengths of sequence
representative of the template from which they were based upon has had may
approaches 6283, The most popular of which has been the use of De Bruijn graphs to
reduce the computational burden of dealing with such massive amounts of short and
error prone reads. Examples of software which utilise this method include VELVET
64, SPAdes *2 and SOAPdenovo . This method essentially breaks the reads down
into k-mers — substrings of sequence. A graph is then created with each portion of
each k-mer as a distinct node and the k-mers as a directed edge in the graph.
Algorithms are then used to pick the most efficient path through the graph and
therefore the most likely sequence ©°.

The success of genome assembly from short reads depends a great deal on
the pre-assembly quality control of the data generated by the sequencer. As
mentioned previously, sequencing does have inherent error rates (for lllumina it is
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approximately 1 error in 1000 bases sequenced ?? and these errors can obviously
cause great problems when assembling into a representative contig. Therefore,
eradicating as many of the unreliable portions of the sequence reads prior to
sequencing improves the accuracy of the finished result.

The genome assembly process is more normally a pipeline consisting of pre
assembly filtering and trimming, repeated iterations of assembly with various
parameters including k-mer length, followed by post assembly verification. Post
assembly verification is performed using the original short read data and aligning this
back to the assembly generated, in an attempt to identify breakpoints where the
assembly process has become confused. The assembly is then broken at these
points and an attempt can be made to reassemble the contigs using paired read data
to inform the process.

There are issues inherent with the nature of the data produced by NGS and
the templates being sequenced. Genomes tend to have repeated regions, mobile
elements, pseudogenes and any number of other sequence anomalies that make
assembly using short reads challenging. For example, if a motif repeat is longer than
the reads generated then the assembly process is unable to ascertain the length of
the region and the assembly will most likely break at this point. If there are several
duplications within the template, the assembly may become confused leading to
artefacts being included in the final assemblies or a large amount of (sometimes
short) contigs. For example long repeated regions can be collapsed into a single
element of the repeat in the final assembly, misrepresenting the true sequence. Any
error in the sequence data will also contribute to unreliable, fragmented final

assemblies.
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Assembly using short NGS data has developed into a field in its own right with
the NCBI genomes database containing over 70,000 bacterial and over 3000
eukaryotic genomes (as of 2016), not to mention viral, plasmid and organellar
sequences. There has even been a number of assembly competitions to assess the

performance of different assembly groups and software pipelines 7:8,

Comparative genomics approaches

Comparative genomics, as mentioned earlier, has been one of the fields of
study made possible by the invention and proliferation of DNA sequencing and has
gained in momentum vastly since the advent of NGS lowered the cost and increased
the throughput and versatility of the process. DNA forms the blueprint of all life on
earth. Genomic sequences code the information necessary for each organism to
perform all of its biological processes. These genomic features are many and varied
and come in the form of DNA sequence, genes, gene order, structural variation and
RNA to name but a few and the list is ever growing as new elements are added as
their functions are discovered. Even minute variation in these elements can have a
profound effect on the phenotype of the organism concerned and is responsible for
the biological diversity still being uncovered. The sequencing of many closely related
individuals or isolates and comparing the sequence information generated allows
insight into the genomic nature of phenotypic characteristics. A huge amount of
research effort has been dedicated to this field of study, and the basic methodology
has been applied to a vast array of disparate taxa from bacteria ©° to eukaryotes 7°
Jhumans ! and even viruses 72. It is by examining the minute differences between

closely related organisms and the similarities between evolutionarily diverse but
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phenotypically convergent organisms that we have been able to begin to unpick the

puzzle that genomics has unlocked.

It could be said that the first comparative genomics study was carried out with
the publishing of the second genome sequence in the mid-1970s but it was not until
the mid-1990s that the first comparisons between whole genomes of cellular
organisms became a possibility. The Tatusov et al paper in 1996 compared the
recently published genome sequence of H. influenzae with that of E. coli 3, marking
the beginning of what we know today as comparative genomics. Several landmark
studies followed using comparative genomics to uncover unprecedented amounts of
genomic diversity within bacterial species. Campylobacter jejuni was found to have
large numbers of homopolymeric repeats in genes responsible for surface structure
biosynthesis or modification "4 and the Bacteroides fragilis genome was found to
contain many inverted DNA repeats ’°. There are other sequencing approaches that
can be used and there are many questions that lend themselves to slightly different
forms of genomic investigation such as microarray studies. Willenbrock et al
designed a microarray useful to characterise the pan and core genome of E. coli
with Dickinson et al and Han et al 7”8 characterising structural variation in canine

tumour cell DNA and the chicken genome respectively.

The study of prokaryote genomics benefitted from the application of
comparative genomics approaches. Given the diversity of phenotypes displayed by
prokaryotes and the relatively simplistic genomic organisation when compared to
eukaryotes, it is not surprising that these fascinating organisms have been the focus
of much scientific research. One of the earliest studies to utilise NGS for comparative
genomics was Baker et al 2008 7°. This study compared 140 isolates of Salmonella

enteric serovar Typhi from Indonesia. The field has grown steadily however along
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with the resources afforded by advancements in both sequencing technologies and

computing power.

Comparative genomics studies have also revealed insight into bacterial
evolution, showing the high incidence of horizontal gene transfer in species such as
E. coli &. Comparative genomic studies have also facilitated the identification,
cataloguing and comparison of bacterial virulence and avirulence factors. There are
many examples of this particularly relevant are studies focusing on type three
secretion system (T3SS) effectors such as Bart et al 8 which compared 65 strains of
Xanthomonas axonopodis pv. manihotis identifying the conserved and variable

effector profile for this pathovar.

Large-scale sequencing projects are becoming more and more common and
with the reduction in cost and improvements in technology and library preparation
the number of genomes sequenced in each study is rising (Figure 5). This along with
the improvements in sequencing technology, computing resources and analysis tools

only increase the potential for comparative genomics studies.
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Figure 5: Graph showing the increase in numbers of genomes sequenced in a single project
until 2014.

Data courtesy of 23,

Bacteria

Bacteria are the most numerous biological organisms on the planet. They can
be found in every environment imaginable and have evolved to not only survive but
flourish in some of the most inhospitable environs known. Bacteria have been
isolated from deep sea hydrothermal vents 8283, hot springs 84, glacial ice sheets
thousands of years old 8, arctic soil 8 and even outer space 8! The symbiotic nature

of certain bacterial taxa is well known 8, there are examples of prokaryotic
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symbionts existing within eukaryotes and even other bacteria 8. It has been recently
revealed how important the fauna of the gut is to human health and the bacteria
present in the digestive systems of ruminants has long been known to facilitate the
digestion of cellulose °°. Further to this, the endosymbiotic theory has been
suggested. It is now widely accepted that ancient symbioses between early
eukaryotes and internal prokaryotes gave rise to certain eukaryotic organelles such
as the plastid and, more anciently and perhaps contentiously, the mitochondrion and
the basal flagellar body °*. This is supported by much evidence including the
presence of discrete genomic material in both the plastid and the mitochondria which
has much more in common with prokaryotic material than their host eukaryote, for
example the unusual small subunit rDNA genes encoded by the plastid and
mitochondrial genomes. However, it is research into the genomics of pathogenic
bacteria which have garnered perhaps the most intense research effort as these
bacterial species have the most direct and significant effect on the human
population. There are many bacteria directly impacting human health such as the
now famous Methicillin resistant Staphylococcus aureus or highly infectious
pathogens such as Clostridium botulinum, Vibrio cholera, Mycobacterium
tuberculosis and Salmonella enteriditis serovar Typhi which have caused untold
human suffering and mortality. However, there are also bacterial pathogens with an
indirect effect on human wellbeing for example plant pathogens. There are many
examples of these bacterial pathogens affecting crops such as Xanthomonas
species, Pseudomonas species and Ralstonia species. These pathogens have been
the cause of crop loss and economic devastation causing untold human misery over

the centuries.
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There are some elements of bacterial physiology that make them ideal
candidates for genomic study. In comparison to eukaryotic organisms, even
unicellular eukaryotes and protists, prokaryotes are far less complex. That being said
they are still fantastically intricate biological machines that we are still far from fully
appreciating. Important for this study are the genomic features which set bacteria
apart. Bacteria have no nucleus; therefore, their genomic material is much easier to
access. Bacteria have relatively small genomes, ranging from less than 240 kb in
length (e.g. Candidatus tremblaya princeps °?) up to the modest (comparatively
speaking) ~13 mb genome of Sorangium Cellulosum %2 . The bacterial genomic DNA
is organised into chromosomes, normally singular but can be more for example
Vibrio cholera is known to possess two % . These chromosomes are divided into
non-intronic genes, with very little non-coding DNA.

As well as their genomic DNA, many bacterial species also possess extra
chromosomal DNA in the form of plasmids %. These can be circular or linear in
nature and can range in size from tiny plasmids of less than 1kb in length such as
the Candidatus tremblaya phenacola PAVE plasmid to several mb which are
equitable in size to bacterial chromosomes such as the pSCL4 mega-plasmid found
in Streptomyces clavuligerus °. These plasmid sequences can code for many
important functions; there are often genes held on plasmids which have an influence
on important evolutionary processes such as niche adaptation and pathogenicity the
importance of which will be covered later. Plasmids can also be exchanged between
bacteria of different species, genera or even more distantly related taxa through
conjugation. Plasmid conjugation is not the only method of accelerated evolutionary

change; bacteria have also been shown to exchange genomic sequence.
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Horizontal gene transfer (HGT) events have been shown to be numerous
throughout the long history of bacterial evolution 8. HGT has been an extremely
important driver of the evolutionary process both micro and macro, allowing the
transfer of genes coding for certain traits between distantly related taxa, thus
potentially sharing genomic information important to survive in certain environments
or hosts. These methods are vital elements facilitating the spread of bacterial
species to disparate environmental niches and lifestyles °7:%,

Bacterial taxonomy has always proved to be a difficult subject, due in no small
part to their microscopic unicellular nature. Morphologically there are many specific
structures which can be used to differentiate between taxa and metabolic and
biochemical characteristics can also be used. However, due to the enormous variety
of prokaryotes and their unicellular nature, identification, differentiation and grouping
is an issue for traditional taxonomic strategies. In the age of almost universal access
to affordable sequencing technologies however, the use of genomics for
classification is far more successful. Sanger sequencing was, and to certain extent
still is used for the purpose of attempting to assess the topology of the bacterial tree
of life. There were numerous studies focusing on single gene or a small number of
genes for use in molecular phylogenetics °°. Many bacterial genes were sampled to
use as phylogenetic markers %, the success of each being dependent on the
guestion being asked. Highly conserved housekeeping genes are excellent
candidate for single gene phylogenies trying to assess the relationships amongst
quite disparate taxa as they are slowly evolving therefore evolutionarily distant taxa
can be compared. The most widely used example is the 16S small subunit rRNA 100
gene which is ubiquitous throughout the bacterial kingdom. However, being

ubiquitous and slowly evolving are exactly the characteristics that make it less

32



suitable for more high resolution questions focusing on more closely related species.
It has been suggested that the 16S gene is of little use as a taxonomic marker for
higher than genus level perhaps species level studies 1%. For these finer resolution
guestions, it is often more appropriate to use genes that are perhaps less wide
spread and faster evolving. For example Gyrase B(GyrB) 1°! the gene which ecodes
the B subunit of the gyrase enzyme vital for DNA replication is a well-accepted
taxonomic marker for sub-genera level taxonomy in Xanthomonas species. A further
option for molecular bacterial taxonomy and classification is multi locus sequence
analysis (MLSA) in which analysis is performed on concatenated markers from a

number of genes, or indeed their full lengths *°.

Bacterial secretion systems

One group of bacterial cellular mechanisms that has been highlighted as
important for both niche adaptation and pathogenicity is the secretion systems.
These miniature biological machines are utilised by Gram-negative bacteria to
translocate a wide variety of substrates from the intra-cellular space to either the
periplasm, the extracellular space or to the interior of another cell.

To date there have been seven secretion systems (Figure 6) identified in
Gram-negative bacteria, numbered 1-7. Five of these systems are known to
translocate substrates from the cell interior to the cell exterior bridging both the inner
and outer cell membranes: type 1, type 2, type 3 type 4 and type 6 secretion
systems. Although for the purposes of this project the focus will be on the type 3 and

type 6 secretion systems.
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Type three secretion system

The bacterial T3SS is analogous to a molecular needle which is assembled by
the bacterial cell. These nano-syringes are used by a wide variety of bacteria, mainly
proteobacteria 1°2 with a variety of lifestyles including pathogens and symbionts. The
T3SS machinery is coded for by more than twenty genes 1% including hrp which
forms the subunits that build the needle apparatus. The structure of the T3SS was
first identified in Salmonella typhimurium %4 has been shown to be closely related to
that of the bacterial flagellum and it has been suggested that the T3SS has either
evolved directly from this system 1 or that the two systems share a common
ancestor 1% . These double membrane embedded nanomachines deliver effector
proteins into the cytoplasm of target cells. These effector proteins have been shown
to have several functions: targeting and subverting specific cellular processes within
the target cells in order to facilitate the survival, colonisation and reproduction of the
pathogen. These proteins, known as effectors, have been shown to have essential
functions in the bacterial cells pathogenic repertoire. The effector complement of 197
each bacterial strain can differ widely depending on host or lifestyle in which it needs
to survive and the adaptations host organisms have evolved to combat infestation.

The zigzag model of plant pathogen interaction suggested by Jones and
Dangl 1% posits a two stage immune response to bacterial invasion in plants. The
first stage is based on the recognition of pathogen associated molecular patterns
(PAMPS) by pattern recognition receptors (PRRS) in the plant cell. These PRRs
recognise PAMPS triggering an immune response known as PAMP Triggered
Immunity (PTI). PAMPs are slowly evolving molecular signatures of bacterial
pathogens such as flagellin 1°° and lipopolysacharides *'° which are an integral

element of the outer membrane of gram negative bacteria. These PAMPs are
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important to the bacterial cell, and not easily lost or changed so make excellent
targets for host cell PRRs. As a reaction to this immune response bacteria have
evolved secretion systems such as the T3SS which secrete effector proteins which
interfere with and subvert the PTI in the host. However, the host organism uses
polymorphic ND-LRR proteins to

recognise these effectors. These ND-LRR proteins then trigger the second more

severe effector triggered immune response (ETI) thus develops an arms race
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Figure 6: Schematic of the different types of bacterial secretion systems. Courtesy of 197,

between host and pathogen, with effectors variously being both virulence and
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avirulence factors depending on the time in the host pathogen interaction cycle.
Pathogens gain novel effector proteins through, for example horizontal gene transfer,
which give them the edge over the host, which in turn evolves novel ND-LRR
proteins to recognise these threats and evoke a response. Modifications to the
zigzag model have been suggested ! such as the inclusion of damage associated
molecular patterns (DAMPS) which is the plant recognising bacterial damage and

triggering immunity based on this 112,

PTI ETS ETI ETS ETI

Pathogen
effectors

Pathogen
effectors | Avr-R

Figure 7; schematic of the zigzag model of plant-pathogen interaction. Courtesy of 18,

Type 6 secretion system

The Type 6 Secretion System (T6SS) was initially discovered in Vibrio

cholerae in 2006 113 and is not as well characterised as the T3SS. Since its
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discovery, bioinformatics studies have identified the T6SS in 25% of gram negative
bacterial taxa, including Escherichia species !4, Pseudomonas species *° and
Campylobacter species 16, Initially the T6SS was suggested to have a wide range of
cellular functions including virulence 7 and host imnmunomodulation 118, Recent
studies have also suggested further inter-bacterial functions for this secretion system
such as bactericidal activity *'°. The T6SS has been shown to be present in a wide
range of pathogenic bacteria and there are known to be several copies in some
species. The T6SS is known to be able to translocate effector proteins into both
prokaryotes and eukaryotes 12°. Two important signature proteins of the T6SS
machinery are Hcp (haemolysin co-regulated protein) VgrG (valine-glycine repeat G)
which have been suggested as both structural elements and translocated proteins
115_

The T6SS genes are usually located on pathogenicity islands, for example
the Vibrio pathogenicity island 1 island in Vibrio cholera. These genetic islands are
now known to possess a variable number of genes, however the core components

present in most known, functional T6SS are IcmF, IcmH, ClpV, Hcp and VgrG.

Thesis aims and objectives

This thesis describes the exploitation of recent technological developments in
genome sequencing to investigate the genomics and evolution of pathogenicity in
bacteria.

In section 1 we aim to use next generation sequencing to identify and
characterise novel genomic features of bacterial pathogens which influence host
specificity and virulence exemplars being the T3SS and its effector complement. We
characterise and compared these genomic features identifying effector profiles and
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characterise the role of these in virulence. This will help address several related
guestions regarding the biology and the mechanisms of evolution of bacterial
pathogenesis. The analysis we present here will identify novel signatures of
increased virulence, phenotypic convergence and adaptation to new ecological
niches in bacteria. This work has wide ranging potential to inform surveillance of
these pathogens and the development of targeted resistance in crop management.

Whilst multi-genome sequencing is commonplace in studies of human
pathogens, at the outset of this project (in 2010), phytopathology lagged a little
behind; yet the potential benefits were apparent. We focussed on a group of
bacterial phytopathogens with huge impact for food security and economics from the
Xanthomonas species. We aimed to use next generation sequencing to survey the
genomic components of Xanthomonas pathogens of sugar cane and bean species to
identify signatures of recent evolution of pathogenicity and adaptation to new hosts.
We aimed to classify strains using molecular taxonomy and to use comparative
genomics to identify genomic features facilitating phenotypic convergence and the
colonisation of a host by distantly related pathogens

In section two we focus on the use of next generation sequencing and

genomics to contribute to the understanding of emerging pathogens. Bacterial
pathogens pose a huge threat to both human health and food security.
Understanding the genomics of newly emerging threats can help track the spread of
emerging bacterial threats and inform response; next generation sequencing
provides an ideal tool to assist this analysis.

We aimed to analyse two emerging bacterial threats. The first is a virulent
form of Campylobacter infection found in the Far East. We use next generation

sequencing and comparative genomics to identify genomic features characteristic of

38



this worrying infection. The study aims to contribute to knowledge of this potential
threat to human health and to identify molecular markers to track possible outbreaks.

The second example of the use of NGS to investigate a newly emerging
bacterial threat is a recently identified Xanthomonas bean pathogen from a disease
outbreak in Rwanda. We aimed to generate NGS data from this emerging pathogen,
assemble the genome and use these data to classify this novel strain. We then
survey and characterize genomic elements, contributing to the knowledge of this
potentially serious emerging pathogen of beans.

Finally, in section three of this thesis we present an early evaluation of the
ONT MinlON, one of the flagship examples of third generation sequencing
technology. This technology has the potential to revolutionise the study of the
genomics of bacterial pathogens. We will present a comprehensive assessment of
the utility of this novel technology for bacterial sequencing and metagenomics. In
order to explore several characteristics including data quality and read length and
assess the implications of any limitations of this exciting technology three strains with
varying genome size and G + C content were used. The ONT MinlON has since
been optimised and field tested extensively and is now a key tool used in the field of

bacterial genomics.
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Introduction

Bacterial species of the genus Xanthomonas are gram negative, rod shaped
gamma proteobacteria. The xanthomonads are typically pathogens of plants
and the genus contains a multitude of species groups and sub-species or
pathovars. Each pathovar has evolved to have a narrow host range, often
limited to just one or a very small number of host plants. Xanthomonas
axonopodis pv. vasculorum (Xav) is one of several species of Xanthomonas
which have evolved to infect sugarcane (Saccharum officinarum) including
Xanthomonas vasicola pv. vasculorum (Xvv) and Xanthomonas sachchari. In
this economically important crop plant, Xav has been shown to cause the
destructive infection “gumming disease” which is one of the oldest recorded
diseases of sugar cane in the world 1. Gumming disease has been described as
a two stage infection. It begins with a foliar phase continuing on to a systemic
phase later in the disease cycle. Among the early symptoms are yellowish,
longitudinal stripes on the margins of the leaves which later develop into red or
straw coloured stripes and the leaves can develop a bacterial sheen of exuded
pathogen. The systemic infection follows with the chlorosis of younger leaves
caused by the infection of the vascular bundles. The internal tissues of the stalk
then develop pockets of gum-like bacterial exudate from which the disease

gained its common name.
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Xav has afflicted global sugar cane agriculture for many years, causing

massive damage to crops and economic loss. Xav displays similarities in both

‘‘‘‘‘
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Zimtabwe.
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Madagascar

Figure 6: Map showing location of Reunion Island ®

host range and phenotypic properties to Xvv and consequently there has been
misidentification and taxonomic confusion when attempting to identify bacterial
infections of sugar cane. Xav has historically been misidentified as
Xanthomonas campestris pv. vasculorum and Xvv at various times. However,
using molecular sequence analysis methods such as 2 it has been possible to
differentiate Xanthomonas species to a greater degree. The species previously
known as Xanthomonas campestris pv. vasculorum has been shown to divide
into two phylogenetically distinct pathovars grouping in separate species level
clades within the Xanthomonas genus, Xanthomonas vasicola and
Xanthomonas axonopodis. These sequence-based taxonomic distinctions can
be further verified using SDS-PAGE and fatty acid profiling 34. According to
the classification scheme detailed in their 2000 paper, Dookun et al showed that
Xav has a fatty acid type D which includes isolates of race 2 and 3. This
classification grouped Xav with other pathovars collected from Reunion Island

and Mauritius over a wide time period (1960 - 1992) from Sugar cane,

56



Roystonea regia (Cuban royal palm) and Zea mays (maize) *. This group
phylogenetically branched along with type B (race 1) with in the X. axonopodis
clade

The pathovar now identified as Xav NCPPB 900 was first collected from
Ravine Creuse Reunion island (Figure 6) in 1960 following an epidemic in the
region. It was isolated from sugar cane by A. C. Hayward and deposited as
B386. This pathovar was at the time known to cause serious problems to the
sugar cane industry in the region *. Although successful breeding strategies and
other methods helped to control the disease there have been resurgences in
the intervening time and has been suggested to be an emerging problem for
sugar cane agriculture as recently as 2012 when it was identified in South
America. Understanding the genomics of this pathogen would be of vital
importance both from a food and economic security standpoint and for the wider
scientific interest.

The isolate identified as Xav NCPPB900 was sequenced using next
generation sequencing technology and assembled into a draft genome
sequence. The hope was to investigate these data to identify novel genomic
components of this pathogen which have facilitated adaptation to this host.
Further, by comparison to other Xanthomonas species known to infect the same
host, to identify incidents of horizontal gene transfer which may have been
responsible for this phenotypic convergence. The aim of this work was also to
investigate the recent evolutionary history of this bacterial pathogen. This would
provide a resource to enable genomic comparison with other xanthomonads;
particularly pathovars of X. axonopodis and other more distantly related species
such as X. vasicola and X. sachari which have evolved independently to

colonise sugar cane
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Abstract

Xanthomonas axonopodis pathovar vasculorum strain NCPPB 900 was isolated
from sugarcane on Reunion island in 1960. Consistent with its belonging to
fatty-acid type D, multi-locus sequence analysis confirmed that NCPPB 900
falls within the species X. axonopodis. This genome harbours sequences similar
to plasmids pXCV183 from X. campestris pv. vesicatoria 85-10 and pPHB194
from Burkholderia pseudomallei. Its repertoire of predicted effectors includes
homologues of XopAA, XopAD, XopAE, XopB, XopD, XopV, XopZ, XopC
and Xopl and transcriptional activator-like effectors and it is predicted to
encode a novel phosphonate natural product also encoded by the genome of
the phylogenetically distant X. vasicola pv. vasculorum. Availability of this novel
genome sequence may facilitate the study of interactions between xanthomo-
nads and sugarcane, a host-pathogen system that appears to have evolved sev-
eral times independently within the genus Xanthomonas and may also provide
a source of target sequences for molecular detection and diagnostics.

Xanthomonas is a genus of Gamma proteobacteria that are
predominantly pathogens of plants (Bradbury, 1986; Hay-
ward, 1993). Many Xanthomonas species are comprised of
several pathovars (pv.), each of which is highly specialised
to infect a narrow host range, often a single plant species
(Hayward, 1993). Xanthomonas axonopodis pv. vasculorum
is an agent of gumming disease (Bradbury, 1986; Vauterin
et al., 1995; Dookun et al., 2000), a vascular disease of sug-
arcane. In its host range and other phenotypic properties,
X. axonopodis pv. vasculorum is similar to X. vasicola pv.
vasculorum and there is potential for taxonomic confusion,
with some strains having been classified at various times as
X. campestris pv. vasculorum, X. axonopodis pv. vasculorum
and/or X. vasicola pv. vasculorum. Molecular sequence
analyses have recently confirmed that strains formerly clas-
sified as X. campestris pv. vasculorum fall within two major
phylogenetic groupings that correspond to two distinct
species: X. axonopodis and X. vasicola (Vauterin et al.,
1992, 1995; Rademaker et al., 2005). Therefore, multi-locus
sequence data can be used to unambiguously assign isolates
to either X. axonopodis pv. vasculorum or X. vasicola pv.
vasculorum. These sequence-based groupings also correlate
with SDS-PAGE and fatty-acid profiles (Vauterin et al.,
1992; Dookun et al., 2000). In the current study, we
sequenced an isolate of X. axonopodis pv. vasculorum

FEMS Microbiol Lett 360 (2014) 113-116

to enable genomic comparison with related pathovars of
X. axonopodis and the much more distantly related xantho-
monads such as X. vasicola pv. vasculorum and X. sacchari
(Vauterin et al., 1995) that have independently evolved the
ability to colonise sugarcane.

The sequenced isolate of X. axonopodis pv. vasculorum
is available from the National Collection of Plant Patho-
genic Bacteria under accession NCPPB 900. It was col-
lected from sugarcane (Saccharum officinarum) as strain
B386 by A. C. Hayward at Ravine Creuse on Reunion
island in 1960 (Hayward, 1962) at which time and place
this pathogen was known to cause serious problems to
the sugar cane industry (Dookun et al., 2000). According
to the classification scheme of Dookun and colleagues
(Dookun et al., 2000), it has fatty-acid type D, which
along with type B (race 1) phylogenetically falls within
the species X. axonopodis. Fatty-acid type D includes race
2 and race 3 isolates from Reunion island and Mauritius
collected from sugarcane but also isolates collected from
palms and broom bamboo (Dookun et al., 2000). We
performed multi-locus sequence analysis which confirmed
that NCPPB 900 falls within the X. axonopodis clade
(Fig. 1a) as was previously shown (Ah-You et al., 2009)
for strain LMG 8716, which is synonymous with this
strain.

© 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved
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Fig. 1. The genome sequence assembly of X. axonopodis pv. vasculorum NCPPB 900. (a) shows the phylogenetic position of X. axonopodis pv.
vasculorum based on multi-locus sequence analysis (misa) of six housekeeping genes (atpD, dnaK, efP, fyuA, ginA, gyrB). This maximum-
likelihood tree was generated using the meca6 software and selecting the general time reversible model (Tamura et al., 2013). Bootstrap values
are shown as percentages; values below 60% are omitted. (b) indicates the presence (black) or absence (white) of xopB and pepM genes in each
of the genome assemblies used in (a), based on sasn searches. () shows an alignment of the largest scaffold in the NCPPB 900 assembly
aligned against the chromosome of X. axonopodis pv. citri 306 (Da Silva et al., 2002) using sLasTv and visualised using the Artemis Comparison
Tool (Carver et al., 2005). (d) shows a putative operon in the genome of NCPPB 900 (contig scf_31858_1.1.contig_31) that is predicted to
encode a phosphonate biosynthesis pathway. The operon comprises locus tags GW15_0203215 to GW15_0203270. Genes with predicted
functions are shaded in grey while genes encoding hypothetical genes are shown in white. A nearby noncoding RNA gene (sX9) is indicated in
black and a transposase gene in dark grey.

We generated 9 342 464 pairs of 100-bp sequence reads ~ The Ns, for the contigs was 41 141 bp and for the scaf-
using the Illumina HiSeq 2500 and assembled them using  folds was 108 286 bp. We performed gap filling on the
VELVET version 1.2.10 (Zerbino & Birney, 2008). This  assembly using GapcrosErR version 1.12-r6 (Luo et al.,
yielded 322 contigs, which were scaffolded (using veLver) — 2012), which closed 116 gaps within the scaffolds result-
into 150 scaffolds with a total length of 4 793 837 bp.  ing in an improved assembly containing only 206 contigs

© 2014 Federation of European Microbiological Societies. FEMS Microbiol Lett 360 (2014) 113-116
Published by John Wiley & Sons Ltd. All rights reserved
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with an Nso of 64 290 bp. We performed an additional
round of scaffolding by reordering the scaffolds (Rissman
et al., 2009) against the closed chromosomal sequence of
the X. axonopodis pv. citri 306 chromosome (Da Silva
et al., 2002) and the sequence of the plasmid pXCV183
(Thieme et al., 2005) generating a final set of 52 scaffolds,
the longest one of which was 4.5 Mb in length and
shared a high degree of co-linearity with the reference
chromosome (Fig. 1b). These whole-genome shotgun
data have been deposited at DDBJ/EMBL/GenBank under
the accession JPHD00000000, both the original VELVET
assembly and the updated version that underwent gap fill-
ing and further scaffolding. Contigs were annotated by
the NCBI Prokaryotic Genome Annotation Pipeline 2.7
rev. 445095, predicting a total of 4109 genes including
3545 protein-coding sequences, 457 pseudogenes, 2
CRISPR arrays, 3 rRNAs, 49 tRNAs and 55 other non-
coding RNAs.

One 140-kb scaffold (scf_31858_1.2) in the NCPPB 900
assembly shares 94% nucleotide sequence identity with
the 182-kbp plasmid pXCV183 from the pepper-pathogen
X. campestris pv. vesicatoria 85-10 (Thieme et al., 2005),
suggesting that NCPPB 900 harbours a plasmid similar to
pXCV183. It also appears to contain at least one further
plasmid: a 13.7-kbp contig (scf_31858_2.1.contig_1)
shares 95% nucleotide sequence identity with the 13.4-
kbp plasmid pPHB194 from a clinical isolate of the broad
host-range pathogen Burkholderia pseudomallei (GenBank
accession GQ401131).

The genome sequence of NCPPB 900 contains a further
11.5-kbp region that shares no detectable nucleotide
sequence similarity with other X. axonopodis genomes
(and therefore was likely acquired through horizontal
transfer [scf_31858_1.1.contig_31]) and encodes a homo-
logue of phosphoenolpyruvate mutase (PepM) that may
be the first gene in an operon (see Fig. 1c) encoding a
pathway for biosynthesis of a phosphonate, a structurally
diverse class of natural product molecules containing car-
bon—phosphorus bonds that have interesting and useful
biological properties (Yu et al., 2013). The second protein
encoded in the putative operon shares 42% amino acid
sequence identity with the functionally characterised
phosphonopyruvate decarboxylase from Streptomyces hyg-
roscopicus (SwissProt: Q54271) (Nakashita et al, 2000).
Although this putative operon is not found in most other
sequenced Xanthomonas genomes (Fig. 1d), it is con-
(90% nucleotide sequence identity) in all
sequenced strains of X. vasicola pv. vasculorum and the
closely related X. vasicola pv. musacearum. The operon
might also present in the draft genome assembly of Xan-
thomonas species 97M, but the assembly (GenBank:
AQPR01000000) is highly fragmented, and BLAsTN hits to
the NCPPB 900 sequence are scattered over several 97M

served
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contigs. The identity of the putative phosphonate product
of this pathway is unknown, and the complement of
genes is distinct from any of the operons catalogued by
Yu and colleagues (Yu et al., 2013) in their extensive sur-
vey of sequenced genomes.

In common with most other Xanthomonas species,
NCPPB 900 encodes a type-III secretion system (TTSS)
(White et al., 2009). Its repertoire of predicted effectors
includes homologues of XopAA, XopAD, XopAE, XopB,
XopD, XopV, XopZ, XopC and Xopl. This effector profile
is distinct from other members of the species; for example,
XopB is not encoded in any of the other 75 available
X. axonopodis genome sequences (Fig. 1d). In common
with other strains of X. axonopodis and X. oryzae, it also
encodes homologues of the transcriptional activator-
like (TAL) effectors (Scholze & Boch, 2011) (locus
tags GW15_0222170, GW15_0222435, GW15_0222440)
although these highly repetitive sequences are not fully
resolved in the NCPPB 900 assembly.

In conclusion, this study presents the first genome
sequence of a strain of X. axonopodis pv. vasculorum,
which is phylogenetically distinct from other xanthomo-
nads isolated from sugarcane (e.g. X. vasicola pv. vasculo-
rum, X. sacchari and X. albilineans). Comparisons of
these genomes might reveal insights into adaptation to
this host plant or to patterns of horizontal gene transfer
among the sugarcane microbiome. Availability of this
sequence may facilitate studies on interactions between
xanthomonads and sugarcane, a host-pathogen system
that has apparently evolved several times independently
within the genus Xanthomonas and may also provide
a source of sequences for molecular detection and
diagnostics.
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Introduction.

This study focuses on the investigation of two pathovars of Xanthomonas
which are known to be pathogenic on bean species. These pathovars cause
common bacterial blight (CBB)?, a devastating seed borne infection which
presents a serious challenge to bean production in many African countries.
Xanthomonas axonopodis pv. phaseoli (Xap) and Xanthomonas fuscans subsp.
fuscans (Xff) both infect the common bean (phaseolus vulgaris) as their main
host. However, these pathovars have also been known to infect the closely
related species’ lima bean (Phaseolus lunatus) and lablab bean (Lablab
purpureus) among other legumes?.

One of the major phenotypic characteristics which separates these
strains is the production of brown pigment when cultured on tyrosine-containing
media. Fuscous strains which produce the pigment are classified as Xff and
those that do not produce the pigment (non-fuscous) are classified as Xap?®.

There is some taxonomic confusion surrounding these strains, as non-
fuscous strains are classified within the Xanthomonas axonopodis species.
However, the non-fuscous Xff have also been suggested to belong to a
subclade of the same species or a distinct species in their own right?.

There is also debate as to whether the strains isolated from the various
bean hosts represent cases of single bacterial populations moving between
hosts, or whether they form distinct genetic lineages or taxa. An interesting
guestion as the identification of genomic variability and conservation between
strains is an important part of the fight against bacterial pathogens. Identifying
genetic markers and avirulence factors such as T3SS effectors can be used to
inform the deployment of genetic resistance within the host plants in order to

combat the spread of the disease caused by these pathogens>®.
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As discussed previously, genetic exchange between bacterial lineages is
commonplace and given the convergence of hosts for these pathogen classes,
it is interesting to identify incidences of genetic exchange and horizontal
transfer between distinct bacterial lineages sharing the same host.

The aim of this study was firstly to improve existing genomic resources of
Xanthomonas bean pathogens, sequencing, assembling, annotating and
analysing the 26 chosen strains. This information can then be used to
investigate the recent evolutionary history of these phylogenetically diverse
bean pathogens. To identify shared genomic features possibly responsible for
adaptation to this evolutionary niche and possible virulence factors such as
T3SS effectors. These features, which have likely been exchanged by
horizontal gene transfer between these pathovars likely have facilitated
pathogenicity on legumes. Further, to determine a core effector complement to
inform the future deployment of genetic resistance genes in bean agriculture.
Finally, to investigate intra-pathovar genetic variation within these strains
attempting to identify sequence variations which can be exploited as molecular

markers for use in epidemiological and phylogeographic studies
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Common bacterial blight is a devastating seed-borne disease of common beans that
also occurs on other legume species including lablab and Lima beans. We sequenced
and analyzed the genomes of 26 strains of Xanthomonas axonopodis pv. phaseoli and
X. fuscans subsp. fuscans, the causative agents of this disease, collected over four
decades and six continents. This revealed considerable genetic variation within both
taxa, encompassing both single-nucleotide variants and differences in gene content, that
could be exploited for tracking pathogen spread. The bacterial strain from Lima bean fell
within the previously described Genetic Lineage 1, along with the pathovar type strain
(NCPPB 3035). The strains from lablab represent a new, previously unknown genetic
lineage closely related to strains of X. axonopodis pv. glycines. Finally, we identified more
than 100 genes that appear to have been recently acquired by Xanthomonas axonopodis
pv. phaseoli from X. fuscans subsp. fuscans.

lablab, Xanth

Keywords: beans, Phaseolus vulgaris, Phaseolus lunatus, Lablab purpureus, Dolich
f Xanth, i

Introduction

Common bacterial blight (CBB) is a devastating, widespread and seed-borne disease of common
beans (Phaseolus vulgaris). The bacteria that cause CBB are genetically diverse (Gilbertson
et al., 1991; Alavi et al., 2008; Parkinson et al., 2009; Fourie and Herselman, 2011) and include
fuscous strains, which produce a brown pigment on tyrosine-containing medium, and non-
fuscous strains. Currently, the non-fuscous strains are classified as Xanthomonas axonopodis pv.
phaseoli (Xap) while the fuscous strains are classified into a different species as X. fuscans subsp.
fuscans (Xff) (Schaad et al.,, 2005; Bull et al., 2012), though some authors consider the species
X. fuscans to be a subclade within X. axonopodis (Rodriguez-R et al., 2012; Mhedbi-Hajri et al.,
2013).

The main host of Xap and Xff is common bean (Phaseolus vulgaris) but they have also been
isolated from the closely related Lima bean (Phaseolus lunatus) and lablab bean (Lablab purpureus,
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formerly Dolichos lablab) as well as several other legumes,
including Vigna species (Bradbury, 1986). Lablab bean is a
drought-resistant legume that stays green during the dry season
and is used to improve soil and to feed livestock (Schaaffhausen,
1963). Lablab bean has been reported to be the main leguminous
fodder crop used in Sudan around Khartoum, where it is
known as hyacinth bean, bonavist bean or, in Arabic, lubia
afin (Schaaffhausen, 1963). It is also grown in Sudan as a
pulse legume (Mahdi and Atabani, 1992). Infection by Xap has
been observed when lablab was sown during the rainy months
(Tarr, 1958). It is not currently clear whether a single bacterial
population moves frequently between host species or to what
extent CBB agents colonizing different plant species represent
distinct and genetically isolated populations or distinct taxa.
For example, do the strains from Lima bean and lablab bean
belong to the same genetic lineages as do strains from common
bean?

A key determinant of pathogenicity in Xanthomonas species
is the Hrp type-three secretion system (T3SS), which functions
as a molecular syringe that secretes and translocates a number
of bacterial effector proteins into the cytoplasm of the host cell,
thereby modifying the host defenses to the advantage of the
pathogen (Alfano and Collmer, 1997, 2004; Galan and Collmer,
1999; Grant et al., 2006; Kay and Bonas, 2009). Host ranges
of X. axonopodis are significantly associated with the bacteria’s
repertoires of effectors and phylogenetically distinct strains’
convergence on a common host plant might be at least partially
explained by shared effectors (Hajri et al., 2009). The particular
set of effectors expressed by a pathogen has some practical
implications; many plant resistance genes trigger host defenses
in response to detection of specific pathogen effectors. Effectors
may act as virulence factors, enabling the pathogen to overcome
host defenses. Therefore, rational deployment of available genetic
resistance depends on knowledge of which effectors are likely to
be present in a pathogen population. For example, it might be
prudent to deploy resistance genes that recognize core effectors
that are present in all strains of the pathogen that the plant will
encounter rather than against rarely occurring effectors; this was
the rationale for a recent study of the genome sequences of 65
strains of Xanthomonas axonopodis pv. manihotis (Bart et al.,
2012).

CBB is currently a serious challenge to bean production
in many African countries. In order to make optimal and
rational use of limited available resources to contain and manage
the impacts of this disease, it is important to understand the
spread pathways of the Xap and Xff pathogens over both
long and short geographical distances. Studies of spread rely
on molecular markers that can be used to link strains from
different times and locations based on their sharing similar
genotypes.

According to multi-locus sequence analysis (MLSA), strains
from Phaseolus species each fell into one of four genetic
lineages (GL): GL 1, GL 2, GL 3, and GL fuscans (Mhedbi-
Hajri et al., 2013) that corresponded to genetic lineages
previously determined on the basis of amplified fragment length
polymorphism (AFLP) (Alavi et al, 2008). The MLSA-based
genetic lineages are consistent with an earlier classification of

X. axonopodis strains into “genetic groups” based on conserved
repetitive sequences BOX, enterobacterial repetitive intergenic
consensus (ERIC), and repetitive extragenic palindromic (REP)
(rep-PCR) (Rademaker et al., 2005), though the MLSA-based
classification provides higher resolution. Rademaker’s genetic
group 9.4 includes GL 1, while genetic group 9.6 includes both GL
2 and GL 3 and GL fuscans (Mhedbi-Hajri et al., 2013), implying
that GL 2 and GL 3 are more closely related to GL fuscans than to
GL 1.

Whole-genome sequencing is relatively cheap, easy and quick
and readily discovers genetic variation that can be utilized as
neutral molecular markers to track specific genotypes (Vinatzer
etal,, 2014; Goss, 2015). It can also reveal biologically interesting
variation and the incidence and distribution of avirulence
factors (e.g., T3SS effectors) across the pathogen population
allowing for rational deployment of genetic resistance in host
crop plants, as was recently proposed for cassava and its
pathogen X. axonopodis pv. manihotis (Bart et al., 2012). Other
authors have pointed out that deployment of resistance without
an awareness of pathogenic variation within the pathogen
population could result in costly failure (Taylor et al, 1996;
Fourie and Herselman, 2011). At the time of writing (July 2015)
sequence assemblies are publicly available for 379 Xanthomonas
genomes. No genome sequences were currently available for
Xap, but two Xff genome sequences have been published: a
finished genome for strain 4834-R (Darrasse et al, 2013b)
and a draft assembly for strain 4844 (Indiana et al, 2014).
A previous review (Ryan et al., 2011) presented some of
the insights into Xanthomonas biology revealed by genome
sequencing.

In the current study, we aimed to exploit whole-genome
sequencing to catalog genetic diversity of CBB pathogens within
each of the MLSA-based genetic lineages from common bean and
strains from lablab and Lima beans. We also hypothesized that
there might be some genetic features that are shared between
phylogenetically distant lineages of CBB pathogens that reflect
genetic exchange or adaptation to a common host. Therefore,
we sequenced and bioinformatically analyzed the genomes of 26
strains deposited in the strain collections as Xap or Xff spanning
six continents and more than four decades.

The specific objectives of this study were:

e To determine the phylogenomic relationships between Xap
and X{ff bacterial strains from different host species: common,
lablab and Lima beans.

e To identify genetic variation within Xap or within Xff. These
sequence variations could be exploited as molecular markers
for use in epidemiological and phylogeographic studies.

e To determine patterns of conservation and variation in the
complement of T3SS effectors between and within Xap and
X{ff. This knowledge can inform future rational deployment of
disease resistance genes in beans.

o To identify genes or alleles that have been recently transmitted
between phylogenetically divergent CBB bacteria.

o Identify candidate genetic determinants of the fuscous
genotype, i.e., production of the brown pigment on tyrosine-
containing medium.
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Materials and Methods

Genome Sequencing

Genomic DNA was prepared from overnight liquid cultures
of bacteria revived from the NCPPB grown on Yeast
extract-Dextrose-Calcium Carbonate solid medium (ie., agar
plates) for 2 days at 28°C. DNA extraction was performed using
the QIAamp DNA Mini kit (Qiagen, Hilden, Germany) applying
proteinase K incubation for 30 min. We used the Nextera XT
kit (Illumina, San Diego, USA) for library preparation following
manufacturer’s instructions. Purification was carried after
tagmentation using AMPure XP beads (Beckman Coulter, High
Wycombe, UK) prior to pooling. The 15pM library was then
sequenced on an Illumina MiSeq using reagent kit chemistry v3
with 600 cycles.

Bioinformatics

Quality Control on Genomic Sequence Data

The quality of sequence data was checked using FastQC
(Andrews)! Poor-quality and adaptor-containing reads were
filtered and trimmed using FastQ-MCF (Aronesty, 2011).

Alignment of Sequence Reads vs. a Reference
Genome Sequence

For alignment of genomic sequence reads against reference
genome sequences of Xff 4834-R (Darrasse et al., 2013b) and X.
axonopodis pv. citri 306 (Da Silva et al., 2002), we used BWA-
MEM (Li, 2014). Resulting alignments were visualized using IGV
(Thorvaldsdéttir et al., 2013).

Phylogenetic Analysis and Calling Single-nucleotide
Variations

Phylogenetic analysis of the multi-locus sequence data was
conducted in MEGAG6 (Tamura et al., 2013). Multiple sequence
alignments were performed using Muscle (Edgar, 2004).
Evolutionary history was inferred using the maximum likelihood
method based on the general time reversible model (Nei and
Kumar, 2000). Initial tree(s) for the heuristic search were
obtained by applying the Neighbor-Joining method to a matrix
of pairwise distances estimated using the maximum composite
likelihood (MCL) approach.

For phylogenetic analysis of whole-genome assemblies, we
used the Parsnp program from the Harvest suite (Treangen
etal., 2014). Phylogenetic trees generated from Parsnp in Newick
format were imported into MEGA6 for preparation of the
final figures. Parsnp uses FastTree2 to generate approximately
maximum likelihood trees (Price et al., 2010). Distributions
of single-nucleotide variations, calculated by Parsnp, were
visualized using Gingr from the Harvest suite.

To check the reliability of the SNPs called by Parsnp, we
further checked them using our previously described method
(Mazzaglia et al., 2012; Wasukira et al., 2012; Clarke et al., 2015).
For this method, we aligned the sequence reads against the
reference genome sequence using BWA-mem version 0.7.5a-r405

!Andrews, S. FastQC A Quality Control tool for High Throughput Sequence
Data. Available online at: http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/ [Accessed May 13, 2015].

(Li, 2013, 2014) with default parameter values and excluding any
reads that did not map uniquely to a single site on the reference
genome. From the resulting alignments, we generated pileup
files using SAMtools version 0.1.19-96b5{2294a (Li et al., 2009).
We then parsed the pileup-formatted alignments to examine
the polymorphism status of each single-nucleotide site in the
entire Xff 4834-R reference genome. For each single-nucleotide
site we categorized it as either ambiguous or unambiguous. A
site was considered to be un- ambiguous only if there was at
least 5% coverage by genomic sequence reads from each and
every bacterial strain and only if for each and every bacterial
strain, at least 95% of the aligned reads were in agreement.
Any sites that did not satisfy these criteria were considered to
be ambiguous and excluded from further analysis. Over the
remaining unambiguous sites, we could be very confident in the
genotype for all the sequenced strains.

De Novo Assembly

Prior to assembly, we combined overlapping reads using FLASH
(Mago¢ and Salzberg, 2011). Genomes were assembled using
SPAdes version 3.5.0 (Bankevich et al., 2012) with read error
correction and with the “- - careful” switch. We assessed the
quality of the assemblies and generated summary statistics using
Quast (Gurevich et al., 2013) and REAPR (Hunt et al., 2013).

Automated Annotation of Genome Assemblies
Genome assemblies were annotated via the Prokaryotic Genomes
Automatic Annotation Pipeline (PGAAP) at the NCBI.

Comparison of Gene Content

To determine the presence or absence of genes in the newly
sequenced genomes, we used alignment of genomic sequence
reads against a reference pan-genome rather than comparison
between genome assemblies. The reference pan-genome
consisted of a set of gene sequences, each being a sole
representative of a cluster of orthologous genes from all
Xanthomonas genomes whose sequences were currently
available; clustering of orthologous gene sequences was
performed using UCLUST (Edgar, 2010). The reason for taking
this approach (i.e., alignment of raw reads rather than alignment
of assemblies) was to avoid potential errors arising from gaps in
the genome assemblies. We aligned sequence reads against the
reference genome sequence using BWA-MEM (Li and Durbin,
2009; Li, 2014) and used coverageBed from the BEDtools package
(Quinlan and Hall, 2010) to determine the breadth of coverage of
each gene in the resulting alignment. These breadths of coverage
were visualized as heatmaps using the pheatmap module in R
(R Development Core Team, 2013). We also compared genome
assemblies using BRIG (Alikhan et al., 2011).

Results

Overview of Sequencing Results

We performed genomic re-sequencing on a collection of 26
Xap and Xff strains from the strain collections at NCPPB and
CIAT as summarized in Table 1. For most of the strains, we
obtained a depth of coverage of at least 40 x and thus were able
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TABLE 1 | Sequenced strains.

Strain Country and date of Host Depth of Clade Accession numbers
isolation coverage

Xap NCPPB 556 (LMG 829) Sudan (Shambat) 1957 Lablab bean 16 x “Lablab” JTJFO0000000 SRX1048889
Xap NCPPB 557 (LMG 830) Sudan (Wad-Medani) 1957 Lablab bean 57 x “Lablab” JWTE00000000 SRX1048890
Xap NCPPB 2064 (LMG 8015) Sudan (Wad-Medani) 1965 Lablab bean 108 x “Lablab” JSEZ00000000 SRX1048891
Xap NCPPB 1713 (LMG 8013,) Zimbabwe 1962 Lablab bean 30 x “Lablab” JWTD00000000 SRX1048892
“Xap” NCPPB 3660 Brazil 1975 Common bean 63 x “Fuscans” JSEX00000000 SRX1050058
Xff NCPPB 381* (LMG 826, CFBP 6165) Canada 1957 Common bean 40 x “Fuscans” JTKK00000000 SRX1050059
Xff CIAT X621 South Africa (Cedan) 1995 Common bean 68 x “Fuscans” JXHS00000000 SRX1050082
Xff CIAT XCP631 Colombia 2004 Unknown 33 x “Fuscans” JXLLW00000000 SRX1050252
Xff NCPPB 1056* (LMG 7457) Ethiopia 1961 Common bean 44 x “Fuscans” JSEV00000000 SRX1049856
“Xap” NCPPB 1058** Ethiopia 1961 Common bean 150 x “Fuscans” JSEY00000000 SRX1049857
Xff NCPPB 1433* (LMG 8016) Hungary 1956 Common bean 51 x “Fuscans” JSBT00000000 SRX1049858
Xff NCPPB 2665* (LMG 841) Italy 1973 Common bean 70x “Fuscans” JSBQO0000000 SRX1049859
Xff NCPPB 1654* (LMG 837) South Africa 1963 Common bean 938 x “Fuscans” JSBR00000000 SRX1049860
“Xap” NCPPB 670** (LMG 832) Uganda 1958 Common bean 32x “Fuscans” JRREO0000000 SRX1049872
Xff NCPPB 1402* (LMG 7459) Uganda 1962 Common bean 17 x “Fuscans” JSEWO00000000 SRX1049873
Xff NCPPB 1158 (LMG 7458) UK 1961 Common bean 40 x “Fuscans” JSBS00000000 SRX1049874
Xff NCPPB 1495* (LMG 8017) UK 1963 Common bean 30 x “Fuscans” JSEU00000000 SRX1049875
Xap NCPPB1646 (LMG 8011) Australia 1964 Common bean 48 x GL1 JTCTO0000000 SRX1050299
Xap NCPPB 301 Canada pre-1951 Not known 50 x GL1 JTCU00000000 SRX1050300
Xap CIAT XCP123 Colombia 1974 Lima bean 30 x GL1 JXLVO0000000 SRX1050292
Xap NCPPB 1420 (LMG 836) Hungary 1956 Common bean 92 x GL1 JTCV00000000 SRX1050301
Xap NCPPB 1811 (LMG 8014, CFBP 6164) Romania 1966 Common bean 54 x GL1 JWTFO0000000 SRX1050302
Xap NCPPB 1680 (LMG 8012) Tanzania 1964 Common bean 66 x GL1 JWTG00000000 SRX1050303
Xap NCPPB 3035 (T) (LMG 7455, CFBP 6546) USA pre-1978 Common bean 27 x GL1 JSFA00000000 SRX1050305
Xap NCPPB 220 (NCTC 4331) USA pre-1948 Not known 62 x GL1 JWTHO00000000 SRX1050306
Xap NCPPB 1138 (LMG 834) Zambia 1961 Commonbean 45 x GL1 JWTIO0000000 SRX1050323
“Xap” NCPPB 1128 Jamaica 1961 Common bean 80 x Unknown LFMEO0000000.1 SRX1090401

Xanthomonas

species

All strains had been deposited as Xap, except for those marked with an asterisk (*), which had been deposited as “X. axonopodis pv. phaseoli variant fuscans.” Strains marked with
two asterisks (**) were deposited as Xap but are reported to produce brown pigment, according to the accession cards that were submitted along with the strains into the NCPPB.
Depth of coverage was estimated from alignments of raw sequence reads against the reference genome of X. axonopodis pv. citri 306 (Da Silva et al., 2002) using BWA-MEM (Li and
Durbin, 2009; Li, 2014). GenBank accession numbers are given for the genome assemblies and SRA accession numbers are given for the raw sequence reads. Accession numbers are
given for synonymous strains from the Belgian Coordinated Collections of Micro-Organisms (LMG), the Collection Francaise de Bactéries associées aux Plantes (CFBP) and National

Collection of Type Cultures (NCTC).

to generate de novo genome assemblies. However, for seven of
the genomes, there was less than 40 x coverage. We investigated
the relationship between coverage depth and assembly quality by
assembling subsets of the sequence reads from NCPPB 1058. We
found that contig Nso length peaked at around 40 x coverage,
with further increases in depth yielding little or no increase in
contig lengths.

Figure 1 shows an overview of the de novo assemblies of
each sequenced Xap and Xff genome aligned against that of
the X. axonopodis pv. citri 306 (Da Silva et al., 2002). See also
the Supplementary Figures for genome-wide alignments of the
assemblies using Mauve (Darling et al., 2004). Note that the 26
Xap and Xff genomes were assembled de novo, using SPAdes
(Bankevich et al., 2012), without use of a reference sequence.

The contiguities of the assemblies were comparable to those of
previously sequenced Xanthomonas genomes. This is illustrated

by the distribution of N5 contig lengths, which ranged from 39.4
to 123.6 kb. The range for a recent study of 65 X. axonopodis pv.
manihotis was 7.4-111.0kb (Bart et al., 2012). A full summary of
assembly statistics, calculated using Quast (Gurevich et al., 2013),
is provided in the Supplementary Table S1.

Contiguity of an assembly does not necessarily correlate with
accuracy. Therefore, in addition to the Quast analysis of assembly
contiguity, we also assessed the accuracies of the assemblies using
REAPR (Hunt et al., 2013). This method is based on aligning to
the assembly the sequence reads from which it was generated.
This allows detection of anomalies in coverage of the assembly by
reads and flags two classes of potential errors: fragment coverage
distribution (FCD) errors and low fragment coverage errors. We
compared the frequencies of these two classes of potential error
for each of our genome assemblies and also for each of the
65 previously published X. axonopodis pv. manihotis assemblies
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FIGURE 1 | Overview of genomic conservation among Xap and Xff. The newly sequenced genome sequences and those of previously sequenced Xif strains
4834-R (Darrasse et al., 2013b) and CFBP 4884 (Indiana et al., 2014) were aligned against the Xac 306 chromosome reference sequence (Da Silva et al., 2002) using
BLASTN with an E-value threshold of 1 x 10~6. The alignments are visualized using BLAST Ring Image Generator (BRIG) (Alikhan et al., 2011). The innermost ring
indicates the position on the reference chromosome. Positions covered by BLASTN alignments are indicated with a solid color; whitespace gaps represent genomic
regions not covered by the BLASTN alignments. For clarity, the three genetic lineages (GL 1, lablab-associated strains and GL fuscans) are separated by repetitions of
the plot of G+C content. The black circle indicates the previously reported (Darrasse et al., 2013b) absence of the flagellar gene cluster in Xff 4834-R. The solid-lined
black circles indicate strain-specific genomic deletions observed in the present study.

Xac 306 chromosome (NC_003919)

5175554 bp

(Bart et al., 2012); see Supplementary Figure S1. The genome
assemblies generated in the present study were of comparable
quality to those from the previously published study. However,
there is a general trend toward our genome assemblies having
more “low fragment coverage” errors and fewer “FCD” errors.
To ascertain the phylogenetic positions of each sequenced
strain, we initially used a multi-locus sequence analysis (MLSA)
approach, using concatenated sequences from six genes that
had been used in previous MLSA studies (Young et al.,, 2008;
Almeida et al., 2010; Hajri et al., 2012; Hamza et al., 2012). This
approach had the advantage that we could include in the analysis
many Xap strains and other xanthomonads whose genomes had
not been sequenced but for which MLSA data were available.
Nucleotide sequences are available for these six genes from a large
number of xanthomonads, either from whole-genome sequence
assemblies or from the MLSA studies. We combined the publicly
available sequences with homologous sequences extracted from
the genomes newly sequenced for this study. The results of the
MLSA revealed that the newly sequenced Xap and Xff genomes
each fell into one of three distinct clades: GL 1, GL fuscans

and a previously undescribed lineage associated with lablab bean
(Figure 2).

The newly sequenced strains from lablab bean comprised a
third clade, quite distinct from both Xap GL1 and from GL
fuscans and indeed all previously described lineages of bean
pathogens. The lablab-associated strains are closely related to
members of Rademaker’s genetic group 9.5, along with strains of
pathovars bilvae, citri, malvacearum, and mangiferaeindicae that
are pathogens of diverse plants including Bengal quince, Citrus
spp., cotton and mango respectively (Bradbury, 1986; Rademaker
etal,, 2005). Also falling within this MLSA-based clade are strains
of X. axonopodis pv. glycines, causative agent of bacterial pustule
in soybean (Jones, 1987).

Genome-wide SNP Analysis Elucidates
Phylogeny at Greater Resolution

Based on six-gene MLSA alone, strains could be ascribed
to one of the three genetic lineages (GL 1, GL fuscans,
and GL lablab). However, genome-wide sequence comparisons
provided additional resolution and revealed distinct clades
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FIGURE 2 | Multi-locus sequence analysis to determine the phylogenetic positions of the sequenced strains within the species X. axonopodis and X.
fuscans. The phylogenetic tree is based on alignment of six concatenated gene sequences (atpD, dnaK, efp, fyuA, ginA, and gyrB). The sequences for NCPPB 220,
301, 1138, 1420, 1646, 1680, 1811, 3035, and CIAT XCP123 were identical to those of CFBP 412, 6164, 6546, 6982, 6983, 6984, and 6985, which are classified as
belonging to “pv. phaseoli GL1” (Alavi et al., 2008; Mhedbi-Hajri et al., 2013) and genetic group 9.4 (Rademaker et al., 2005). The sequences for NCPPB 381, 670,
1056, 1058, 1158, 1402, 1433, 1495, 1654, 2665, 3660, and CIAT X621 were identical to those of CFBP 1845, and 4834-R, which are classified as “pv. phaseoli GL
fuscans” (Alavi et al., 2008; Mhedbi-Hajri et al., 2013) and genetic group 9.6 (Rademaker et al., 2005). The evolutionary history was inferred by using the Maximum
Likelihood method based on the General Time Reversible model (Nei and Kumar, 2000). The tree with the highest log likelihood (—17100.2449) is shown. The
percentage of trees in which the associated taxa clustered together is shown next to the branches. Initial tree (s) for the heuristic search were obtained by applying the
Neighbor-Joining method to a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach. The tree is drawn to scale, with
branch lengths measured in the number of substitutions per site. The analysis involved 284 nucleotide sequences. All positions containing gaps and missing data

were eliminated. There were a total of 2697 positions in the final dataset. Evolutionary analyses were conducted in MEGAG (Tamura et al., 2013).

(or sub-lineages) within each lineage. Figure 3A illustrates
the distribution of single-nucleotide variations across the
reference sequence of the chromosome of Xff 4834-R for 160
publicly available related genome sequences. Figure 3B shows a
phylogenetic reconstruction of those 160 genomes based on those
variants. Consistent with the MLSA results, the strains sequenced
in the present study similarly fell into three clades.

Within the fuscans lineage, the genome-wide comparison
revealed at least three distinct sub-lineages, depicted in Figure 4
in red, blue and green respectively. Each of these three lineages
includes strains from diverse geographical locations and years.
For example, one sub-lineage includes strains from France
(1998), Hungary (1956), Italy (1963), South Africa (1963) and
the UK (1962). This suggests that this sub-lineage has been
circulating in Europe for nearly six decades and has spread
between Europe and South Africa at least once, perhaps indirectly
via another locality. This pattern is consistent with spread of the
pathogen via global trade of seeds.

The genome-wide sequence analysis also reveals that
multiple genetic lineages may be present within a single
geographical area. For example, NCPPB 1056 and NCPPB
1058 were both isolated in the same country and the same
year (Ethiopia, 1961) and fall into two distinct sub-lineages
(Figure 4).

Similar, intra-lineage variation can be observed for strains
within the lablab-associated strains (Figure5) and GL 1
(Figure 6). Among lablab-associated strains, those collected in
Sudan between 1957 and 1965 cluster together and are distinct
from NCPPB 1713, which originates from Zimbabwe in 1962.
Within GL 1, there are two multi-strain sub-lineages, which
are indicated in blue and green in Figure5. The former
sub-lineage spans Australia, Canada, and Tanzania. The latter
sub-lineage includes strains from Hungary, Romania, and the
USA. Strain NCPPB 1138 (from Zambia, 1961) is distinct
from both of these. The single GL 1 strain from Lima bean
(CIAT XCP123, Colombia, 1974) is distinct from all of the
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Panel (A) shows a density plot of single-nucleotide variations paired with a
phylogenetic tree, both generated using Harvest (Treangen et al., 2014) with the chromosome of Xff 4834-R (Darrasse et al., 2013b) as the reference sequence. Panel
(B) shows the same phylogenetic tree as in Panel (A) but with taxon labels and some clades collapsed for clarity. In addition to the 26 newly sequenced genomes, all
134 publicly available genome assemblies from X. axonopodis, X. fuscans, X. citri, and X. euvesicatoria were included.

pv. vasculoum NCPPB 900

strains from common bean (Figure5); however, based on
MLSA alone, it is indistinguishable from the other GL 1
strains.

Across the 4,981,995-bp chromosome sequence of Xff 4834-R,
Harvest identified a total of 135,321 SNPs. This number includes
all single-nucleotide sites that show variation between any of
the 160 genome assemblies included in the analysis. A subset of
61,462 of those SNPs showed polymorphism among the 26 Xap
and Xff genomes sequenced in the present study. The Harvest

SNP calling takes as its input assembled genome sequences. Thus,
substitution errors in the assemblies then could appear as false
positives. Gaps in the assemblies are unlikely to generate false-
positive SNP calls as Harvest only considers the core genome, i.e.,
those regions of the genome that are present in all of the genome
assemblies and discards genomic regions present in only a subset
of the assemblies. To assess the reliability of the Harvest SNP calls,
we compared the results with a read-based method of SNP calling
that we have used previously (Mazzaglia et al., 2012; Wasukira
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FIGURE 4 | Single-nucleotide variation within fuscans genetic lineage. A density plot of single-nucleotide variations is shown paired with a phylogenetic tree,
both generated using Harvest (Treangen et al., 2014) with the chromosome of Xff 4834-R (Darrasse et al., 2013b) as the reference sequence. The country and year of
isolation is indicated for each bacterial strain. Three multi-strain sub-lineages are indicated by coloring in red, blue, and green respectively. The geographical locations

of the countries of isolation are indicated on the world maps for each of the three sub-lineages, again colored respectively in red, blue, or green.

et al., 2012; Clarke et al., 2015). Read-based methods have the
advantage of not being reliant on assembly and they exploit the
signal from multiple independent overlapping sequence reads at
each site in the genome sequence. However, sequence reads are
not available for the majority of Xanthomonas genome sequences,
since for most studies only the assemblies and not the reads have
been deposited in the public repositories. Of the 61,462 SNPs
that Harvest called for the Xap and Xff genomes, our read-based
method confirmed 53,811 (87.5%).

It is evident from Figures3-6 that single-nucleotide
variations occur throughout the chromosome. However, the
distribution is not uniform and there are several apparent
“hotspots” of variation. The most likely explanation for these
regions of higher-than-average sequence divergence is horizontal
acquisition of genetic material from relatively distantly related
strains. Such incongruent patterns of sequence similarity
due to horizontal transfer have been reported previously
in Xanthomonas species (Fargier et al, 2011; Hamza et al,
2012).

Gene-content Varies between and within Each
Clade

Consistent with the indications of horizontal genetic transfer
described in the previous section, we observed significant
variations in gene presence and absence among strains within
each of the three genetic lineages (Figure?7). Within the

fuscans strains, there were 1188 clusters of orthologous genes
that were present in at least one strain and absent from
at least one other (Figure7A). Among the lablab-associated
strains, 472 orthologous gene clusters showed presence-absence
polymorphism (Figure 7B). Among GL 1, the number was
535 (Figure 7A). Clustering of genomes according to gene
content is broadly congruent with phylogeny. Supplementary
Tables S2-S7 list genes whose presence distinguishes between
Xff, Xap GL 1 and lablab-associated strains. Additionally, the
four lablab-associated strains all contain six genes that have
no close homologs amongst other sequenced xanthomonads.
These are predicted to encode: three hypothetical proteins
(KHS05433.1, KKY05378.1, and KHS05434.1), pilus assembly
protein PilW (KHS05489.1), an oxidoreductase (KHS05432.1),
and an epimerase (KHS05485.1).

Strain-specific Large Chromosomal Deletions

A large chromosomal deletion has been previously reported in
Xff 4834-R in which a large part of the flagellar gene cluster is
absent (Darrasse et al., 2013b). This deletion is visible in Figure 1
at around position 2310kb in the Xac 306 chromosome and
indicated by a black circle with broken line. Although, similar
deletions were reported in 5% of the strains tested (Darrasse et al.,
2013b), this flagellar gene cluster was intact in all of the genomes
sequenced in the current study as well as in the previously
sequenced Xff 4884 (Indiana et al., 2014).
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FIGURE 5 | Single-nucleotide variation among lablab-associated strains. A density plot of single-nucleotide variations is shown paired with a phylogenetic tree,
both generated using Harvest (Treangen et al., 2014) with the chromosome of NCPPB 557 as the reference sequence. The country and year of isolation is indicated
for each bacterial strain. Two sub-lineages are indicated by coloring in blue (a single strain) and red (three strains) respectively. The geographical locations of the
countries of isolation are indicated on the world maps for each of the three sub-lineages, again colored respectively in blue or red.

In addition to the strain-specific flagellar deletion, Figure1 ~ Strains of Xap GL1 Encode a SPI-1-like T3SS
reveals several other large genomic deletions, examples of which A previously published suppression subtractive hybridizations
are indicated with black circles. The largest example is a 50-kb ~ study comparing bean pathogens and closely related
region of the Xac 306 chromosome sequence that is absent from  xanthomonads revealed the presence of genes encoding several
the three Sudanese lablab-associated strains but present in the  protein components of a T3SS similar to that of Salmonella
Zimbabwe strain. This absence is visible in Figure 1 at between  pathogenicity island 1 (SPI-1) in the genome of Xap CFBP 6164
4.82 and 4.87 Mb on the reference chromosome sequence and  (Alavi et al., 2008). This strain is synonymous with NCPPB 1811
indicated by a black circle. The absence of this region is supported ~ and belongs to lineage GL 1. Subsequently, genome sequencing
not only by the de novo assemblies of NCPPB 556, 557 and  revealed that X. albilineans encodes a SPI-1-like T3SS (Pieretti
2064, but also by alignment of the raw sequence reads against  etal., 2009, 2015) and targeted sequencing confirmed its presence
the Xac 306 reference genome, eliminating the possibility that it  in two further Xap GL 1 strains: CFBP 2534 (same as NCPPB
merely represents an assembly artifact. This region is illustrated ~ 3035) and CFBP 6982 (Marguerettaz et al., 2011). Whole-genome
in Supplementary Figure S6, includes locus tags XAC4111-  sequencing in the current study indicated that this SPI-1-like
XAC4147 and is predicted to encode a type-6 secretion system  T3SS was encoded in the genomes of all GL 1 strains from
(Darrasse et al., 2013b). common bean and Lima bean (Figure 8) but was absent from GL

Other examples include a deletion of approximately 9 Kb  fuscans and from the lablab-associated strains. All of the putative
that is deleted in Xap NCPPB 3035, resulting in loss of its  structural genes for the T3SS are conserved in Xap GL 1 but the
ortholog of gene XAC RS17930 and parts of the two flanking ~ xapABCDEFGH genes, hypothesized to encode effectors that
genes XAC_RS17925 and XAC_RS17935 at around position 4.20  are substrates of the T3SS in X. albilineans (Marguerettaz et al.,
Mb on the reference genome (Supplementary Figure S7). A 2011), are not conserved in Xap.
second example of a deletion unique to NCPPB 3035 spans
approximately 10 kb at around position 5.10 Mb (Supplementary ~ Repertoires of Hrp T3SS Effectors
Figure S8). The deleted region contains genes XAC_RS21755  Previous genome sequencing of Xff 4834-R revealed the presence
(predicted plasmid stabilization protein) to XAC_RS21815  of genes encoding 30 predicted effectors potentially secreted by
(predicted transposase) and likely represents a mobile element. the Hrp T3SS (Darrasse et al., 2013b). We searched for orthologs

Frontiers in Microbiology | www.frontiersin.org 9 October 2015 | Volume 6 | Article 1080

80



Aritua et al. Genomes of Xanthomonas bean pathogens

P 12
REFA2 Colombia 1974

— NCPPB 1138

Zambia 1961
NCPPB 301 Canada 1951
NCPPB 1680 Tanzania 1964
NCPPB 1646 Australia 1964
CPPB 3035 USA 1978
NCPPB 1420 Hungary 1956
NCPPB 220 USA 1948
NCPPE 18 Romania 1966

FIGURE 6 | Single-nucleotide variation within Xap GL 1. A density plot of single-nucleotide variations is shown paired with a phylogenetic tree, both generated
using Harvest (Treangen et al., 2014) with the chromosome of NCPPB 1680 as the reference sequence. The country and year of isolation is indicated for each
bacterial strain. Two multi-strain sub-lineages are indicated by coloring in blue and red respectively. The geographical locations of the countries of isolation are

indicated on the world maps for each of the three sub-lineages, again colored respectively in blue or red.

of these and other Xanthomonas T3SS effectors in the newly
sequenced Xap and Xff genomes using TBLASTN (Altschul et al.,
1990) to search the genome assemblies against each protein query
sequence. The results are summarized in Figure 9. There is a
core set of 14 effectors that is encoded in all sequenced strains
of Xap and Xff: XopK, XopZ, XopR, XopV, XopEL, XopN, XopQ,
XopAK, XopA, XopL, AvrBs2, and XopX. Four of these are also
included in the core set of effectors conserved among 65 strains
of X. axonopodis pv. manihotis (Bart et al., 2012), namely XopEl,
XopL, XopN, and XopV. Several others are encoded in most but
not all of the newly sequenced genomes, for example: XopCl,
XfuTAL2, and Xop]J5. Others appear to be limited to just one
of the three lineages. For example, XopF2 is limited to lineage
fuscans, XopC2 is found only in Xap GL1 and XopAl is restricted
to the lablab-associated strains.

The Molecular basis for Pigmentation

Some bacterial strains from CBB infections produce a brown
pigment when grown in tyrosine-containing medium and are
therefore described as “fuscous.” The pigment is not believed
to be directly associated with virulence (Gilbertson et al., 1991;
Fourie, 2002) but fuscous strains tend to be very virulent on
bean (Birch et al.,, 1997; Toth et al., 1998). The brown color
arises from oxidized homogentisic acid (2,5 dihydroxyphenyl
acetic acid), an intermediate in the tyrosine catabolic pathway

that gets secreted and oxidized in these fuscous strains (Goodwin
and Sopher, 1994). Genome sequencing of the fuscous strain
Xff 4834-R revealed a single-nucleotide deletion in hmgA, the
gene encoding homogentisate oxygenase (Darrasse et al., 2013b).
This enzyme catalyzes a step in the tyrosine degradation pathway
that converts tyrosine to fumarate and hence its inactivation
likely disrupts tyrosine degradation leading to accumulation of
homogentisate and its subsequent oxidation to form the brown
pigment. Consistent with this hypothesis, we found that the
single-nucleotide deletion was present in all of the sequenced
strains belonging to GL fuscans resulting in a predicted protein
product that is truncated, while the hmgA gene was intact
in all of the Xap GL1 and lablab-associated Xap genomes
(see Figure 10).

Recent Genetic Exchange between Xap GL 1 and
GL Fuscans

Patterns of single-nucleotide variation (Figure 3A) revealed
some regions of the genome where Xap GL 1 had many
fewer variants with respect to the Xff 4384-R reference genome
than did the closely related X. axonopodis pv. manihotis.
Closer inspection revealed numerous genes where the Xap
GL 1 strains shared an identical allele with Xff, a pattern
that is incongruent with their relatively distant phylogenetic
relationship.
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FIGURE 7 | Variation in gene content within each genetic lineage. The heatmaps essentially indicate the presence or absence of each gene in each sequenced
genome. To determine the breadth of coverage of a gene, the genomic raw sequence reads are aligned against a reference pan-genome using BWA-MEM (Li, 2013,
2014) and the breadth of coverage is calculated using coverageBed (Quinlan and Hall, 2010). A coverage of one indicates complete coverage of the gene by aligned
genomic sequence reads, indicating presence of the gene. A coverage of zero indicates that no genomic sequence reads matched the gene, indicating that it is
absent (or at least highly divergent in sequence). In each heatmap, the genomes (columns) are clustered according to gene content and the genes (rows) are clustered
according to their patterns of presence and absence across the genomes. The core genome, i.e., the subset of genes that are present in all strains, is excluded from
the heatmap. (A) Summarizes the pattern of presence and absence for 1188 genes in the fuscans lineage, (B) for 472 genes in lablab-associated strains and (C) for

535 genes in Xap GL 1. Note that each gene is the representative of a cluster of orthologous genes.

To further investigate this phenomenon, we calculated
pairwise nucleotide sequence identities for each Xap GL 1 gene
vs. its closest homolog in other lineages within X. axonopodis and
X. fuscans. The results are summarized in Figure 11. Pairwise
sequence identities between Xap GL 1 and Xff (GL fuscans)
followed a bimodal distribution with peaks at around 96% and
at 100%. The peak at 100% was not observed for identities
between Xap GL 1 and other lineages (X. axonopodis pv. glycines,
X. axonopodis pv. citri, X. axonopodis pv. manihotis, X. fuscans
subsp. Aurantifolii, and lablab-associated Xap). Table2 lists
examples of genes with 100% identity between Xap GL 1 and
Xff. Essentially the same set of genes is affected in all of the

Xap GL 1 strains and the alleles are more similar to alleles from
pathovars citri and glycines than to manihotis. Therefore, the
most parsimonious explanation is that these alleles have been
acquired by the ancestors of Xap GL 1 from the fuscans lineage.
Genome sequencing of Xap strains from lablab bean has
revealed a previously unknown distinct lineage of Xap. This
lineage is more closely related to strains of X. axonopodis pv.
glycines that to any of the previously described genetic lineages
of Xap. The existence of a separate lablab-associated lineage on
lablab suggests that there may not be frequent movement of
CBB bacteria between this species and common bean. However,
conformation of this hypothesis will require genotyping of larger
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FIGURE 8 | The SPI-1-like T3SS in Xap GL 1. The figure shows a TBLASTN alignment of the X. albilineans chromosome (Pieretti et al., 2009) vs. the genome of
Xap NCPPB 3035 (sequenced in the present study). Sequence identity is indicated by the black-gray-white color scale.
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FIGURE 9 | Repertoires of T3SS effectors. The heatmap indicates the proportion covered by aligned genomic sequence reads over each T3SS effector gene DNA
sequence. GenBank accession numbers are given on the right side. Genomic sequence reads were aligned against the effector gene sequences using BWA-MEM. A
coverage of 1.0 represents complete coverage, indicating that the gene is present in the respective genome. A coverage of 0.0 represents a complete absence of
aligned sequence reads, indicating absence of the gene from the respective genome.

numbers of strains; with the availability of these genome data it It was previously observed that a Xap strain from common
will be straightforward to design PCR-based assays to identify ~ bean (NCPPB 302) was less pathogenic on lablab than bacteria
bacterial strains belonging to this newly discovered lineage. isolated from naturally infected lablab (Sabet, 1959). The same
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FIGURE 10 | Disruption of the hmgA gene in GL fuscans. The cartoon illustrates a sequence polymorphism in the hmgA gene whereby all of the sequenced GL
fuscans strains (including previously sequenced 4834-R and CFBP4884) have a single-nucleotide deletion that results in a frame-shift and premature stop codon. All
of the Xap GL 1 and lablab-associated strains encode a full-length protein product.
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FIGURE 11 | Nucleotide sequence identities of Xap GL 1 genes vs. other lineages and pathovars. Each histogram shows the frequency distribution of
sequence identity between genes from a Xap GL 1 strain (NCPPB 1680) and their closest BLASTN matches in other lineages including GL fuscans (NCPPB 1058,
1494 and 1654), lablab-associated Xap (NCPPB 2064), X. fuscans subsp. aurantifolii (ICPB 10535), X. axonopodis pv. glycines (CFBP 2526), X. axonopodis pv. citri
(306) and X. axonopodis pv. manihotis (IBSBF 1411) (Da Silva et al., 2002; Moreira et al., 2010; Bart et al., 2012; Darrasse et al., 2013a). The arrowheads indicate the
positions of the peaks at 100% sequence identity between GL 1 and GL fuscans.
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TABLE 2 | Genes in Xap GL 1 that share 100% nucleotid with Xff (GL fuscans).

Bank i ber and predicted product of Xap Xag CFBP 2526 (%) Xam IBSBF 1411 (%) Xap NCPPB2064 (%) Xfa ICPB 10535 (%)
NCPPB 1680
KHS20952 glutamine amidotransferase 97.73 99.47 97.61 98.14
KHS20955 preprotein translocase 97.28 94.42 98.88 99.20
KHS21044 phospholipase 96.36 93.73 96.49 99.75
KHS21241 ATPase AAA 97.92 93.84 97.92 98.67
KHS21242 histidine kinase 96.95 93.91 98.54 99.58
KHS21578 preprotein translocase subunit SecE 98.28 95.58 98.03 99.51
KHS21579 transcription antiterminator NusG 98.03 94.97 98.03 99.82
KHS215680 508 ribosomal protein L11 98.36 97.20 98.13 100.00
KHS21581 50S ribosomal protein L1 97.71 98.14 97.56 99.28
KHS21586 308 ribosomal protein S12 99.20 98.66 98.93 100.00
KHS22189 membrane protein 94.84 93.28 0.00 99.06
KHS22203 type VI secretion protein 97.93 96.69 0.00 99.17
KHS22241 UDP-2 3-diacylglucosamine hydrolase 98.25 96.42 98.12 99.46
KHS22843 cardiolipin synthetase 94.63 94.94 94.63 99.68
KHS23016 ribose-phosphate pyrophosphokinase 98.02 97.08 98.33 99.37
KHS23018 peptidyl-tRNA hydrolase 96.98 95.21 96.98 98.80
KHS23156 heat shock protein GrpE 99.23 95.56 99.23 99.81
KHS23251 membrane protein 98.83 97.96 98.98 99.56
KHS23252 membrane protein 97.67 94.25 97.67 99.46
KHS23254 methionine ABC transporter substrate-binding 97.78 95.64 97.78 98.75
KHS23255 metal ABC transporter permease 99.14 96.09 99.14 99.86
KHS23256 methionine ABC transporter ATP-binding protein 97.12 95.13 97.02 99.21
KHS23257 membrane protein 97.43 97.70 97.54 97.66
KHS23258 nucleotide-binding protein 98.56 96.91 98.14 99.38
KHS23269 type Il secretion system effector protein XopAK 94.94 88.47 94.94 97.12
KHS23489 phosphomethylpyrimidine kinase 98.15 95.67 98.15 99.88
KHS23490 membrane protein 98.51 95.23 98.06 99.85
KHS23713 S-adenosylmethionine synthetase 99.01 98.02 98.92 99.83
KHS24197 molybdopterin-guanine dinucleotide biosynthesis 97.54 94.02 97.36 99.47
KHS24815 508 ribosomal protein L6 95.07 96.94 96.02 95.83
KHS24816 308 ribosomal protein S8 98.24 99.25 98.24 98.24
KHS24818 50S ribosomal protein L5 97.97 98.52 97.97 99.26
KHS24819 50S ribosomal protein L24 100.00 99.68 100.00 100.00
KHS24820 50S ribosomal protein L14 99.73 98.91 98.91 99.46
KHS24821 308 ribosomal protein S17 99.26 98.14 98.88 99.63
KHS24822 508 ribosomal protein L29 99.46 97.84 99.46 99.46
KHS25207 histone-like nucleoid-structuring protein 98.50 96.26 97.76 99.75
KHS25209 membrane protein 96.86 95.48 96.86 98.82
KHS25211 3-methyladenine DNA glycosylase 95.97 93.71 95.65 99.19
KHS25388 EF hand domain-containing protein 98.02 93.65 98.02 98.58
KHS25405 thioredoxin 99.12 97.36 98.83 100.00
KHS25407 ABC transporter 99.42 97.67 99.42 100.00
KHS25490 cupin 96.29 93.98 96.20 98.95
KHS25537 peptide ABC transporter permease 98.81 96.57 98.81 99.60
KHS26053 RNA-binding protein 98.35 96.69 99.17 99.59
KHS26541 3-demethylubiquinone-9 3-methyltransferase 97.47 98.61 97.47 97.61
KHS26908 Iytic transglycosylase 95.53 86.24 94.99 99.11
KHS26912 membrane protein 97.87 96.17 97.77 99.36
KHS26916 malto-oligosyltrehalose trehalohydrolase 97.32 93.65 96.93 99.49
KHS27359 S-(hydroxymethyl)glutathione dehydrogenase 97.92 94.94 97.83 99.82

(Continued)
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TABLE 2 | Continued

Bank i ber and predicted product of Xap Xag CFBP 2526 (%) Xam IBSBF 1411 (%) Xap NCPPB2064 (%) Xfa ICPB 10535 (%)

NCPPB 1680

KHS27633 Crp/Fnr family transcriptional regulator 95.80 94.35 95.66 99.47
KHS27636 ATP phosphoribosyltransferase 96.28 95.30 96.50 99.67
KHS27638 histidinol-phosphate aminotransferase 96.70 90.87 97.07 99.45
KHS27639 imidazoleglycerol-phosphate dehydratase 95.21 93.17 95.12 99.65
KHS27640 imidazole glycerol phosphate synthase 95.18 93.52 95.02 99.67
KHS28695 GntR family transcriptional regulator 97.79 97.51 97.79 99.17
KHS28696 vitamin B12 ABC transporter permease 98.20 96.41 98.38 99.28
KHS28992 NIpC-P60 family protein 94.19 91.30 94.48 97.88
KHS28993 ErfK/YbiS/YcfS/YnhG family protein 96.65 91.75 96.13 99.48
KHS29058 membrane protein 98.59 95.07 97.54 100.00
KHS29941 CDP-diacylglycerol-serine 99.22 97.02 98.97 99.74
KKY054115 membrane protein 96.92 94.62 94.62 99.23
KKY05325 membrane protein 100.00 93.75 100.00 100.00

Each of the Xap NCPPB 1680 genes shares 100% identity over at least 95% of its length with its ortholog in Xff strains NCPPB 1058, 1495, and 1654. For comparison, percentage
nucleotide sequence identities are given for each gene vs. X. axonopodis pv. manihotis (Xam), lablab-associated X. axonopodis pv. phaseoli (Xap).

study also reported that the Xap strains (Doll, 2 and 3) were less
pathogenic on common bean than was Xap NCPPB 302, hinting
at the presence of distinct populations of Xap differentially
adapted to different host species. Furthermore, a subsequent
study found that Xap strain Dol 3, isolated from lablab in Medani,
Sudan, 1965, was pathogenic only on common bean and lablab
bean; it was not pathogenic on any of the other leguminous
plants that were tested, including several Vigna spp., Rhynchosia
memnonia, mungo bean, pigeon pea, alfalfa, butterfly pea, velvet
bean, pea, and white lupin.

To the best of our knowledge, no recent quantitative data are
available for the extent and severity of common bacterial blight
on lablab. However, in 1959, leaf blight on this crop was reported
as widespread and often severe in the Gezira and central Sudan
(Sabet, 1959).

The single sequenced bacterial strain from Lima bean clearly
fell within Xap GL 1, along with strains from common bean,
including the pathovar type strain (NCPPB 3035). However,
genome-wide phylogenetic reconstruction revealed that the
Lima-associated strain was the most early-branching within
this lineage and suggests that it has been genetically isolated
from the population that is geographically widely dispersed on
common bean (Figure 6). Again, the availability of these genomic
data will facilitate development of PCR-based assays to rapidly
genotype larger panels of strains to elucidate the population
genetics.

The newly sequenced genomes confirm and extend previous
observations (Alavi et al., 2008; Marguerettaz et al., 2011; Egan
et al, 2014), suggesting that a SPI-1-like T3SS is probably
universal among Xap GL 1 but absent from Xff and from the
newly discovered lablab-associated lineage. We also confirm
that a frame-shift in the hmgA gene, resulting in a presumably
defective homogentisate 1,2-dioxygenase, is common to all
sequenced strains of Xff and probably explains the accumulation
of brown pigment in fuscous strains (Darrasse et al., 2013b).
The hmgA gene appeared to be intact in all the GL 1 and

lablab-associated strains consistent with the absence of report of
pigment in these.

Previous comparative genomics studies of Xanthomonas
species have highlighted the presence of rearrangements of
fragments of the genome (Qian et al., 2005; Darrasse et al., 2013a).
We observed no evidence of such rearrangements among the
Xff, Xap GL1 nor among the lablab-associated Xap genomes
sequenced in the present study (See Supplementary Figures S3-
S5). However, the lack of evidence should not be interpreted as
meaning that there are no such rearrangements; draft-quality
genome assemblies, such as those generated in the present other
related studies (Bart et al., 2012; Indiana et al., 2014; Schwartz
etal,, 2015), are fragmented into multiple contigs and/or scaffolds
and if the breakpoints in the genomic rearrangements coincide
with gaps or breakpoints in the assembly, then they would not be
detected.

A previous study reported large genomic deletions in about
5% of the examined Xanthomonas strains, including Xff 4834-
R, resulting in loss of flagellar motility (Darrasse et al., 2013b).
Although, none of the genomes sequenced in the present study
displayed this deletion, there were several other strain-specific
multi-kilobase deletions (see Figure 1) suggesting that this is a
relatively common phenomenon among xanthomonads.

Discussion

In the present study, we sequenced the genomes of 26 strains of
the causative agents of CBB, whose times and places of isolation
spanned several decades and several continents. This resource
adds to the already published genome sequences of Xff 4834-R
and CFBP 4884 (Darrasse et al., 2013b; Indiana et al., 2014) with
a further 13 sequenced genomes. We also present the first genome
sequences for Xap, including 9 strains belonging to a previously
described lineage known as GL 1. These 9 sequenced GL 1 strains
include 8 from common bean and one from Lima bean. We also
sequenced a further four strains from lablab bean.
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Our data reveal genetic sub-lineages within Xff and within
Xap GL 1, each having a widely dispersed geographical
distribution. The availability of these genome sequence data will
be a useful source of genetic variation for use in developing
molecular markers for distinguishing individual sub-lineages or
genotypes and thus aiding the study of routes of pathogen spread
(Vinatzer et al., 2014; Goss, 2015). We observed considerable
intra-lineage variation with respect to gene content as well as
single-nucleotide variations (Figures 4-7).

Whole-genome sequencing revealed the repertoires of
predicted T3SS effectors. Our results (Figure 9) were consistent
with a previous survey of effector genes (Hajri et al.,, 2009)
except for two apparent discrepancies. First, we find no evidence
for presence of avrRxol (xopAJ) in the genomes of Xap nor
Xff though Hajri and colleagues found this gene in Xap GL
1. Second, genome-wide sequencing sequencing was able to
distinguish between xopFI and xopF2. We find xopFI in both
Xff and Xap GL 1 but find xopF2 only in Xff. Hajri reported
presence of xopF2 in both Xff and Xap GLI; this might be
explained by cross-hybrisisation of xopFl with the xopF2
probes.

Arguably the most surprising finding to arise from the
present study is the observation that Xff and Xap GL 1 share
100% identical alleles at dozens of loci even though on average
most loci share only about 96% identity. This phenomenon is
apparent from the bimodal distributions of sequence identities
in Figure 11. This phenomenon is apparently restricted to
sharing between GL 1 and Xff; no such bimodal distribution
is seen between GL 1 and the lablab-associated strain not
between GL 1 and X. fuscans subsp. aurantifolii (which is
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Figure S1 Comparison of assembly accuracy. To assess the accuracy of the newly assembled genome sequences, without a ground-
truth reference genome sequence against which to compare, we used the REAPR tool (Hunt et al., 2013). REAPR detects two classes of
potential errors in assemblies: Fragment coverage distribution (FCD) errors and low fragment coverage errors. We ran REAPR against
each of the assemblies generated in the present study and also against each of the assemblies of X. axonopodis pv. manihotis described
in a previously published study (Bart et al., 2012). A perfect error-free assembly would fall in the bottom left corner of the plot whereas a
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Red circles (0): Genome sequence assemblies from the present study.

Blue crosses (+): Genome assemblies from previously published study (Bart et al., 2012).
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Figure S2 Effect of depth of coverage on the contiguity of genome assembly. To assess the
effect of depth of read coverage on assembly contiguity, we subsampled reads from the datasets
for strains NCPPB 2064 and NCPPB 1058 to give a range of depths from 1 to 100 x. Depth of

coverage was calculated by dividing the total number of nucleotides in the input sequence reads by
4,700 (i.e. assuming that the genome size is 4.7 Mb). Each subsample of reads was assembled

with SPAdes using the same protocol as for the assemblies described in the main text. The N5g
contig length was calculated for each assembly using Quast (Gurevich et al., 2013).

Red circles (0): Genome sequence assemblies of Xff NCPPB 1058.

Blue crosses (+): Genome assemblies of Xap NCPPB 2064.

92




200000 400000 600000 800000 1000000 1200000 1400000 1600000 1800000 2000000 2200000 2400000 2600000 2800000 3000000 3200000 3400000 3600000 3800000 4000000 4200000 4400000 4600000 4800000
P 1 '
R\ \ ~ \ ﬁ | | F
v \ | 0\
g 1
000 1690000 1800009,| 2000000 220¢ 2 6000 2805000 000 | 320 : 8 ; ) 03000
& I
R ﬁ ”
! Coir |\
| | , ! |
D 40§000  6D0000 80 000 1808000 | 200800 220 408000 | 26f0000 2806p00  30po 2p800p 3400000 3600000 380 000 4200000 4408000 4608000 | 4801 0
a
= |
R ,
!l 1 !
| T _
| 430000 500000 800000 800004 || 2000000 221 2406004 2$00000 280p000 0 [32060p0 3400000 | 3600000 4600000 48 0000
A |
x) | |
R \ | / ) |\ _, \
v W\ T ; |1 ! |
\ 400000 60 800000 1000000 1200000, 1400000 1630000 1800004 2000000 220040 | 2400000 | [2600000 ] 2801 0 360000 ; 00§ 1| 50006000
&~
= |
R - f \ \
v /4 / \
/ [ . | || \
/ G900 400000 / 600000 _ BO0OO! 1800000/ 2000000 22 00 | 3208000 3400000 | 3600000 T 480 048000
A
g T ' '
R| |yl | | | | \ { L ; |
v - T \ (
! N \ \ |
40 200000 0 220000 000 |260$000 2800000 | 3000008\ 3201 34pbo00 3600000 3808000
A
=l
RO IO i Y R ,
v { | = —_— = — {
{ , ={=h ~ A/
40000 | 61 i 1604000 1800 3 446000 | 264400 | 2800000] 3000009 | 32050¢0 3400000 3600000 3800D0G | 300 —4405000__ 4608000 480001 0
A
=00 7 I | !
R 7] 1 H
v/ i . 1
/ 40 000 16| 1800000 000 220804p | Fagbgoo 00000 p000000| 320000 3493000 3600000 3
A
R\ \ sl
v / ¥ |
N \
1 1
\ — T200000, | 1400000 160p000 1800000|| 2000D00 2245400 | 2400000 2pD0GO0 2800000 3 00 L5003
A
AL , UM m
v / / | | \
/ | | B
0 00000 / 600000 800000 00000 1200000 | 1400000 {i] 0000 321 00 0000,
A
R\ ,,, ,,, |
v\l \ \
\ \ \
] ! 0 1800000 (4000009 220000 [ 2403000 26040G0] 280600p 3000pP0 | 3205000 | 3400000 3605000 3800900 000 52000
A
R | [ I |
v \ \ ) I \ S
" \ 1 i 7 1 i - S % \
\ 0000 00 1400000 [1600000 18I 00 00000 |2: | 0! 3000001 3601 t
A
= |
.~ ] _ | ,
v 1 L s
A / - = : i \
040000 005 7400000 1600p00 1808000 /20050 Y 00000 2301 5060 34 < \ 08 2508000 5GpH0!
x P
R
NCPPB10S6

Figure S3 Whole-genome alighments of X. fuscans subsp. fuscans. The genome assemblies of each

sequenced isolate were aligned, and using Mauve (Darling et al., 2004, 2010

t al., 2009).
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Figure S4 Whole-genome alignments of X. phaseoli pv. phaseoli lablab-associated isolates.

The genome assemblies of each sequenced isolate were aligned, and using Mauve (Darling et al., 2004, 2010; Rissman et al., 2009).
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Figure S5 Whole-genome alignments of X. phaseoli pv. phaseoli genetic lineage 1 (GL1). The genome assemblies
of each sequenced isolate were aligned, and using Mauve (Darling et al., 2004, 2010; Rissman et al., 2009). The genome
assembly of X. axonopodis pv. manihotis NCPPB 1159 (Bart et al., 2012) is also included for comparison.
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Figure S6 A 60-kbp genomic deletion found in Sudanese lablab-associated isolates
NCPPB 2064, NCPPB 556 and NCPPB 557 but not in Zimbabwean isolate NCPPB
1713. The MiSeq sequence reads were aligned against the reference genome sequence
of X. axonopodis pv. citri 306 (da Silva et al., 2002) using BWA-MEM (Li, 2013, 2014). The
depth of coverage plots are visualised using IGV (Thorvaldsdottir et al., 2013).
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Figure S7 A 8-kbp genomic deletion found in Xap NCPPB 3035 but not in other
sequenced Xap GL1 isolates. The MiSeq sequence reads were aligned against the
reference genome sequence of X. axonopodis pv. citri 306 (da Silva et al., 2002) using
BWA-MEM (Li, 2013, 2014). The depth of coverage plots are visualised using IGV
(Thorvaldsdéttir et al., 2013).
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Figure S8 A 6-kbp genomic deletion found in Xap NCPPB 3035 but not in other sequenced Xap GL1 isolates. The MiSeq
sequence reads were aligned against the reference genome sequence of X. axonopodis pv. citri 306 (da Silva et al., 2002) using
BWA-MEM (Li, 2013, 2014). The depth of coverage plots are visualised using IGV (Thorvaldsdéttir et al., 2013).
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Figure S9 Conservation of Xff plasmid pla in the Xff and Xap isolates sequenced in
the present study. The MiSeq sequence reads were aligned against the reference
genome sequence of Xff 4834-R (Darrasse et al., 2013) using BWA-MEM (Li, 2013, 2014).
The depth of coverage plots are visualised using IGV (Thorvaldsdottir et al., 2013).
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Figure S10 Conservation of Xff plasmid plb in the Xff and Xap isolates sequenced in
the present study. The MiSeq sequence reads were aligned against the reference
genome sequence of Xff 4834-R (Darrasse et al., 2013) using BWA-MEM (Li, 2013, 2014).
The depth of coverage plots are visualised using IGV (Thorvaldsdottir et al., 2013).
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Figure S10 (cont) Conservation of Xff plasmid plc in the Xff and Xap isolates
sequenced in the present study. The MiSeq sequence reads were aligned against the
reference genome sequence of Xff 4834-R (Darrasse et al., 2013) using BWA-MEM (Li,
2013, 2014). The depth of coverage plots are visualised using IGV (Thorvaldsdottir et al.,
2013).
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Figure S11. Distribution of plasmids found in Xff CFBP4884.

The distribution of each plasmid identified from Xff CFBP4884 across the three clades
included in this study. The black boxes indicate presence of the plasmid, while white boxes
indicate no evidence of the plasmid found in the assemblies. The grey boxes indicate partial
sequence homology. The supplementary tree shows the topology of the fuscans clade in
more detail, with the plasmid distribution mapped onto this for clarity.
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NCPPB2064 GCA_000786995.2 | 139 | 139 5,250,852 | 5,250,852 139 | 327,351 | 5,250,852 | 64.55 | 123,606 | 52,900 | 15 | 33 0
NCPPB557 GCA_000808655.2 143 | 143 5,226,308 | 5,226,308 143 | 326,992 | 5,226,308 | 64.55 | 116,632 | 47,769 | 16 | 33 0
NCPPB1128 71 71 4,950,425 | 4,950,425 71 | 475,671 | 4,950,425 | 68.89 | 107,247 | 74,331 | 14 | 27 0
NCPPB1713 GCA_000807875.2 | 144 | 144 5,291,882 | 5,291,882 144 | 356,409 | 5,291,882 | 64.61 96,285 | 52,695 | 19 | 38 0
NCPPB1159 GCA_000266285.1 | 128 | 128 4,797,980 | 4,797,980 128 | 257,906 | 4,797,980 | 65.18 96,063 | 46,574 | 17 | 36 0
NCPPB1654 GCA_000775185.2 | 134 | 134 5,032,953 | 5,032,953 134 | 367,357 | 5,032,953 | 64.76 81,530 | 40,461 | 16 | 38 0
NCPPB1680 GCA_000808695.2 | 158 | 158 5,117,812 | 5,117,812 158 | 224,929 | 5,117,812 64.9 77,618 | 47,328 | 24 | 45 0
NCPPB1420 GCA_000785935.2 | 165 | 165 5,174,926 | 5,174,926 165 | 224,974 | 5,174,926 | 64.86 76,066 | 42,067 | 23 | 46 0
NCPPB1056 GCA_000786945.2 | 134 | 134 5,150,070 | 5,150,070 134 | 233,487 | 5,150,070 | 64.77 75,549 | 44,652 | 20 | 42 0
NCPPB381 GCA_000788075.2 136 | 136 4,955,361 | 4,955,361 136 | 231,088 | 4,955,361 | 64.89 74,010 | 38,888 | 21 | 43 0
NCPPB1433 GCA_000775215.2 | 154 | 154 5,044,382 | 5,044,382 154 | 285,554 | 5,044,382 | 64.76 73,844 | 39,479 | 20 | 43 0
NCPPB1158 GCA_000775205.2 | 152 | 152 5,109,687 | 5,109,687 152 | 231,811 | 5,109,687 | 64.77 73,833 | 40,466 | 22 | 45 0
NCPPB3660 GCA_000786925.2 | 183 | 183 5,153,912 | 5,153,912 183 | 322,254 | 5,153,912 | 64.67 73,151 | 34,867 | 23 | 47 0
NCPPB670 GCA_000764875.2 152 | 152 5,233,004 | 5,233,004 152 | 201,426 | 5,233,004 | 64.68 71,533 | 38,197 | 22 | 48 0
NCPPB1058 GCA_000786935.2 | 168 | 168 5,180,142 | 5,180,142 168 | 324,288 | 5,180,142 64.7 71,334 | 35921 | 25 | 49 0
NCPPB2665 GCA_000775195.2 | 154 | 154 5,092,836 | 5,092,836 154 | 319,856 | 5,092,836 | 64.72 71,115 | 34,305 | 19 | 45 0
NCPPB1495 GCA_000786915.2 | 158 | 158 5,197,608 | 5,197,608 158 | 194,645 | 5,197,608 | 64.64 70,760 | 36,664 | 24 | 50 0
X621 GCA _000817715.2 165 | 165 5,017,028 | 5,017,028 165 | 177,805 | 5,017,028 64.8 70,719 | 36,776 | 26 | 50 0
NCPPB1646 GCA_000785925.2 | 162 | 162 5,088,301 | 5,088,301 162 | 192,582 | 5,088,301 | 64.92 69,783 | 45,187 | 24 | 47 0
NCPPB1811 GCA_000808675.2 | 170 | 170 5,202,962 | 5,202,962 170 | 225,593 | 5,202,962 | 64.71 68,458 | 36,539 | 26 | 51 0
NCPPB301 GCA_000785945.2 153 | 153 5,047,533 | 5,047,533 153 | 192,590 | 5,047,533 | 64.95 67,789 | 45,183 | 25 | 48 0
XCP123 GCA_000827975.2 169 | 169 5,153,892 | 5,153,892 169 | 220,101 | 5,153,892 | 64.84 66,622 | 44,427 | 25 | 49 0
NCPPB1138 GCA_000808735.2 | 183 | 183 5,297,689 | 5,297,689 183 | 155,087 | 5,297,689 | 64.78 66,168 | 35,704 | 26 | 53 0
NCPPB220 GCA_000808715.2 191 | 191 5,364,294 | 5,364,294 191 | 151,739 | 5,364,294 | 64.61 61,941 | 40,326 | 30 | 56 0
X631 GCA_000827985.2 189 | 189 5,152,698 | 5,152,698 189 | 321,888 | 5,152,698 64.7 61,459 | 31,722 | 26 | 55 0
NCPPB3035 GCA_000774035.2 | 190 | 190 5,225,427 | 5,225,427 190 | 151,633 | 5,225,427 | 64.74 59,899 | 34,433 | 28 | 56 0
NCPPB556 GCA_000818835.2 288 | 288 5,191,650 | 5,191,650 288 | 166,874 | 5,191,650 | 64.58 41,494 | 18,726 | 38 | 88 0
NCPPB1402 GCA_000774025.2 | 240 | 240 5,342,561 | 5,342,561 240 | 113,545 | 5,342,561 | 64.68 39,404 | 20,951 | 43 | 89 0

QUAST.

Table S1 A. Information on assembly statistics for genomes used in this study.
Information on assembly statistics for genomes used in this study — statistics generated using

All statistics are based on contigs of size >= 500 bp, unless otherwise noted (e.g., "# contigs (>= 0
bp)" and "Total length (>= 0 bp)" include all contigs).
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IBSBF1411 130 | 130 4,856,132 4,856,132 130 314,799 | 4,856,132 65.17 111,064 | 48,882 15 32 0
IBSBF2346 122 | 122 4,874,593 4,874,593 122 257,932 | 4,874,593 65.17 104,783 | 49,501 18 36 0
CFBP1851 123 | 123 4,798,436 4,798,436 123 281,156 | 4,798,436 65.18 96,104 | 47,325 17 34 0
NCPPB1159 128 | 128 4,797,980 4,797,980 128 257,906 | 4,797,980 65.18 96,063 | 46,574 17 36 0
IBSBF2672 131 | 130 4,856,510 4,855,603 131 257,571 | 4,856,510 65.16 95,444 | 45,918 18 37 0
IBSBF356 130 | 130 4,847,079 4,847,079 130 257,951 | 4,847,079 65.15 95,113 | 53,403 18 35 0
IBSBF2345 128 | 125 4,819,772 4,816,940 128 286,963 | 4,819,772 65.23 94,514 | 49,498 19 36 0
IBSBF320 121 | 121 4,803,726 4,803,726 121 257,673 | 4,803,726 65.19 94,274 | 49,412 17 36 0
UA226 129 | 129 4,951,862 4,951,862 129 290,136 | 4,951,862 65 88,566 | 49,656 18 38 0
IBSBF2820 150 | 150 4,930,429 4,930,429 150 257,651 | 4,930,429 65.11 88,415 | 42,506 19 40 0
IBSBF278 138 | 138 5,020,210 5,020,210 138 239,334 | 5,020,210 64.89 88,339 | 44,175 20 41 0
IBSBF436 149 | 149 4,903,327 4,903,327 149 257,580 | 4,903,327 65.15 83,955 | 44,597 19 39 0
IBSBF2670 139 | 139 4,902,902 4,902,902 139 280,128 | 4,902,902 65.13 83,729 | 44,599 17 36 0
UA324 146 | 146 4,916,013 4,916,013 146 161,357 | 4,916,013 65.09 77,947 | 42,353 22 44 0
IBSBF725 141 | 141 4,886,517 4,886,517 141 257,945 | 4,886,517 65.15 77,096 | 46,873 19 40 0
IBSBF2667 138 | 138 4,913,060 4,913,060 138 226,291 | 4,913,060 65.13 76,506 | 47,304 21 41 0
Xam669 137 | 137 4,820,297 4,820,297 137 201,435 | 4,820,297 65.21 75,427 | 42,095 21 43 0
uG27 131 | 131 4,903,342 4,903,342 131 268,832 | 4,903,342 65.06 74,810 | 44,155 19 39 0.02
uG24 145 | 144 4,909,909 4,908,917 145 233,940 | 4,909,909 65.04 74,286 | 43,883 20 41 0.02
IBSBF285 147 | 146 4,972,047 4,971,114 147 186,156 | 4,972,047 65.01 73,562 | 44,189 21 43 0.02
IBSBF2816 145 | 144 4,902,619 4,901,640 145 256,960 | 4,902,619 65.12 73,453 | 44,328 19 39 0
IBSBF726 140 | 137 4,832,905 4,829,984 140 257,968 | 4,832,905 65.18 72,346 | 42,156 21 42 0
uG21 148 | 148 5,010,468 5,010,468 148 237,252 | 5,010,468 65.06 71,375 | 39,255 23 47 0
ORSTX27 133 | 133 4,931,909 4,931,909 133 237,243 | 4,931,909 65.07 71,296 | 46,296 21 42 0
UA536 142 | 142 4,866,301 4,866,301 142 183,757 | 4,866,301 65.13 71,281 | 41,126 23 45 0
UA303 130 | 130 4,872,968 4,872,968 130 196,821 | 4,872,968 65.13 71,242 | 47,435 23 44 0
IBSBF2821 161 | 161 4,906,958 4,906,958 161 257,592 | 4,906,958 65.13 71,007 | 39,076 21 44 0
UG23 133 | 133 4,924,062 4,924,062 133 237,150 | 4,924,062 65.01 70,618 | 47,595 22 43 0
AT6B 163 | 163 4,946,093 4,946,093 163 237,170 | 4,946,093 65.01 69,689 | 34,822 22 47 0
UA306 144 | 144 5,065,231 5,065,231 144 235,368 | 5,065,231 65.01 69,670 | 43,868 23 45 0.02
ORST17 177 | 173 5,128,104 5,124,410 177 235,384 | 5,128,104 64.95 69,510 | 43,949 23 45 0
UAG86 143 | 143 4,898,003 4,898,003 143 196,787 | 4,898,003 65.11 69,477 | 45,639 22 43 0
UG51 140 | 140 4,871,289 4,871,289 140 234,400 | 4,871,289 65.13 69,454 | 42,988 22 44 0
UA323 151 | 151 4,872,007 4,872,007 151 173,776 | 4,872,007 65.13 69,452 | 41,593 23 45 0
IBSBF289 155 | 155 4,847,529 4,847,529 155 226,288 | 4,847,529 65.14 69,253 | 35,540 23 46 0
ClO151 175 | 175 4,911,246 4,911,246 175 150,154 | 4,911,246 65.06 69,224 | 32,613 24 48 0
UG43 145 | 145 4,924,182 4,924,182 145 237,167 | 4,924,182 65.02 66,987 | 40,722 23 46 0
uG44 141 | 141 4,895,442 4,895,442 141 238,358 | 4,895,442 65.07 66,986 | 41,043 24 47 0
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IBSBF2818 139 | 139 | 4,851,686 4,851,686 139 235,402 | 4,851,686 65.15 66,984 | 43,073 22 44 0
UA556 139 | 139 | 4,842,655 4,842,655 139 237,273 | 4,842,655 65.14 66,984 | 43,073 22 44 0
IBSBF2539 138 | 137 | 4,952,612 4,951,657 138 196,970 | 4,952,612 65.07 66,819 | 43,320 24 48 0
AFNC1360 149 | 149 | 4,921,075 4,921,075 149 235,381 | 4,921,075 65.07 65,052 | 42,988 25 48 0
Xam672 165 | 165 | 5,016,075 5,016,075 165 239,253 | 5,016,075 64.89 63,368 | 32,768 25 52 0
UA560 154 | 154 | 4,897,922 4,897,922 154 176,262 | 4,897,922 65.1 61,397 | 39,165 27 52 0
Xam1134 158 | 158 | 4,894,844 4,894,844 158 237,227 | 4,894,844 65.09 58,567 | 37,574 28 53 0
Xam668 195 | 195 4,954,860 4,954,860 195 276,859 | 4,954,860 64.92 46,240 | 27,846 29 63 0
Xam678 256 | 256 | 4,894,142 4,894,142 256 104,760 | 4,894,142 65.1 38,200 | 17,862 47 93 0
IBSBF2666 311 | 311 4,842,277 4,842,277 311 123,056 | 4,842,277 65.1 28,335 | 15,839 49 | 105 0
IBSBF2673 305 | 305 | 4,830,620 4,830,620 305 120,981 | 4,830,620 65.12 27,765 | 16,026 53 | 109 0
UG45 323 | 323 4,986,397 4,986,397 323 83,811 | 4,986,397 64.89 25,647 | 14,923 59 | 123 0
Thaiassembly.fna

broken 324 | 322 4,874,623 4,872,860 324 84,544 | 4,874,623 65.16 25,423 | 14,825 62 | 124 0
IBSBF2665 434 | 434 4,836,797 4,836,797 434 111,173 | 4,836,797 65.14 17,985 | 10,227 83 | 172 0
IBSBF2822 464 | 463 | 4,831,349 4,830,360 464 57,666 | 4,831,349 65.13 17,213 9,515 93 | 188 0
IBSBF2819 557 | 557 4,852,810 4,852,810 557 59,730 | 4,852,810 65.12 13,719 7,675 | 104 | 224 0
IBSBF2538 573 | 573 | 4,833,429 4,833,429 573 50,456 | 4,833,429 65.1 12,527 7,291 | 122 | 249 0
IBSBF1182 648 | 646 4,773,692 4,771,727 648 46,493 | 4,773,692 65.04 11,601 6,560 | 128 | 261 0
uG28 676 | 672 | 4,722,734 4,719,002 676 54,751 | 4,722,734 65.14 10,796 6,238 | 131 | 276 0
IBSBF614 706 | 706 | 4,730,788 4,730,788 706 51,491 | 4,730,788 65.03 10,598 5,680 | 136 | 291 0
IBSBF1994 677 | 674 | 4,774,518 4,771,587 677 45,564 | 4,774,518 65.08 10,370 6,007 | 137 | 287 0
NG1 785 | 784 4,737,721 4,736,722 785 38,252 | 4,737,721 64.9 9,229 5,016 | 160 | 335 0
ORST4 767 | 766 | 4,650,210 4,649,231 767 36,169 | 4,650,210 65.03 9,012 4,950 | 161 | 336 0
IBSBF280 850 | 848 | 4,842,752 4,840,771 850 41,005 | 4,842,752 64.81 8,666 4,696 | 171 | 358 0
IBSBF321 888 | 883 | 4,593,056 4,588,103 888 35,503 | 4,593,056 64.9 7,483 4,318 | 183 | 389 0

Table S1 B. information on assembly statistics for the genomes published by hajri et al 2012
Comparison of assembly statistics for the genomes published by BART et al 2012 - statistics

generated using QUAST.
All statistics are based on contigs of size >= 500 bp, unless otherwise noted (e.g., "# contigs (>= 0
bp)" and "Total length (>= 0 bp)" include all contigs).
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Description
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KGK64681 fimbrial protein

KGT57443 hypothetical protein

KGU47595.1 hypothetical protein

KGU48127.1 hypothetical protein

KGU49471.1 hypothetical protein

KGU50252.1 fimbrial protein

KGU50381.1 NADPH:quinone oxidoreductase
KGU50382.1 AraC family transcriptional regulator
KGU50383.1 N-ethylmaleimide reductase
KGU50384.1 TetR family transcriptional regulator
KGU50385.1 short-chain dehydrogenase
KGU50807.1 glyoxalase

KGU50814.1 hypothetical protein

KGU50868.1 hypothetical protein

KGU50875.1 methyltransferase

KGU50876.2 hypothetical protein

KGU51538.1 membrane protein

KGU51543.1 hypothetical protein

KGU51683.1 modification methylase
KGU51684.1 hypothetical protein

KGU51685.1 hypothetical protein

KGU51686.1 hypothetical protein

KGU51744.1 hypothetical protein

KGU52010.1 alpha/beta hydrolase

KGU52011.1 LysR family transcriptional regulator
KGU52012.1 FMN-dependent NADH-azoreductase
KGU52013.1 hypothetical protein

KGU52019.1 hypothetical protein

KGU52023.1 hypothetical protein

KGU52101.1 hypothetical protein

KGU52102.1 hypothetical protein

KGU52107.1 hypothetical protein

KGU52614.1 hypothetical protein

KGU52669.1 hypothetical protein

KGU52846.1 beta-lactamase

KGU52847.1 transcriptional regulator
KGU53094.1 hypothetical protein

KGU53261.1 methyltransferase

KGU53514.1 hypothetical protein

KGU53764.1 pilus assembly protein PilV
KGU53765.1 pilus assembly protein
KGU53766.1 pilus assembly protein PilE
KGU53769.1 pre-pilin like leader sequence
KGU53770.1 pilus assembly protein
KGU54237.1 integrase

KGU55371.1 galactarate dehydrogenase
KGU55372.2 glucarate dehydratase
KGU55373.1 glucarate transporter

KGU55374.1 2 5-dioxovalerate dehydrogenase
KGU55375.1 5-dehydro-4-deoxyglucarate dehydratase
KGU55376.1 LysR family transcriptional regulator
KGU55422.1 porin

KGU55563.1 hypothetical protein

KGU56157.1 TonB-dependent receptor
KGU56374.1 membrane protein

KGU56715.1 hypothetical protein

KGU56733.1 hypothetical protein

KGU56734.1 amine oxidase

KGU56735.1 polysaccharide biosynthesis protein
KGU56736.1 ribonuclease I

KGU56737.1 hypothetical protein

KGU56829.1 hypothetical protein

KGU56830.1 hypothetical protein

KKW48692.1 hypothetical protein

KKW48708.1 hypothetical protein
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KKW48794.1 hypothetical protein
KKW48949.1 hypothetical protein
PRJINA263153:NB99 22880 hypothetical protein

Table S3. Genes found in Xap GL1 but absent from Xff and lablab-associated Xap.

Each of these genes was covered over at least 95% of its length by sequence reads from each of the
sequenced Xap GL1 genomes but covered by no more than 30% of its length by aligned reads from
any of the Xff or lablab-associated Xap genomes.

Breadth of coverage was based on alignments of the genomic sequences reads against the
reference pan-genome using BWA-MEM.

Accession Description

KHS31773 hypothetical protein
KHS32523 hypothetical protein
KHS32525 hypothetical protein
KHS32582 baseplate assembly protein
KHS32717 transposase

KHS32718 hypothetical protein
KHS32719 hypothetical protein
KHS32720 hypothetical protein
KHS32721 hypothetical protein
KHS32722 hypothetical protein
KHS32723 hypothetical protein
KHS33554 hypothetical protein
KHS33556 integrase

KHS33557 hypothetical protein
KHS33797 hypothetical protein
KHS33831 tail fiber assembly protein
KHS33832 hypothetical protein
KHS33862 hypothetical protein
KHS33863 hypothetical protein
KHS33864 hypothetical protein
KHS33930 hypothetical protein
KHS34155 hypothetical protein
KHS34162 hypothetical protein
KHS34252 hypothetical protein
KHS34301 hypothetical protein
KHS34370 hypothetical protein
KHS34371 integrase

KHS34433 hypothetical protein
KHS34435 BadM/Rrf2 family transcriptional regulator
KHS34436 thioredoxin reductase
KHS34456 ATPase

KHS34457 chemotaxis protein CheY
KHS34561 hypothetical protein
KHS34585 type lll secretion system protein InvA
KHS34586 hypothetical protein
KHS34587 hypothetical protein
KHS34588 hypothetical protein
KHS34589 hypothetical protein
KHS34590 hypothetical protein
KHS34591 type |l secretion system protein
KHS34592 hypothetical protein
KHS34593 hypothetical protein
KHS34594 hypothetical protein
KHS34595 hypothetical protein
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KHS34596 hypothetical protein

KHS34597 hypothetical protein

KHS34598 hypothetical protein

KHS34599 hypothetical protein

KHS34600 hypothetical protein

KHS34601 hypothetical protein

KHS34602 hypothetical protein

KHS34627 protein-S-isoprenylcysteine methyltransferase
KHS34635 LuxR family transcriptional regulator
KHS34637 hypothetical protein

KHS34671 hypothetical protein

KHS34690 nitrite reductase

KHS34691 MES transporter

KHS34692 nitrate ABC transporter substrate-binding
KHS34836 hypothetical protein

KHS34920 oxidoreductase

KHS34921 LysR family transcriptional regulator
KHS34930 glutamyl-tRNA(GIn) amidotransferase subunit A
KHS34931 membrane protein

KHS34937 transcriptional regulator

KHS34966 hypothetical protein

KHS35235 hypothetical protein

KHS35333 hypothetical protein

KHS35341 hypothetical protein

KHS35507 hypothetical protein

KHS35625 AraC family transcriptional regulator
KHS35626 peptidase S41

KHS35637 TonB-dependent receptor
KHS35638 hypothetical protein

KHS35639 hypothetical protein

KHS35733 hypothetical protein

KHS35747 hypothetical protein

KHS35763 hypothetical protein

KHS35765 hypothetical protein

KHS35777 hypothetical protein

KHS35962 hypothetical protein

KHS36059 membrane protein

KHS36099 hypothetical protein

KHS36103 hypothetical protein

KHS36305 peptide-binding protein

KHS36321 hypothetical protein

KHS36395 hypothetical protein

KHS36488 hypothetical protein

KHS36558 hypothetical protein

KHS36587 transcriptional regulator

KHS36599 hypothetical protein

KHS36611 hypothetical protein

KHS36756 hypothetical protein

KHS36820 hypothetical protein

KHS36905 hypothetical protein

KHS36918 hypothetical protein

KHS36926 cation transporter

KHS36933 transporter

KHS36941 RNA methyltransferase

KHS36962 coproporphyrinogen |l oxidase
KHS36963 metalloenzyme domain-containing protein
KHS36964 hypothetical protein

KHS36965 ATPase AAA

KHS36967 hypothetical protein

KHS36974 hypothetical protein
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KHS37170 hypothetical protein

KHS37202 RNA polymerase sigma70
KHS37316 glucan biosynthesis protein
KHS37329 membrane protein

KHS37355 hypothetical protein

KHS37356 sulfotransferase

KHS37357 ABC transporter ATP-binding protein
KHS37558 hypothetical protein

KHS37688 hypothetical protein

KHS37689 hypothetical protein

KHS37690 hypothetical protein

KHS37779 hypothetical protein

KHS37780 hypothetical protein

KHS37803 ArsR family transcriptional regulator
KHS37933 hypothetical protein

KHS37990 hypothetical protein

KHS38607 hypothetical protein

KHS38608 hypothetical protein

KHS38895 hypothetical protein

KHS38947 fimbrial protein

KHS38949 pilus assembly protein
KHS39041 3-deoxy-manno-octulosonate cytidylyltransferase
KHS39043 methyltransferase

KHS39101 hypothetical protein

KHS39108 addiction module protein
KHS39222 ketosteroid isomerase
KHS39223 LysR family transcriptional regulator
KHS39227 chloride channel protein
KHS39521 hypothetical protein

KHS39674 hypothetical protein

KHS39807 hypothetical protein

KHS39921 hypothetical protein

KHS40058 hypothetical protein

KHS40082 histidine kinase

KHS40083 hypothetical protein

KHS40090 chitinase

KHS40367 histidine kinase

KHS40369 Tfp pilus assembly protein PilW
KHS40886 hypothetical protein

KHS40930 hypothetical protein

KHS40957 hypothetical protein

KHS41130 hypothetical protein

KHS41166 hypothetical protein

KHS41214 hypothetical protein

KHS41218 transcriptional regulator
KHS41299 hypothetical protein

KHS41374 long-chain acyl-CoA synthetase
KHS41375 long-chain fatty acid--CoA ligase
KHS41376 short-chain dehydrogenase
KHS41377 tetratricopeptide repeat protein
KHS41378 transcriptional regulator
KHS41390 histidine kinase

KHS41417 aspartyl beta-hydroxylase
KHS41418 cytochrome c biogenesis factor
KHS41419 hypothetical protein

KHS41420 sulfotransferase

KHS41421 TonB-dependent receptor

PRJNA270010:RN19 23245

chemotaxis protein

PRJNA270010:RN19 23465

hypothetical protein

PRJNA270010:RN19 23605

hypothetical protein
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PRJNA270010:RN19 23805 | hypothetical protein

PRJNA270010:RN19 23905 | pilus assembly protein

PRJINA270010:RN19 24020 | hypothetical protein

PRJNA270010:RN19 24165 | hypothetical protein

PRJINA270010:RN19 24235 | hypothetical protein

PRJNA270010:RN19 24245 | hypothetical protein

PRJNA270010:RN19 25155 | hypothetical protein

Table S4. Genes found in lablab-associated Xap but absent from Xff and Xap
GL1.

Each of these genes was covered over at least 95% of its length by sequence
reads from each of the sequenced lablab-associated Xap genomes but covered
by no more than 30% of its length by aligned reads from any of the Xff or Xap
GL1 genomes.

Breadth of coverage was based on alignments of the genomic sequences reads
against the reference pan-genome using BWA-MEM.

Accession Description

KHF46216 hypothetical protein
KHF46253 hypothetical protein
KHF46840 hypothetical protein
KHF46860 histidine kinase

KHF49249 hypothetical protein
KHS05251 hypothetical protein
KHS05293 hypothetical protein
KHS05314 hypothetical protein
KHS05315 Type Ill restriction enzyme res subunit
KHS05316 DNA methylase

KHS05318 hypothetical protein
KHS05350 hypothetical protein
KHS05374 hypothetical protein
KHS05398 hypothetical protein
KHS05399 hypothetical protein
KHS05428 hypothetical protein
KHS05432 oxidoreductase

KHS05433 hypothetical protein
KHS05434 hypothetical protein
KHS05484 oxidoreductase

KHS05485 epimerase

KHS05489 pilus assembly protein PilW
KHS05559 peptidase M61

KHS05757 XRE family transcriptional regulator
KHS05871 GCNS family acetyltransferase
KHS05996 hypothetical protein
KHS05997 radical SAM protein
KHS05998 hypothetical protein
KHS06001 integrase

KHS06149 hypothetical protein
KHS06445 phosphopantetheinyl transferase
KHS06764 enterocin

KHS06882 aldehyde oxidase

KHS06992 hypothetical protein
KHS07180 hypothetical protein
KHS07181 hypothetical protein
KHS07201 phage tail protein

KHS07203 arylsulfotransferase
KHS07204 hypothetical protein
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KHS07206 SAM-dependent methlyltransferase
KHS07207 asparagine synthase

KHS07208 hypothetical protein

KHS07209 hypothetical protein

KHS07210 transposase

KHS07211 methyltransferase

KHS07212 membrane protein

KHS07213 asparagine synthase

KHS07214 hypothetical protein

KHS07215 membrane protein

KHS07216 glycosyl transferase family 1
KHS07217 UDP-N-acetyl-D-mannosamine transferase
KHS07218 ligase

KHS07219 glycosyl transferase family 1
KHS07220 UDP-phosphate glucose phosphotransferase
KHS07221 glycosyl transferase family 1
KHS07222 mannosyltransferase

KHS07252 hypothetical protein

KHS07253 hypothetical protein

KHS07254 transporter

KHS07255 sugar transporter

KHS07256 methyltransferase type 12
KHS07296 hypothetical protein

KHS07297 hypothetical protein

KHS07330 AraC family transcriptional regulator
KHS07331 hypothetical protein

KHS07332 START domain protein

KHS07333 hypothetical protein

KHS07334 short-chain dehydrogenase
KHS07338 type |l secretion system effector protein
KHS07498 hypothetical protein

KHS07499 hypothetical protein

KHS07584 calcium-binding protein

KHS07783 membrane protein

KHS07836 hypothetical protein

KHS07979 hypothetical protein

KHS08090 hypothetical protein

KHS08206 CopG family transcriptional regulator
KHS08252 transcriptional regulator

KHS08317 hypothetical protein

KHS08379 hypothetical protein

KHS08423 hypothetical protein

KHS08765 hypothetical protein

KHS08766 hypothetical protein

KHS08767 glycosyl transferase family 9
KHS08773 hypothetical protein

KHS08981 ligand-gated channel

KHS09024 UDP kinase

KHS09025 flagellar biosynthesis protein FIhB
KHS09026 flagellar biosynthesis protein FIhA
KHS09027 flagellar hook-basal body protein
KHS09028 flagellar hook-basal body protein
KHS09029 flagellar basal body P-ring biosynthesis protein
KHS09031 flagellar P-ring protein Flgl
KHS09032 hypothetical protein

KHS09033 hypothetical protein

KHS09034 hypothetical protein

KHS09035 ATP synthase

KHS09036 hypothetical protein

KHS09037 flagellar hook capping protein
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KHS09038

flagellar hook-basal body protein

KHS09039 hypothetical protein

KHS09040 hypothetical protein

KHS09041 flagellar biosynthesis protein flip
KHS09042 RNA polymerase sigma-70 factor
KHS09072 hypothetical protein

KHS09073 hypothetical protein

KHS09162 hypothetical protein

KHS09164 hypothetical protein

KHS09167 hypothetical protein

KHS09270 hypothetical protein

KHS31033 hypothetical protein
PRJINA268142:QQ30 23585 transposase
PRJINA268142:Q0Q30 23775 hypothetical protein
PRJINA268142:QQ30 25245 hypothetical protein
PRJINA268142:Q0Q30 26020 flagellar M-ring protein FliF

PRINA268142:QQ30 26715

hypothetical protein

PRJINA269802:RM61 23105

hypothetical protein

PRJINA269802:RM61 23120

glucose sorbosone dehydrogenase

PRJINA269802:RM61 23125

peptidoglycan-binding protein

PRINA269802:RM61 23135

hypothetical protein

PRINA269802:RM61 23315

hypothetical protein

PRINA269802:RM61 23485

hypothetical protein

PRJINA269802:RM61 23580

hypothetical protein

PRINA269802:RM61 24490

hypothetical protein

PRINA269802:RM61 24950

transposase

PRINA269802:RM61 25105

hypothetical protein

PRINA269802:RM61 25435

type lll secretion system effector protein
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Accession Description

KGU48816.1 hypothetical protein
KGU50255.1 hypothetical protein
KGU50386.1 hypothetical protein
KGU50427.1 hypothetical protein
KGU50466.1 LysR family transcriptional regulator
KGU50467.1 short-chain dehydrogenase
KGU50793.1 transducer protein car
KGU50994.1 oxidoreductase

KGU50995.1 AraC family transcriptional regulator
KGU51344.1 integrase

KGU51377.2 ADP-ribosylation/crystallin J1
KGU51433.1 hypothetical protein
KGU51457.1 hypothetical protein
KGU51533.1 transposase

KGU51650.1 hypothetical protein
KGU51734.1 LysR family transcriptional regulator
KGU51748.1 alpha/beta hydrolase
KGU52009.1 endonuclease

KGU52015.1 hypothetical protein
KGU52017.1 hypothetical protein
KGU52018.1 sulfate transporter
KGU52020.1 methionine aminopeptidase
KGU52021.1 hypothetical protein
KGU52624.1 tail collar protein

KGU52632.2 hemagglutinin

KGU52827.1 adenylate cyclase
KGU53452.1 hypothetical protein
KGU53454.1 hypothetical protein
KGU53466.1 dihydroorotate dehydrogenase
KGU54122.1 membrane protein
KGU54128.1 methyltransferase
KGU54129.1 cytochrome P450
KGU54131.1 hypothetical protein
KGU54490.1 hypothetical protein
KGU55549.1 hypothetical protein
KGU55562.1 hypothetical protein
KGU56526.1 hypothetical protein
KGU56527.1 transcriptional regulator
KGU56539.1 biopolymer transporter ExbD
KGU56660.1 dipeptidyl-peptidase 7
KHS34695 F420H2:quinone oxidoreductase
KHS39585 plasmid stabilization protein
KKW48473.1 hypothetical protein
KKW48540.1 hypothetical protein
KKW48549.1 hypothetical protein
KKW48757.1 HpaF protein

KKWA48760.1 hypothetical protein
KKW48810.1 resolvase
PRJINA266873:PK63 22130 transposase

Table S5. Genes found in Xap GL1 and Xff but absent from lablab-associated Xap.

Each of these genes was covered over at least 95% of its length by sequence reads from each
of the sequenced Xap GL1 and Xff genomes but covered by no more than 30% of its length by
aligned reads from any of the lablab-associated Xap genomes.

Breadth of coverage was based on alignments of the genomic sequences reads against the
reference pan-genome using BWA-MEM.
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Accession Description

KHS05752 hypothetical protein
KHS33391 hypothetical protein
KHS33392 chemotaxis protein
KHS33542 LysR family transcriptional regulator
KHS34259 LysR family transcriptional regulator
KHS34847 allophanate hydrolase
KHS34848 urea carboxylase
KHS35371 ATPase AAA

KHS35992 hypothetical protein
KHS37131 membrane protein
KHS37132 membrane protein
KHS37135 short-chain dehydrogenase
KHS37136 FAD-linked oxidase
KHS37137 membrane protein
KHS37138 membrane protein
KHS37723 RNA polymerase sigma70
KHS37724 membrane protein
KHS38567 hypothetical protein
KHS38568 peptidase S8

KHS39898 hypothetical protein
KHS40273 hypothetical protein
KHS40963 peptidase S9

KHS41282 hypothetical protein
KHS41283 hypothetical protein
KHS41455 20G-Fe(ll) oxygenase
PRJNA268142:00Q30 24300 | aminopeptidase N
PRJIJNA270010:RN19 24880 | transposase

Table S6. Genes found in lablab-associated Xap and Xap GL1 but absent
from Xff.

Each of these genes was covered over at least 95% of its length by
sequence reads from each of the sequenced lablab-associated Xap and Xap
GL1 genomes but covered by no more than 30% of its length by aligned
reads from any of the Xff genomes.

Breadth of coverage was based on alignments of the genomic sequences
reads against the reference pan-genome using BWA-MEM.

Table S7. Genes found in lablab-associated Xff and Xap GL1 but absent
from Xap GL1.

Each of these genes was covered over at least 95% of its length by sequence
reads from each of the sequenced lablab-associated and Xff genomes but
covered by no more than 30% of its length by aligned reads from any of the
Xap GL1 genomes.

Breadth of coverage was based on alignments of the genomic sequences
reads against the reference pan-genome using BWA-MEM.

Accession Description

KGK66335 hypothetical protein
KGU50240.1 transposase

KGU50511.1 membrane protein
KGU50514.1 membrane protein
KGU50785.1 short-chain dehydrogenase
KGU50800.1 death-on-curing protein
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KGU50805.1 hypothetical protein

KGU50861.1 histidine kinase

KGU50862.1 D-Ala-D-Ala carboxypeptidase
KGU50874.1 transcriptional regulator

KGU50901.1 HmsH protein

KGU50902.1 hemin storage protein

KGU50903.1 N-glycosyltransferase

KGU50904.1 membrane protein

KGU50924.1 ABC transporter ATP-binding protein
KGU50925.1 peptide ABC transporter permease
KGU50926.1 ABC transporter permease

KGU50927.1 peptide ABC transporter substrate-binding
KGU50928.2 acyl-CoA dehydrogenase

KGU50929.1 ligand-gated channel

KGU50930.1 FMN reductase

KGU50931.1 alkanesulfonate monooxygenase
KGU50932.1 ABC transporter substrate-binding protein
KGU50933.1 ABC transporter permease

KGU50934.1 sulfonate ABC transporter ATP-binding protein
KGU50935.1 monooxygenase

KGU50936.1 Fis family transcriptional regulator
KGU50938.1 hypothetical protein

KGU51006.1 TonB-dependent receptor

KGU51239.1 UDP-glucose 6-dehydrogenase
KGU51380.1 hypothetical protein

KGU51386.1 hypothetical protein

KGU51481.1 membrane protein

KGU51655.1 glycerophosphodiester phosphodiesterase
KGU51667.2 glycosyl transferase

KGU51668.1 membrane protein

KGU51715.1 hypothetical protein

KGU51716.1 alpha/beta hydrolase

KGU51724.1 Oar protein

KGU51740.1 hypothetical protein

KGU51858.1 hypothetical protein

KGU51985.1 UDP-glucose 4-epimerase

KGU51986.1 glycosyl transferase

KGU51987.1 UDP-galactopyranose mutase
KGU51988.1 beta-glucosidase

KGU52001.1 ligand-gated channel

KGU52007.1 hypothetical protein

KGU52008.1 ABC-type phosphate transport system periplasmic
KGU52394.1 hypothetical protein

KGU53190.1 hypothetical protein

KGU53243.1 ketoacyl reductase

KGU53262.1 UDP-3-0O-(3-hydroxymyristoyl) glucosamine
KGU53263.1 ribosomal subunit interface protein
KGU53264.1 acetyltransferase

KGU53265.1 3-oxoacyl-ACP reductase

KGU53266.1 3-oxoacyl-ACP reductase

KGU53267.1 3-oxoacyl-ACP synthase

KGU53341.1 TonB-dependent receptor

KGU53342.1 beta-galactosidase

KGU53343.1 membrane protein

KGU53368.1 aspartate aminotransferase

KGU53369.1 phenazine biosynthesis protein PhzF
KGU53370.1 permease

KGU53546.1 hypothetical protein

KGU53684.1 hypothetical protein

KGU54168.1 type lll secretion system effector protein
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KGU54174.1 hypothetical protein

KGU54281.2 hypothetical protein

KGU54427.1 LysR family transcriptional regulator
KGU54428.1 membrane protein

KGU54447.1 TonB-dependent receptor
KGU54455.1 flavodoxin

KGU54482.1 hypothetical protein

KGU54485.1 hypothetical protein

KGU54486.1 hypothetical protein

KGU54487.2 transcriptional regulator
KGU54770.1 beta glucosidase

KGU54771.1 ribokinase

KGU54773.2 hypothetical protein

KGU54774.1 TonB-dependent receptor
KGU54958.1 esterase

KGU54981.1 chemotaxis protein

KGU54983.1 sulfate transporter

KGU54984.1 peptidase M20

KGU55170.1 NAD(P) transhydrogenase subunit beta
KGU55175.1 transcriptional regulator
KGU55215.1 membrane protein

KGU55220.1 acetaldehyde dehydrogenase
KGU55225.1 beta-lactamase

KGU55237.1 aldehyde dehydrogenase
KGU55325.1 TonB-dependent receptor
KGU55326.1 nitrilotriacetate monooxygenase
KGU55327.1 L-glyceraldehyde 3-phosphate reductase
KGU55328.1 sulfonate ABC transporter substrate-binding
KGU55817.1 IroE protein

KGU55818.1 outer membrane receptor protein
KGU55837.1 hypothetical protein

KGU55974.1 hypothetical protein

KGU56088.1 hypothetical protein

KGU56145.1 alpha/beta hydrolase

KHS05367 beta-lactamase

KHS05368 transcriptional regulator

KHS05493 fimbrial protein

KHS05622 TetR family transcriptional regulator
KHS05658 DeoR faimly transcriptional regulator
KHS05953 alpha-N-acetylglucosaminidase
KHS06150 recombinase

KHS06212 hypothetical protein

KHS06460 chemotaxis protein

KHS06531 monooxygenase

KHS06947 hypothetical protein

KHS07522 hypothetical protein

KHS07912 hypothetical protein

KHS08114 hypothetical protein

KHS08290 hypothetical protein

KHS08753 hypothetical protein

KHS08754 glyoxalase

KHS08825 hypothetical protein

KKW48699.1 hydrolase
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Introduction

The genus Campylobacter (meaning “curved bacteria”) is a group of
Gram-negative, microaerophilic, spiral shaped, motile epsilon proteobacteria 2.
Campylobacter species are the principle bacterial cause of human foodborne
enterocolitis worldwide 2 and as such cause untold suffering. Included within the
Campylobacter genus there are seventeen species including well-known strains
such as Campylobacter coli, Campylobacter fetus and Campylobacter pylori.
Campylobacter species have been shown to colonise a number of diverse
habitats, including livestock, poultry, humans 3. However, the species primarily
associated with human infection are C. coli and C. jejuni 4. Within the genus and
indeed within each species campylobacters display a variety of pathogenic
effects and adaptation to a wide variety of ecological niches, all suggestive of a
high level of genomic diversity within this genus.

Campylobacter jejuni is one of the most well-known of the
Campylobacter species and much study has been devoted to its biology. The
first full genome sequence of C. jejuni NCTC 11168 was published in 2000 1.
The genome of C. jejuni is one of the smaller bacterial genomes possessing
one circular chromosome of 1,641,481 b.p. with a GC content of around 31%.
The genome of C. jejuni NCTC 11168 was predicted to code for 1654 proteins
and 54 RNAs. The C. jejuni genome is unusual in that it codes for very few
insertion sequences, phage associated sequences or repeat sequences.
Comparative studies have highlighted other unusual features associated with
this pathogen for example hypervariable homopolymeric tracks and unusual
lipooligosaccharide biosynthesis clusters 4.

C. jejuni has been shown to be the major cause of Campylobacter-

associated diarrhoea in humans, causing more than 640,000 cases of diarrhoea
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in 2011 in the United Kingdom alone ° . This causes great distress for the
sufferers and a heavy burden on health services. C. jejuni has been shown to
be a zoonotic pathogen that forms part of the commensal flora in the
gastrointestinal tract of birds such as chickens. This facilitates the infection
process as a major route of C. jejuni transmission to humans is via the handling
and consumption of undercooked or raw chicken ®.

Despite the fact that C. jejuni has been shown to be a dominant global
diarrhoeal pathogen with great impact on human health and health services,
unlike many other common enteric pathogens, the mechanisms of
pathogenesis of C. jejuni are not well understood. Additionally, confounding the
complete understanding of the biology of this important human pathogen, there
is a clear bias in our understanding of Campylobacter epidemiology. The weight
of research effort into this subject has predominantly been concerned with C.
jejuni infection in high-income countries, neglecting the low-income countries
where C. jejuni infection is also rife. This is perhaps surprising as diarrhoeal
disease is a leading cause of morbidity and mortality among children in Asia
and C. jejuni has been shown to be a major cause of this disease burden 78.
However, a potentially interesting association has arisen; there is a difference in
disease phenotype in infected individuals in low- and middle-income countries
versus high-income countries. Those individuals diagnosed with Campylobacter
infections in low- and middle-income countries have been reported to suffer
from non-inflammatory, watery diarrhoea. Conversely, Campylobacter infection
diagnosed in Europe and North America are typically associated with
inflammatory, bloody diarrhoea. This observation suggests that the mechanism

of the disease is not identical but varies across the geographical locales °.
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These obsevations support a level of intra-species genetic variation between
those isolates causing disease in the two geographical areas.

As stated above, a novel class of protein translocation system has
recently been identified in Gram-negative bacteria, the type 6 secretion system
(T6SS). The role of this novel protein translocation system has been suggested
to include pathogen-pathogen and host-pathogen interactions. The T6SS has
been found to play a major role in virulence in a range of pathogens, including
Vibrio cholera 1%-13(reviewed in 1415). Unlike other enteric pathogens, such as
Salmonella spp. and E. coli, in C. jejuni classical virulence determinants such as
type 3 secretion systems, insertion sequences or phage associated sequences
have not been identified during genomic analysis (Parkhill et al., 2001).
However, a functional T6SS was recently identified in C. jejuni (Lertpiriyapong
et al., 2012). The newly discovered C. jejuni T6SS has several important roles
in the virulence of this important enteric pathogen, including cell adhesion and
invasion in colonic epithelial and macrophage cells and colonization of mice
(Lertpiriyapong et al., 2012). However, the role the T6SS plays during the
infection cycle in humans has not been investigated.

The hemolysin co-regulated protein (hcp), is a highly conserved component of
all characterized T6SS, including the functional C. jejuni T6SS (Das et al., 2000;
Ishikawa et al., 2012; Parkhill et al., 2001; Parsons & Heffron, 2005; Pukatzk et
al., 2006). It is believed that the hcp gene encodes either part of the
translocation apparatus, or a secreted effector protein (Records, 2011). Prior to
this project, the T6SS was identified in isolates from global studies of
campylobacteriosis confirming the results published by Lertpyiapong et al (O.

Champion - personal communication).
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The aim of this study was to address the bias in C. jejuni genome
sequencing data towards strains isolated in high-income regions, thus
increasing both the volume and diversity of C. jejuni genomic resources. To
survey the presence of the newly identified T6SS gene cluster over the full
diversity of sequenced C. jejuni strains including those added by this study.
Further to this the aim was to determine if there was a molecular marker that
could be used to identify strains harbouring this marker and thus the T6SS gene
cluster. This marker will then be used to survey strains from the UK and the far
east to determine first whether there was an association between strains
harbouring a T6SS with the more virulent form of C. jejuni infection and if these

strains were significantly associated with a particular geographic region.
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Identification of
Possible Virulence
Marker from
Campylobacter
jejuni lsolates

James W. Harrison, Tran Thi Ngoc Dung,
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Habib Bukhari, My Phan Vu Tra,
Nguyen Van Minh Hoang, Juan Carrique-Mas,
Juliet Bryant, James |- Campbell,
David .J. Studholme, Brendan W. Wren,
Stephen Baker, Richard W. Titball,
and Olivia L. Champion

A novel protein transkocation system, the type-f
secretion system (TE55), may play a role in viulence of
Campyiobacier jejuni. We investigated 181 C. jejumi iso-
lates from humans, chickens, and environmental sources
in Vietnam, Thailand, Pakistan, and the United Kingdom
for TGS5. The marker was most prevalent in human and
chicken isolates from Vietnam.

species are the principal bacterial cause
of humsn foodborme enterocolitis worldwide (1) De-
spite the plobal sisnificance of C. jgjuni as a leading cause
of diarrheal disease (1), the mechanizms of pathompenesis of
€. jgjuni are not well understond. Research on Camprylo-
bacter epidemiology has larpely been conducted in high-
income countries and therefore may not be representative
of global patiems.

Recently, a novel class of protein translocation sys-
tem was identified in pram-negative bacteria. This system,
named the type-6 secretion system (TE55), has been found
to play roles in pathogen—pathopen and host-pathogen in-
teractions and has a major effect on virolence in a range
of pathogens, inchiding Fibrio cholerae (3—) (reviewed
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in 7.8). A functional THS5 was recently identified in O je-
Jumi (910 and found to have several reles in vimlence,
and colonization of mice (@] ). Howewer, it is unknown
whether T§55 changes the effects of these pathogens in bu-
mn infection.

In this smdy, we aimed to determine whether presence
of TS5 m C._jgiuni is potentially a marker associated with
maoTe severe human disesse. Moreover, because uman in-
fection with £ jigiuni is often sssociated with contact with
pouliry, we investizated whether pouliry harbor C. jgjumi
that possess TESS.

The Study

To partially address bias toward stady of C jigiumd
sirains from high-income countries and the under-rep-
resentation of strains from Asia in previous smdies, we
previously sequenced the genomes of 12 clinical isolates
of € jguni from Asia: 4 from Thailand, 3 from Pakistan,
and 5 from Viemam (J. Hamison, unpuob. data; Figuare
1). We noted that 8 (§7%) of these isolates possessed a
choster of zenes homologous to the recently described
T&S5 (Figure 1). This finding was in contrast o findings
regarding previously sequenced O jigjiun genomes; only
10 (14%) of 71 previomsly sequenced C. jgfuni strains
possessad an spparently intact TS5 gene closter (Figure
1; full listing of zenomes is in online Technical Appen-
dix Table 1, wwwnc.cdo gov/EIDVarticle/20/6/13-0635-
Techappl.pdf). Several other sirains from our study and
previously sequenced strains contzined =1 T&55 genes
bt mot 8 complete TE5S closter. Fipure 1 shows the pres-
ence and absence of each TSS55 gene in each awvailable
genome sequence (J. Hamison unpub. data) and the pre-
wiously sequenced sirains. A monrandom distibution of
TES5 can be seen acoss the phylogenetic diversity of C.
Jajumi; TE55 is limited to certain clades, and degeners-
tion of the T6SS pene cluster apparently occurs in parallel
within several of those clades (Figure 1).

Chr penome sequencing analysis mdicated that storains
possessing 4 complete TS5 chister could be distinguished
by the presence of the hop gene (Figure 1) (@, 70). There-
fiore, we used hecp as a proxy for determining the presence
of a fimctional TS55 in 181 £ jgfunr isolates from chick-
ens, umans, and environments] sources (collections of the
Omford University Climical Fesearch Unit and the Univer-
sity of Exeter; online Technical Appendix Table 2). We
designed and nsed a omitiplex PCE (online Technical Ap-
pendix Table 3) to screen for the presence of hop in these
isolates; the conserved O jgjum? housekesping zena, gitd
was used as a positive comirol

Of the 181 isolates, 28 originated from chickens in the
United Eingdom and 21 from chickens in Viemam The
hcp pene was found significantly more offen in isolates
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Figure 1. Distribudion of the type-six secretion system (TESS) marker acnss the phylogenedc diversily of Campyiobacter jaluny sirains, as
determined by multlioous sequence analyss. We generated 3 maximsmHikelihood free from concatenaied nudeatide alignments of 31
housekeeping genes; nucientide sequences were allgned by using MUSCLE {wes drive5.comimuscie) and masked by using GELOCKS
{hifp-fmolevol. cmima csic. esicastresana/Ghiocks himi). MadmumHikelhood analysls was done by using the STR moded in PhyML fhip:l
code.gongie. comApphyml). Numbess on nodes denole bomstrap walues | 1,000 bootsirap replicates); values <50 are rot shown. Black circes
Indicaie sirains whise QENJMEE Were sequenced In this study (GenBank accession nos. ALULUCDI000000, ALUPODD00000, ALLCO0000000,
ALIUNODOD0000, ALUIMOD000000, ALULDDDO0000, ALLKDOOO0000, ALILUODD00000, ALILIDDD00000, ARWSO0000000, ALUHD0O00000,
AUUGDDID0000). We Infermed the presencefabsence of each of the TESS genes on the basis of TELASTN {hitpovolast. nclnimunin.
cgPPROGRAM=blasnAPAGE_TYPE-BlastSearch) searches against the predicted prodeing sequences Trom C. fejuni strain £14 {Mational
Cerier for Blotechnalogy Informiation reference sequence no. NZ_CMOID0ESS). Presence or absence of each gene |5 iIndlcabed by 3 biack or
white square, respecively, Tor each siraine column 1, Aop; column 2, lomF_1; colurmn 3, lcmiE_Z; column 4, vask; column 5, FHA; eolumn 6,
wasF, column 7, wasE; column B, vashy; column 9, impA; column 10, ImpD; column 11, ImpC; columns 12 and 13, conserved hypotheticals,
column 14, vasA; column 15, vash; column 16, wyrg. The sequence fype (ST) and ST complex (STC) columns rapresent giobal muitiiocus
sequence fypes a5 desaribed by the Ouford muitiocus sequence typing scheme (Mitpdpubmist.ong). 7, unknown ST, —, lsolate could not be
allocaied o a specific ST or STC. Scale bar indicates nuceptide subsifutions per site. Further detalls of the isolates are provided In online
Technical Appendix Tatie 2 (waanc.coe. gowEIDVanicke 206/ 1 3-0635- Techapp1 padr.
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DISPATCHES

from Viemam (15 [71.4%] isolates) than in those from the
United EKingdom (1 [3.5%] isolate) (p=20.01 by 2-sample
Z-test; onling Technical Appendix Figure 1). An additional
38 of the isolates were from bumans in the Tnited King-
dom and 33 from homans in Vielnam; agzin the hcp zene
was significantly more prevalent in isolates from Vietnam
(20 [60.6%)] isolates) than those from the United Eingdom
(1 [2.6%] izolate) (p=20.01 by 2-sample Z-test; online Tech-
nical Appendix Figure I).

We also found that patients infacted with hep-positive
€. jejuni experienced bloody diamhea more commonly
than those infacted with hep-negative O jgiumi. For the 36
isolates for which detailed clinical data on patients were
available, § (31.6%) of 19 patients in Viemam who were
infected with hop-positive £ jgfuni had bloody dismhea,
compared with 1 (5.9%) of 17 patents infected with hep-
negative C. jgiuni (p=20.05 by 2-sample Z-test) (Figure ).
These results suzzest a potential cormelation between TESS
and bloody diarrhea a serious clinical manifestation of the
infection that results in higher rates of hospitalization and
ereater need for treatment with antimicrobial dmgs (17
Moreover, Campylobacter-related septicemia developed in
the 1 patient in the United Eingdom who was infected with
a TG55-positive strain (11). These data suggest that infec-
tion with the C. jgiumi TESS genotypic sirains is associsted
with more severe disease. However, for sample biss to be
muled out, 3 comprehensive study is required in which the
prevalence of TG5S is measured in C jigiuni samples from
patients with mild and severe forms of infection.

We found a momber of C. jgfumny sirains from homans
and pouliry that possessed the T655 cluster, although
some strains showed a slightly modified zene order (on-
line Technical Appendix Table 1 and Figare 3). However,
maost (61 [85.9%] of T1) of the previously sequenced O
Jgjuni molates lacked a complete TE5S zene cluster (Fig-
ure 1); this finding might explain why T855 was not dis-
covered in € jeuny sooner. Conversely, our PCPE-based
study fequently identified the hep marker in isolates from
Thailand, Pakistan, snd Vietnam (Table). We cannot be
certain that all of the isolates with the hop marker pos-
sessed a complete and fimctional TESS gene chaster, bt
the hcp gene is consistently associzted with the presence
of a complete TS5 cluster in all available sequenced C
Jajuni genomes (Figure 1). This comrelation lends confi-
dence to the use of hgp as a proxy.
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Figure 2. Pencentage of hop-positive Campylobacter \efunf stralng
lsolaied from patients in Vietnam who had bioody diarmhea and
nonbiloody diamhea. Patlents who were hospitallzed becawss of
. Jejuni Infection were scored for the presence of boody dlamhea
o nonbieody damhea, and presence of the hop type-slx secretion
Eystem (TESS) marker In sirains |solated from the patients: was
determined. Of patients with bloody diarea, 2% were Infecied
with hop-posiitve strains; of patients with nonbloody diamhea, 5%
ware Infacted with hop-positve strains.

Pouliry are a well-documented reservoir of homan
Campylobacter infection (127). We found that Campy-
lpbacter swains harboring the hep marker were sipnifi-
cantly associated with chickens in Asia Large numbers
of poulity are imported into MNorth America and Europe
fiom low-income counmiries, inchoding Thailand (13).
This process could imtroduce TE55-positive Campy-
lobacter genotypes into the food chains of the import-
ing counfries, posing a potenfial emerging threat to
pubdic health.

Conclusions

Cnr results suggest that the TE55 may be more preva-
lemt in . jgiwns in Viemam Pakistan and Thailand then
in the United Eingdom. Furthermore, our results suggest
that kcp may be 3 marker associated with severs human
dizease cansed by C. jigiuni infection in Vietnam although
there is no evidence that the asseciation is causal. Chickens
imported from these countries could be a source of hop-
positive sirains and may have the potential o cause severe
Tmesn imflectiom.

Tabie. Cvarview of CampyIobacler (U Siains Conining [ype-G0l SECTEon SySIEm Q2nelc Malker hgp, Oy COUNTY and EOaE
SOLTE

lsoiate source Linited kI Wieinam Pakistan Thalland Total
Hurran 1738 [26) 20733 (606 213 (15.4) 13 33.3) ZAET [21.6)
Chicken 1128 (3.9) 15621 (71.4) 112 {50) [+ 17151 (33.3)
Other SI26 (19.2) 114 {7.1) 113 {33.3) [1] 743 (16.3)
Total 792 (7.6) 6166 (54.4) 41832 3) 13 33.3) 451181 {26.5)
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strain name source country of | T6SS Genome Ref Hcp +ve
origin status
305 Turkey Germany |negative |draft (Takamiya et al., 2011)
327 Turkey Unknown |negative |draft (Takamiya et al., 2011)
414 Bank Vole Unknown | positive complete es
1213 Cow USA negative |draft
1336 Bird Unknown | positive complete (Hepworth et al., 2011)
1577 Cow USA negative |draft
1798 Cow USA negative |draft
1854 Cow USA negative |draft
1893 Cow USA negative |draft
1928 Cow USA negative |draft
04197 Unknown Unknown |negative |draft
04199 Unknown Unknown |negative |draft
6399 Unknown Unknown |negative |draft
51037 chicken USA positive draft es
51494 chicken USA positive draft es
53161 chicken USA positive draft
60004 chicken USA negative |draft
81116 human Unknown |negative |complete (Pearson et al., 2007)
86605 chicken USA negative |draft
87330 chicken USA negative |draft
87459 chicken USA positive draft
110_21 Unknown USA negative |draft
129_258 Cow USA negative |draft
140_16 Cow USA negative |draft
1997 1 Human USA negative |draft
1997 10 Human USA positive draft es
1997 11 Human USA negative |draft
1997 14 Human USA positive draft es
1997 4 Human USA negative |draft
1997 7 Human USA negative |draft
2008_1025 Human France negative |draft
2008 831 Human France negative |draft
2008_872 Human France negative | draft
2008 894 Human France negative |draft
2008 979 Human France positive draft es
2008 988 Human France negative |draft
260 94 Human S. Africa__|negative | draft
81 176 Human Unknown |negative |[Complete  [(Russell, Blaser, Sarmiento, & Fox, 1989)
84 25 Human Unknown |negative | Complete
ATCC 33560 Cow Brussels | positive draft es
CG8421 Human Thailand |negative | draft (Poly et al., 2008)
CG8486 Human Thailand | negative | draft (Poly et al., 2007)
D2600 Human USA negative | draft (Jerome et al., 2012)
DFVF1099 chicken Unknown |negative |draft (Takamiya et al., 2011)
New
H22082 Human Zealand [negative |draft (Takamiya et al., 2011)
HB93 13 Human China negative |draft (Burrough, Sahin, Plummer, Zhang, & Yaeger, 2009)
1A3902 Sheep USA negative |Complete  |(Luo et al., 2012)
ICDCCJ07001 |Human China negative |draft (Zhang et al., 2010)
LMG_23210 chicken Belgium | positive draft Yes
LMG 23211 chicken Belgium |negative |draft
LMG_23216 chicken Belgium | positive draft
LMG 23218 chicken Belgium |negative |draft
LMG_23223 chicken Belgium | positive draft
Bosnia and|
Herzegovi
LMG_23263 chicken na positive draft es
LMG_23264 Human Slovenia [negative |draft
LMG_23269 chicken Belgium |negative |draft
Netherland
LMG_23357 water S positive draft
LMG 9081 human USA negative |draft
LMG_9217 Human Belgium | negative |draft
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LMG_9872 Human Sweden | negative |draft
LMG_9879 Human Canada negative |draft
M1 Human/poultry |Unknown |negative |complete (Friis et al., 2010)
NCTC11168 Human Unknown |negative |complete (Gundogdu et al., 2007)
NW Human USA positive draft (Jerome et al., 2012)
New
P110B chicken Zealand |negative |draft (Gundogdu et al., 2007)
P854 chicken UK positive draft es
RM1221 Unknown Unknown | positive complete (Fouts et al., 2005)
S3 poultry Unknown |negative |complete (Cooper, Cooper, Zuccolo, Law, & Joens, 2011)
doylei 269 97 Human Unknown |negative |complete
xy259 Unknown Unknown |negative |draft
55037 chicken USA negative |draft

Table S1. List of C. jejuni strains included in MLSA analysis.

Strain name source country of origin T6SS Genome status | Ref Strain source
28766 Beach UK negative This study
KSCattle8 Cattle UK negative This study
11974 human UK negative This study
13305 human UK negative This study
11919 human UK negative This study
30280 human UK negative This study
11818 human UK negative This study
12241 human UK negative This study
99/188 human UK negative This study
99/197 human UK negative This study
99/97 human UK negative This study
01/43 human UK negative This study
99/189 human UK negative This study
99/216 human UK negative This study
94/229 human UK negative This study
99/212 human UK negative This study
BB1267 human UK negative This study
31467 human UK negative This study
31484 human UK negative This study
32799 human UK negative This study
31485 human UK negative This study
33084 human UK positive This study
93/372 human UK negative This study
32787 human UK negative This study
44119 human UK negative This study
47693 human UK negative This study
33106 human UK negative This study
34007 human UK negative This study
Hi40980306 human UK negative This study
90843 human UK negative This study
Hi40500471 human UK negative This study
Hi40620306 human UK negative This study
BB1267 human UK negative This study
Hi81266 human UK negative This study
Hi80586 human UK negative This study
Hi80547 human UK negative This study
Hi81006 human UK negative This study
KSSAPSM6 human UK negative This study
Hig81214 human UK negative This study
KSSHPSM4 human UK negative This study
99/118 Cow UK negative This study
99/201 Cow UK negative This study
99/202 Cow UK negative This study
C0599 3095 Cow UK negative This study
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C085 40995 Cow UK negative This study
1182 ENV Env UK negative This study
PS304 Pig UK negative This study
PS623 Pig UK positive This study
PS762 Pig UK negative This study
PS830 Pig UK negative This study
PS838 Pig UK negative This study
PS843 Pig UK positive This study
PS849 Pig UK positive This study
PS852 Pig UK positive This study
PS857 Pig UK positive This study
C120/2 Poultry UK negative This study
C132/1 Poultry UK negative This study
D2/T/80 Poultry UK negative This study
PS55491 Poultry UK positive This study
A83515A Poultry UK negative This study
A1CF12 Poultry UK negative This study
D502009A Poultry UK negative This study
C3/T2/8 Poultry UK negative This study
D2/27B Poultry UK negative This study
C3/T/25 Poultry UK negative This study
EX1286 Poultry UK negative This study
MB1 Poultry UK negative This study
MB2 Poultry UK negative This study
MB3 Poultry UK negative This study
MB4 Poultry UK negative This study
MB5 Poultry UK negative This study
MB6 Poultry UK negative This study
MB7 Poultry UK negative This study
MB8 Poultry UK negative This study
MB9 Poultry UK negative This study
MB12 Poultry UK negative This study
MB13 Poultry UK negative This study
MB14 Poultry UK negative This study
MB15 Poultry UK negative This study
MB16 Poultry UK negative This study
MB17 Poultry UK negative This study
MB18 Poultry UK negative This study
S2160509901 Sheep UK negative This study
S390209903 Sheep UK negative This study
S1200409904 Sheep UK negative This study
S8704099 Sheep UK negative This study
S3720509904 Sheep UK negative This study
S3790809901 Sheep UK negative This study
S43503099 Sheep UK negative This study
S4990109905 Sheep UK negative This study
S58503099 Sheep UK negative This study
Cj 54 Camel Pakistan negative This study
N2 human Pakistan negative This study
AKRHO011 human Pakistan negative This study
702 human Pakistan negative This study
Y25 human Pakistan negative This study
2960HF human Pakistan negative This study
712 human Pakistan negative This study
K1 human Pakistan negative draft This study
K2 human Pakistan positive This study
K4 human Pakistan negative This study
K5 human Pakistan negative draft This study
K6 human Pakistan negative This study
K7 human Pakistan negative This study
K8 human Pakistan positive This study
80 Poultry Pakistan negative This study
255 Poultry Pakistan positive draft This study
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Cj245 waste water Pakistan negative This study
Cj 236 waste water Pakistan positive This study
Cjl human Thailand positive draft This study
Cj2 human Thailand negative draft This study
Cj3 human Thailand negative draft This study
Cj5 human Thailand positive draft This study
20157 human Vietnam positive This study
30286 human Vietnam positive draft This study
30261 human Vietnam positive This study
10227 human Vietnam positive draft This study
20160 human Vietnam negative This study
30106 human Vietnam negative This study
20288 human Vietnam negative This study
30311 human Vietnam positive This study
20283 human Vietnam positive This study
10186 human Vietnam positive draft This study
20176 human Vietnam positive draft This study
20231 human Vietnam positive This study
20301 human Vietnam positive This study
30318 human Vietnam positive draft This study
20321 human Vietnam positive This study
20332 human Vietnam negative This study
30355 human Vietnam positive This study
20319 human Vietnam positive This study
20137 human Vietnam positive This study
30391 human Vietnam negative This study
30396 human Vietnam negative This study
10275 human Vietnam negative This study
20227 human Vietnam positive This study
30446 human Vietnam positive This study
20396 human Vietnam negative This study
10126 human Vietnam positive This study
20084 human Vietnam negative This study
30431 human Vietnam negative This study
30146 human Vietnam negative This study
10070 human Vietnam negative This study
10152 human Vietnam negative This study
20245 human Vietnam positive This study
71V103 Duck Vietnam negative This study
71V42 Duck Vietnam negative This study
71V489 Duck Vietnam negative This study
71V151 Duck Vietnam negative This study
71V135 Duck Vietnam negative This study
71\V445 Duck Vietnam negative This study
71V484 Duck Vietnam negative This study
71V420 Duck Vietnam negative This study
71V409 Duck Vietnam negative This study
71V397 Duck Vietnam negative This study
71V49 Duck Vietnam negative This study
71V69 Duck Vietnam negative This study
72H57 Pig Vietnam negative This study
71V110 Duck Vietnam positive This study
71G139 Chicken Vietnam negative This study
71G142 Chicken Vietnam positive This study
71G356 Chicken Vietnam positive This study
71G570 Chicken Vietnam positive This study
71G784 Chicken Vietnam positive This study
71G998 Chicken Vietnam positive This study
71G1212 Chicken Vietnam positive This study
71G1426 Chicken Vietnam positive This study
71G1640 Chicken Vietnam positive This study
71G1854 Chicken Vietnam positive This study
71G2068 Chicken Vietnam positive This study
71G2282 Chicken Vietnam positive This study
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71G326 Chicken Vietnam negative This study
71G143 Chicken Vietham positive This study
71G329 Chicken Vietnam negative This study
71G125 Chicken Vietham positive This study
71G124 Chicken Vietnam negative This study
71G90 Chicken Vietham positive This study
71G30 Chicken Vietnam positive This study
71G43 Chicken Vietham negative This study
72G117 Chicken Vietnam negative This study

Table S2. List of 181 C. jejuni strains analyzed in this study

Table S3. List of primers

Primers (for

Predicted

Primer Sequence (5’----- 3’) ™m Reference
target genes) Amplicon size
gltAF Cj GCCCAAAGCCCATCAAGCGGA 60 This Study
142 bp
gltA F Cj GCGCTTTGGGGTCATGCACA 58 This Study
Hep F CAAGCGGTGCATCTACTGAA 60 This Study
463 bp
Hcp R TAAGCTTTGCCCTCTCTCCA 60 This Study
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Figure S1: Prevalence of T6SS genetic marker hcp in C. jejuni isolated from
chickens in Vietnam and the UK.
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Figure S2. Prevalen%é\of T6SS genetic mar@b‘f hcp in C. jejuni isolated from
humans in Vietn&@roand the UK.

138




NW

10227

414

LMG23357
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Introduction

This chapter introduces a newly described species of Xanthomonas,
isolated from an outbreak of disease on common bean (Phaseolus vulgaris)
crops in the Nyagatare region of the east African country of Rwanda (Figure 7).
This novel Xanthomonas isolate shows unusual disease symptoms and whilst
at present does not yet pose a significant agro-economic threat in the region,
there is the potential for this pathogen to spread and impact crop production
and consequently the wellbeing of the local population. Also, given the global
nature of agro-economy is perfectly feasible that pathogens such as this can be
spread widely though the plant and seed trade therefore it is important to
develop fast comprehensive methods to assess these threats. Tentatively
named Xanthomonas sp. Nyagatare, this new isolate is the first representative

to be sequenced from a newly described species level clade.

Figure 7: Map showing location of the Nyagatare region of Rwanda.
Courtesy of Google maps
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This project presented an exciting opportunity to utilise next generation

sequencing and bioinformatics analysis to investigate the genome of a novel
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emerging pathogen at an early stage of its outbreak timeline. It was hoped that
this analysis would afford the opportunity to fully characterise the genome of a
newly emerging pathogenic isolate of Xanthomonas, contributing to the
understanding of the genomic variability of the genus and gaining an insight into
the evolution and genomics of pathogenicity of Xanthomonas. Further to this,
the characterisation and comparison of the Nyagatare species’ genomic
features with those other Xanthomonas species would provide valuable
information to track the spread and assess the impact of this emerging threat to
east African bean agriculture.

The use of modern sequencing technologies and bioinformatics analysis
to inform the investigation into new and emerging pathogens has been carried
out to great success in other fields, notably the E. coli outbreak in European
countries in 2011* and the Ebola outbreak in western Africa in 2015 2. These
studies were large scale and had, quite understandably, a huge amount of
international support, cloud sourced manpower and computational weight to aid
the analysis effort. It was hoped that this project could show that similar analysis
could be performed on smaller outbreaks with less resources available, but still
provide in depth analysis which could be of both scientific and practical use to
track the spread and successfully inform containment strategies for an
emerging pathogen.

It was hoped that this study detailed in this study would provide a
valuable foundation for future work on this and other closely related
Xanthomonas species. It would be very useful to carry out pathogenicity assays
to confirm that this strain is indeed responsible for the disease outbreak on
bean crops in Rwanda and fully assess its host range. This information along

with the genome information would give a better idea of the threat posed by this
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emerging pathogen. It would be interesting to profile the secreted effectors of
this strain, both experimentally and bioinformatically in order to obtain a
complete picture of the effector complement and to compare this with other
strains including those of the recently published Jacobs et al. study. This would
help to elucidate the recent evolutionary history of this group

The aim of the work presented here was to use NGS technologies to
characterise the genomics of a newly emerging bacterial pathogen of beans
isolated during a recent outbreak in Rwanda. It was hoped to sequence,
assemble and analyse this newly emerging pathogen. This would allow the
classification and comparison of the Nyagatere strain with known xanthomonds,
identifying virulence factors and genomic features which have facilitated the
adaptation to this new ecological niche and identify potential molecular markers

which could be used to track its spread and identify future outbreaks.

Author contribution

The author conducted all bioinformatic analysis for this project. This
included using bespoke scripts and pipeline code to conduct the initial quality
control of raw sequencing reads and the denovo assembly and analysis of this
emerging strain. The author also conducted all analysis and bioinformatic
comparisons of this strain with sequence databases.

The author also contributed significantly to the pre-project
research, concept design and planning for the project along with the writing,
editing and submission of manuscript and the production and editing of all

figures and tables.
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One sentence summary: We present the genome sequence of the Nyagatare strain, a bacterial pathogen on beans that may be responsible for a

mysterious disease emerging in Rwanda.
Editor: Skorn Mongkolsuk

ABSTRACT

We announce the genome sequence for Xanthomonas species strain Nyagatare, isolated from beans showing unusual
disease symptoms in Rwanda. This strain represents the first sequenced genome belonging to an as-yet undescribed
Xanthomonas species known as species-level clade 1. It has at least 100 kb of genomic sequence that shows little or no
sequence similarity to other xanthomonads, including a unique lipopolysaccharide synthesis gene cluster. At least one
genomic region appears to have been acquired from relatives of Agrobacterium or Rhizobium species. The genome encodes
homologues of only three known type-three secretion system effectors: AvrBs2, XopF1 and AvrXv4. Availability of the
genome sequence will facilitate development of molecular tools for detection and diagnostics for this newly discovered
pathogen of beans and facilitate epidemiological investigations of a potential causal link between this pathogen and the
disease outbreak.

Key words: common beans; bacterial canker; Xanthomonas; Rwanda

6102 Jequisidas gz uo jsenb Aq g;Ingg/L/v/zgg/meusqe—ep!ue/msuue;/woo'dn0's!wepe:>9//:sduq wouy papeojumoq

Common bean (Phaseolus vulgaris) is an important subsis- farmers in Nyagatare District reported unusual disease on vari-
tence and cash crop for smallholder farmers in Rwanda, pro- ety ISAR SCB 101 (RWR 2245). Leaf symptoms included curling of
viding a major source of protein and micronutrients such as upper leaves, wilting, drying and dropping off. There were also
iron and zinc (Larochelle and Alwang 2014). In November 2013, brownish and white spots on affected leaves as well as brownish
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Figure 1. The genome of sp. Panel (A) shows a global comparison of the Nyagatare genome sequence against representative previously
d X The genome (Pieretti et al., 2009; Song and Yang 2010; Potnis et al., 2011; Bolot et al., 2013; Darrasse et al., 2013; Vandroemme
etal., 2013) were aligned against the Nyagatare genome assembly using BLASTN with an E-value threshold of 1 x 10-¢. The Ny had firstbeen dered

against the X. axonopodis pv. citri 306 (da Silva et al., 2002) reference sequence using the contig re-ordering function in Mauve (Rissman et al., 2009). The alignments are
visualized using BLAST Ring Image Generator (BRIG) (Alikhan et al., 2011). Panel (B) shows the phylogenetic position of the Nyagatare strain based on comparison to
previously sequenced gyrB genes (Parkinson et al., 2009). Evolutionary history was inferred by using the maximum likelihood method based on the Tamura-Nei model
(Tamura and Nei 1993). The tree with the highest log likelihood (~8634.7961) is shown. The percentage of trees in which the associated taxa clustered together is
shown next to the branches. Initial tree(s) for the heuristic search were obtained by applying the neighbor-joining method to a matrix of pairwise distances estimated
using the i ite likeli (MCL) The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. The
analysis involved 438 nucleotide sequences. All positions with less than 95% site coverage were eliminated. That is, fewer than 5% alignment gaps, missing data
and ambiguous bases were allowed at any position. There were a total of 524 positions in the final dataset. Evolutionary analyses were conducted in MEGA6 (Tamura
etal., 2013). Xanthomonas group 1 and 2 as defined by Young and colleagues (Young et al., 2008) are indicated by square brackets as is also species-level clade 1 as defined
by Parkinson and colleagues (Parkinson et al., 2009).
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to dark necrosis on veins and margins. The stems and branches
developed extensive white scabs, which later developed into
grey gall-like structures. Green to dark-brown-black streaks and
wounds that developed into cankers and necrotic tissues also
developed on the stems. The pods developed grey scabs and
spots coalescing into large swellings, similar to those on stems.
Many of the pods were water soaked, aborted or poorly filled.
On dissection, stem vascular tissues were untainted, suggesting
that the pathogen is intercellular. A survey by the Rwanda Agri-
culture Board in November 2013 found that 6 of the 14 sectors
of the Nyagatare District were affected. Although the implica-
tions were serious for farmers concerned, the overall situation
was not yet alarming with no more than 15 ha being affected,
but there is concern about possible future spread.

Bacteria were isolated from diseased plant material on YDC
(yeast extract dextrose carbonate) medium at CIAT Pathology
Laboratory, Uganda. Pathogenicity was demonstrated by inocu-
lation of the isolated strain onto CAL96 beans under glasshouse
conditions; symptoms are shown in the Supporting Information.
Genomic DNA was sequenced to approximately 58-fold cover-
age using the Illumina MiSeq with Nextera XT Library Prepa-
ration, generating 663 444 pairs of 300-bp reads and assem-
bled into 91 scaffolds with a total length of 4 885 384 bp and
an Nso length of 101 745 bp using Velvet 1.2.10 (Zerbino and
Birney 2008) followed by gap-filling using GapCloser version
1.12-16 (Luo et al,, 2012). Data are available at GenBank under
accession numbers GCA_000764855.1 and JRQI00000000.1.

To investigate the core and variable portions of the genome,
we used dnadiff from the Mummer package (Delcher et al., 2002)
to perform pairwise sequence comparisons between the Nya-
gatare strain genome and all previously sequenced Xanthomonas
genomes [results are tabulated in Fig. S1 (Supporting Informa-
tion)]. The highest degree of shared accessory genome was with
X. arboricola 3004 (73.73% of genome shared with Nyagatare).
Fig. 1A also provides an overview of genomic conservation and
variation. The genome with greatest sequence similarity was
X. cassavae (Bolot et al., 2013) with 89.16% nucleotide sequence
identity. Average nucleotide identity (ANI) values, as calculated
by JSpecies (Richter and Rossello-Méra 2009), between mem-
bers of a single species usually exceed 95%. The ANI values be-
tween Nyagatare and X. cassavae were 87.38% (ANIb) and 89.12%
(ANIm). Between Nyagatare and X. arboricola 3004, ANIb was
85.54% and ANIm was 88.84%. Between Nagatare and X. fus-
cans, the respective values for ANIb and ANIm were 85.82 and
88.66%. Thus, strain Nyagatare does not belong to any of the pre-
viously sequenced species and is phylogenetically distinct from
previously studied pathogens of common bean (that fall within
the species X. axonopodis and X. fuscans). The lack of sequenced
genomes with very high sequence similarity to strain Nyagatare
precluded high-resolution phylogenomic analysis (Rodriguez-R
et al., 2012); however, the availability of an extensive database
of sequences for the phylogenetic marker gene gyrB (Parkinson
et al., 2009) allowed us to more precisely examine its phyloge-
netic position. As illustrated in Fig. 1B, the Nyagatare strain falls
within Parkinson’s species-level clade 1 (Parkinson et al., 2009),
along with little-studied pathogens of Zinnia elegans, Hibiscus es-
culentus, Cannabis sativa, Helianthus annuus and Nicotiana tabacum
(NCPPB strains 2439, 2190, 2877, 1325 and 1068).

Commensurate with its phylogenetic distinctness from pre-
viously sequenced Xanthomonas species, the Nyagatare strain
has at least 100 kb of genomic sequence that shows little or
no sequence similarity to other xanthomonads, as judged by
BLASTN searches. This includes a 16.5-kb region located be-
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tween metB and etfA (JRQI01000003.1 positions 48 238-64 812)
harboring genes for lipopolysaccharide (LPS) synthesis that are
quite distinct from any previously sequenced LPS synthesis gene
cluster (Patil and Sonti 2004). Another example is a 2.3-kb re-
gion (JRQI01000032.1 positions 37 278-34 915) that shares 84%
nucleotide sequence identity with the large chromosome of
Agrobacterium radiobacter K84 (GenBank: CP000628.1), and similar
levels of identity with several Rhizobium species, but shares no
detectable sequence similarity with any available Xanthomonas
sequences in the NCBI databases.

Virulence factors described in previously sequenced
Xanthomonas genomes include effector proteins that are
substrates of the type-IlI secretion system (T3SS) (White
et al., 2009). The Nyagatare genome encodes an apparently
complete T3SS (Fig. S2, Supporting Information). Based on
TBLASTN searches between the genome of the Nyagatare
strain and Ralf Koebnik’s catalogue of known T3SS effectors
(http://www.xanthomonas.org/t3e.html), there are homo-
logues of only three: AvrBs2 (73% identity between GenBank:
CAJ21683.1 and JRQI01000008.1: 30 926 to 33 058), XopF1 (66%
identity between CAJ22045.1 and NC00-3340) and an open read-
ing frame (JRQI01000008.1 positions 38 866 to 39 942) encoding a
protein with 87% amino-acid sequence identity to AvrXv4 which
has only previously been reported in genomes of X. euvesicatoria
(Astua-Monge et al., 2000) and X. perforans (Potnis et al., 2011).

In conclusion, we present a draft-quality genome sequence
for the Nyagatare strain. This is the first genome sequence repre-
senting Parkinson’s species-level clade 1, and as such its avail-
ability will aid the study of this as-yet undescribed candidate
new species. Furthermore, this strain may be responsible for the
mysterious disease emerging as a potentially serious threat to
beans, an important subsistence crop. Availability of the genome
sequence will facilitate development of molecular tools for de-
tection and diagnostics thus enabling researchers to test for an
epidemiological link between this strain and the disease.

SUPPLEMENTARY DATA

Supplementary data is available at FEMSLE online.
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Figure S1: Disease symptoms following inoculation of CAL96 in glass house
with Xanthomonas sp. strain Nyagatare
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Figure S2: The genome sequence of Xanthomonas sp. strain Nyagatare encodes a Hrp type-three
secretion system. The Nyagatare sequence (GenBank: KN265463.1) was aligned against the
chromsome of X. campestris pv. campestris ATCC 33913 (GenBank: AE008922.1) using BLASTN and

visualised using EasyFig # Nucleotide sequence identity of BLASTN hits is indicated by the grey scale
gradient.
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Reference genome sequence
3513693 | 73.73 | Xanthomonas_arboricola.GCF_000585435 3518320 | 72.08 | 88.89
3413084 | 71.13 | Xanthomonas_axonopodis.GCF_000265805 3427722 | 70.22 | 88.71
3412068 | 71.11 | Xanthomonas_axonopodis.GCF_000266285 3426141 | 70.19 | 88.71
3424828 | 71.06 | Xanthomonas_ axonopodis.GCF 000265925 3432830 | 70.33 | 88.72
3421358 | 70.59 | Xanthomonas_axonopodis.GCF_000265725 3435639 | 70.38 | 88.71
3515768 | 70.57 | Xanthomonas_fuscans_4834_R_uid222814.NC_022541 3463681 | 70.96 88.7
3401045 | 70.56 | Xanthomonas_axonopodis.GCF_000266685 3415339 | 69.97 | 88.73
3422539 | 70.54 | Xanthomonas_axonopodis.GCF_000266105 3424566 | 70.16 88.7
3419195 | 70.53 | Xanthomonas_axonopodis.GCF_000266225 3435147 | 70.37 | 88.72
3415641 | 70.53 | Xanthomonas_axonopodis.GCF_000266385 3425198 | 70.17 88.7
3426030 70.4 | Xanthomonas_axonopodis.GCF_000266365 3437267 | 70.42 | 88.71
3381278 | 70.39 | Xanthomonas_ axonopodis.GCF 000265745 3388497 | 69.42 | 88.71
3400692 | 70.37 | Xanthomonas_axonopodis.GCF_000266265 3413510 | 69.93 | 88.73
3427512 | 70.35 | Xanthomonas_axonopodis.GCF_000266805 3435715 | 70.39 88.7
3427534 | 70.34 | Xanthomonas_axonopodis.GCF_000265565 3439453 | 70.46 | 88.7
3428191 | 70.33 | Xanthomonas_axonopodis.GCF_000265945 3435809 | 70.39 | 88.71
3414094 70.3 | Xanthomonas_axonopodis.GCF_000265885 3427253 | 70.21 | 88.73
3422769 | 70.26 | Xanthomonas_axonopodis.GCF_000266625 3435016 | 70.37 88.7
3411634 | 70.25 | Xanthomonas_axonopodis.GCF_000266005 3423575 | 70.14 | 88.73
3440946 | 70.24 | Xanthomonas_axonopodis.GCF_000265825 3454113 | 70.76 | 88.72
3258331 | 70.07 | Xanthomonas_axonopodis.GCF_000266305 3275729 | 67.11 | 88.89
3415108 | 70.06 | Xanthomonas_axonopodis.GCF_000266345 3427269 | 70.21 | 88.73
3430754 | 70.04 | Xanthomonas_axonopodis.GCF_000266425 3441086 | 70.5 | 88.71
3430397 | 70.04 | Xanthomonas_axonopodis.GCF_000266405 3438890 | 70.45 | 88.71
3422737 | 69.93 | Xanthomonas_axonopodis.GCF_000266645 3435683 | 70.38 | 88.71
3380834 69.9 | Xanthomonas_axonopodis.GCF_000265645 3394337 | 69.54 | 88.77
3420773 | 69.88 | Xanthomonas_axonopodis.GCF_000266585 3429706 | 70.26 | 88.7
3373039 | 69.83 | Xanthomonas_axonopodis.GCF_000266025 3387930 | 69.41 | 88.75
3416913 | 69.82 | Xanthomonas_axonopodis.GCF_000266725 3427408 | 70.22 | 88.71
3422497 69.8 | Xanthomonas_axonopodis.GCF_000266505 3432871 | 70.33 | 88.71
3464221 | 69.74 | Xanthomonas_alfalfae. GCF_000225915 3453257 | 70.74 | 88.75
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3464221 | 69.74 | Xanthomonas_axonopodis_citrumelo F1 uid73179.NC_016010 3453257 | 70.74 | 88.75
3425464 | 69.74 | Xanthomonas_axonopodis.GCF_000266545 3433948 | 70.35 | 88.71
3423581 | 69.73 | Xanthomonas_axonopodis.GCF_000266485 3433517 | 70.34 | 88.7
3427226 | 69.72 | Xanthomonas_axonopodis.GCF_000266845 3436968 | 70.41 | 88.71
3374248 | 69.68 | Xanthomonas_axonopodis.GCF_000265625 3389165 | 69.43 | 88.75
3423039 | 69.67 | Xanthomonas_axonopodis.GCF_000266745 3432245 | 70.31 | 88.72
3364535 | 69.64 | Xanthomonas_axonopodis.GCF_000266185 3379192 | 69.23 | 88.79
3401387 | 69.61 | Xanthomonas_axonopodis.GCF_000266245 3414113 | 69.94 | 88.73
3494600 | 69.59 | Xanthomonas_arboricola.GCF_000306055 3497748 | 71.66 | 88.85
3412101 | 69.59 | Xanthomonas_axonopodis.GCF_000266765 3425490 | 70.18 | 88.72
3424606 | 69.59 | Xanthomonas_axonopodis.GCF_000265785 3437171 | 70.42 | 88.71
3411483 | 69.57 | Xanthomonas_axonopodis.GCF_000265685 3423933 | 70.14 | 88.73
3425566 | 69.57 | Xanthomonas_axonopodis.GCF_000266465 3434035 | 70.35 | 88.7
3410500 | 69.56 | Xanthomonas_axonopodis.GCF_000266085 3423524 | 70.14 | 88.73
3290043 | 69.55 | Xanthomonas_axonopodis.GCF_000266785 3303152 | 67.67 | 88.86
3360530 | 69.53 | Xanthomonas_axonopodis.GCF_000265965 3374661 | 69.13 | 88.78
3423594 | 69.53 | Xanthomonas_axonopodis.GCF 000266565 3434402 | 70.36 88.7
3411148 | 69.52 | Xanthomonas_axonopodis.GCF_000266165 3424010 | 70.15 | 88.73
3411684 | 69.47 | Xanthomonas_axonopodis.GCF_000265845 3426428 70.2 | 88.71
3279812 | 69.45 | Xanthomonas_axonopodis.GCF_000266525 3292370 | 67.45 | 88.78
3438687 | 69.43 | Xanthomonas_axonopodis.GCF_000265985 3448036 | 70.64 | 88.7
3422447 | 69.39 | Xanthomonas_axonopodis.GCF_000266325 3434269 | 70.36 | 88.7
3648742 | 69.34 | Xanthomonas_perforans.GCF_000192045 3435002 | 70.37 88.8
3433330 | 69.33 | Xanthomonas_axonopodis.GCF_000265585 3444908 | 70.57 | 88.72
3309492 | 69.32 | Xanthomonas_axonopodis.GCF_000265905 3323519 | 68.09 | 88.85
3413380 | 69.23 | Xanthomonas_axonopodis.GCF_000266145 3426468 | 70.2 | 88.73
3442937 | 69.22 | Xanthomonas_axonopodis.GCF_000309905 3454476 | 70.77 | 88.65
3421346 | 69.17 | Xanthomonas_axonopodis.GCF_000265765 3432924 | 70.33 | 88.7
3174245 | 69.11 | Xanthomonas_axonopodis.GCF_000265665 3189384 | 65.34 | 88.95
3349134 | 69.01 | Xanthomonas_axonopodis.GCF_000266125 3362790 | 68.89 | 88.81
3430842 69 | Xanthomonas_axonopodis.GCF_000266205 3439334 | 70.46 88.7
3415913 | 68.94 | Xanthomonas_axonopodis.GCF_000266665 3428629 | 70.24 | 88.71
3362668 | 68.91 | Xanthomonas_fuscans.GCF_000175135 3364440 | 68.93 | 88.72
3285573 | 68.83 | Xanthomonas_axonopodis.GCF_000265865 3300619 | 67.62 | 88.84
3440136 | 68.58 | Xanthomonas_axonopodis.GCF_000266705 3448387 | 70.65 | 88.7
3392380 | 68.58 | Xanthomonas_axonopodis.GCF_000285775 3398927 | 69.63 | 88.67
3217502 | 68.56 | Xanthomonas_campestris.GCF_000277875 3227335 | 66.12 | 88.47
3440289 | 68.53 | Xanthomonas_axonopodis.GCF_000266045 3449271 | 70.66 | 88.7
3458796 | 68.46 | Xanthomonas_hortorum.GCF_000505565 3458379 | 70.85 | 88.29
3242204 | 68.43 | Xanthomonas_axonopodis.GCF_000265705 3254668 | 66.68 | 88.89
3425021 | 68.36 | Xanthomonas_axonopodis.GCF_000266445 3432284 | 70.32 | 88.71
3405714 | 68.3 | Xanthomonas_axonopodis.GCF_000266605 3413109 | 69.92 | 88.74
3214929 | 67.99 | Xanthomonas_campestris. GCF_000277955 3223155 | 66.03 | 88.46
3229866 | 67.97 | Xanthomonas_campestris. GCF_000277915 3232569 | 66.22 | 88.42
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3500220 | 67.92 | Xanthomonas_axonopodis_Xac29_1_uid193774.NC_020800 3489867 | 71.49 | 88.69
3445501 | 67.83 | Xanthomonas_alfalfae. GCF_000488955 3450913 70.7 | 88.79
3224364 | 67.76 | Xanthomonas campestris. GCF_000277895 3224951 | 66.07 | 88.41
3395149 | 67.73 | Xanthomonas_fuscans.GCF_000175155 3396203 | 69.58 | 88.73
3425456 | 67.63 | Xanthomonas_axonopodis.GCF_000266825 3437684 | 70.43 | 88.7
3452428 | 67.46 | Xanthomonas_axonopodis.GCF_000309925 3464660 | 70.98 | 88.65
3730618 | 67.45 | Xanthomonas_vesicatoria. GCF_000192025 3610523 | 73.97 | 88.94
3486665 | 67.37 | Xanthomonas axonopodis_citri_306 uid57889.NC 003919 3490140 71.5 | 88.69
3536912 | 67.33 | Xanthomonas_axonopodis.GCF_000495275 3527850 | 72.27 | 88.66
3258804 | 67.29 | Xanthomonas_axonopodis.GCF_000266065 3270729 | 67.01 | 88.87
3425828 | 67.02 | Xanthomonas_citri. GCF_000263335 3436894 | 70.41 | 88.66
3231561 | 66.96 | Xanthomonas_vasicola.GCF_000278035 3235516 | 66.28 | 88.45
3498283 | 66.93 | Xanthomonas_arboricola.GCF_000355635 3496237 | 71.63 | 88.91
3282758 | 66.89 | Xanthomonas_campestris.GCF_000233635 3215723 | 65.88 | 88.49
3426184 | 66.81 | Xanthomonas_ axonopodis.GCF_000265605 3434495 | 70.36 | 88.71
3199446 | 66.76 | Xanthomonas_campestris. GCF_000277975 3201415 | 65.59 | 88.53
3440203 | 66.43 | Xanthomonas campestris_vesicatoria 85 10 uid58321.NC 007508 | 3436431 70.4 | 88.77
3177476 | 66.28 | Xanthomonas_campestris. GCF_000159815 3191469 | 65.38 | 88.33
3486665 | 66.11 | Xanthomonas_citri. GCF_000007165 3490140 | 71.5 | 88.69
3500220 | 66.09 | Xanthomonas_axonopodis.GCF_000348585 3489867 | 71.49 | 88.69
3259839 | 65.97 | Xanthomonas_campestris. GCF_ 000221965 3235136 | 66.28 | 87.78
3259839 | 65.97 | Xanthomonas campestris_raphani_756C uid159539.NC 017271 3235136 | 66.28 | 87.78
3510122 | 65.96 | Xanthomonas_citri_Aw12879 uid194444.NC_020815 3504578 71.8 | 88.67
3122181 | 65.84 | Xanthomonas campestris.GCF 000277935 3123091 | 63.98 | 88.22
2856081 | 65.75 | Xanthomonas oryzae.GCF 000511585 2865786 | 58.71 | 88.55
3632228 | 65.7 | Xanthomonas_gardneri.GCF_000192065 3409330 | 69.84 | 88.39
3447860 | 65.41 | Xanthomonas_cassavae.GCF_000454545 3464534 | 70.98 | 89.16
3444615 | 65.41 | Xanthomonas_axonopodis.GCF_000259445 3446198 | 70.6 | 88.75
3510122 | 65.02 | Xanthomonas_citri. GCF_000349225 3504578 71.8 | 88.67
2779966 | 64.87 | Xanthomonas_oryzae.GCF_000482445 2786277 | 57.08 | 88.56
3204799 | 64.64 | Xanthomonas_vasicola.GCF_000278015 3212538 | 65.81 | 88.42
3199708 | 64.62 | Xanthomonas_vasicola.GCF_000277995 3206648 | 65.69 | 88.41
3094619 | 64.42 | Xanthomonas_vasicola.GCF_000278075 3096324 | 63.43 | 88.63
2837982 | 64.24 | Xanthomonas_oryzae.GCF_000507025 2851686 | 58.42 | 88.58
3216393 | 64.03 | Xanthomonas_campestris. GCF_000263835 3218504 | 65.94 | 87.78
3245426 63.9 | Xanthomonas_campestris. GCF_000070605 3223488 | 66.04 | 87.77
3245426 63.9 | Xanthomonas_campestris_uid61643.NC_010688 3223488 | 66.04 | 87.77
3189992 | 63.78 | Xanthomonas campestris. GCF_ 000321125 3198870 | 65.53 | 87.73
2925863 | 63.75 | Xanthomonas_oryzae.GCF_000212755 2940610 | 60.24 88.6
3225566 | 63.54 | Xanthomonas campestris. GCF_ 000007145 3215592 | 65.88 | 87.73
3225566 | 63.54 | Xanthomonas_campestris ATCC 33913 uid57887.NC_003902 3215592 | 65.88 | 87.73
3443225 | 63.53 | Xanthomonas_euvesicatoria. GCF_000009165 3437634 | 70.42 | 88.77
2898804 | 63.09 | Xanthomonas_oryzae.GCF_000212775 2911183 | 59.64 | 88.66
3224075 | 62.62 | Xanthomonas_campestris. GCF_000012105 3210905 | 65.78 | 87.72
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3224075 | 62.62 | Xanthomonas_campestris_8004_uid57595.NC_007086 3210905 | 65.78 | 87.72
2928763 | 60.62 | Xanthomonas_oryzae.GCF_000168315 2876862 | 58.94 | 88.53
2928763 | 60.62 | Xanthomonas_oryzae_oryzicola_BLS256_uid54411.NC_017267 2876862 | 58.94 | 88.53
2994263 | 60.48 | Xanthomonas_vasicola.GCF_000278055 2992850 | 61.31 | 88.81
2519966 | 60.25 | Xanthomonas_fragariae. GCF_000376745 2480723 | 50.82 | 87.58
3217719 | 58.74 | Xanthomonas_vasicola.GCF_000159795 3224905 | 66.07 | 88.41
2872100 | 58.14 | Xanthomonas_oryzae MAFF_ 311018 uid58547.NC_007705 2791472 | 57.19 | 88.55
2872100 | 58.14 | Xanthomonas_oryzae.GCF_000010025 2791472 | 57.19 | 88.55
2866762 | 58.01 | Xanthomonas_oryzae KACC_10331 uid58155.NC_006834 2790542 | 57.17 | 88.55
2866762 | 58.01 | Xanthomonas_oryzae.GCF_000007385 2790542 | 57.17 | 88.55
2979829 | 56.87 | Xanthomonas_oryzae PXO99A uid59131.NC_010717 2793070 | 57.22 | 88.55
2979829 | 56.87 | Xanthomonas_oryzae.GCF_000019585 2793070 | 57.22 | 88.55
2309083 | 46.5 | Xanthomonas_sp._M97.GCF_000401255 2313467 | 47.39 | 86.24
1437893 | 35.06 | Xanthomonas_translucens.GCF_000313775 1444452 | 29.59 | 85.42
1484597 | 33.23 | Xanthomonas_translucens.GCF 000334075 1481033 | 30.34 | 85.27
1472756 | 32.99 | Xanthomonas_translucens.GCF_000331775 1470877 | 30.13 85.4
1515567 | 32.21 | Xanthomonas_sp. SHU166.GCF 000364685 1513699 | 31.01 | 85.35
1571991 | 32.09 | Xanthomonas_sacchari. GCF_000225975 1566458 | 32.09 | 85.25
1185367 | 32.02 | Xanthomonas_sp._ NCPPB1131.GCF_000226895 1185379 | 24.28 | 86.08
1545738 | 31.96 | Xanthomonas_sp. SHU199.GCF_000364665 1540783 | 31.57 | 85.31
1551429 | 31.95 | Xanthomonas_sp._SHU308.GCF_000364645 1549168 | 31.74 | 85.3
1466854 | 31.55 | Xanthomonas_sp._NCPPB1132.GCF_000226915 1462817 | 29.97 | 85.54
722661 | 21.14 | Pseudoxanthomonas suwonensis 11 1 uid62105.NC_ 014924 716302 | 14.67 | 84.41
686299 | 19.88 | Pseudoxanthomonas spadix BD a59 uid75113.NC 016147 685905 | 14.05 | 84.42
714597 | 18.96 | Xanthomonas_albilineans GPE_PC73 uid43163.NC 013722 710312 | 14.55 | 84.63
714597 | 18.55 | Xanthomonas_albilineans.GCF_000087965 710312 | 14.55 | 84.63

Supplementary table 1. Summary of results of dnadiff comparisons between the
Nyagatare genome assembly versus previously sequenced xanthomonad genomes.
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Introduction

In 2006 the release of the first examples of next generation sequencing technologies
heralded a wave of novel discovery in the field of biological and medical sciences. In the
early stages of the development of these systems it was clear that the technology had huge
potential. Although these early iterations had a great deal of promise, there were limitations.
Whilst the lllumina short read sequencing technology could produce a large volume of data
in comparison to existing technology, systematic constraints meant that the data generated
had to be treated in a very different way and new bioinformatic techniques had to be
developed. The read lengths generated by the early Illumina machines were short (~32 bp)
and the error rate was high. Pyrosequencing could produce longer reads (~100 bp or even
longer) but could only produce a fraction of the volume of data. However, these new
technologies, experimental protocols and data analysis pipelines quickly matured and
particularly lllumina went on to dominate the sequencing landscape for the next decade.

The move towards third generation sequencing technologies was the next major
development, these new technologies released in the early 2010’s aimed to address the
major limitations of the NGS by producing ultra-long reads. These ultra-long sequence
reads would resolve questions which previous technologies had been unable to address
such as the accurate scaffolding of genome assemblies generated using short read
sequencing and the resolution of long repeat regions of genomic sequence or haplotypes.
There are/were two main competitors, Pacific Biosciences Single Molecule Real Time
(SMRT) sequencing and Oxford Nanopore Technologies (ONT) nanopore sequencing.

ONT comercially released their first sequencer, the MinlON in May 2015 but

released it to selected research groups prior to this in an early access evaluation program

(MinlON Early Access Program) in 2014. The MinlON was the first commercial sequencer
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to utilise nanopore sequencing: the determination of the sequence of discreet molecules
of DNA from the changes in electrical field as the bases pass through protein nanopores
in an electrically resistant polymer membrane. The MinlON does not measure each base
individually, instead it records the changes per 5 bases (5mers) (or more recently 6mers)
that pass through the pore. This process complicates the post sequencing analysis
somewhat. As the molecule of DNA or RNA moves through the nanopore one base at a
time, the micro changes in current across 5mer is recorded. These then require
complicated algorithms to determine the single base sequence. Sequencing single
molecules of template DNA eradicated the need for a PCR amplification step in the
sequencing process therefore avoiding the biases of this process.

Prior to this study limited data had been published concerning the volume, quality
and limitations of the data produced by the ONT MinlON Mikheyev and Tin succeeded in
sequencing the Lambda Phage genome although this study suggested that less than 1% of
data generated by their sequencing run was alignable to the reference 1. Loman et al and
Ashton et al were more optimistic, claiming to sequence the entire E. coli genome and
resolve some interesting genomic features of the Salmonella typhi genome respectively 22.

Although there was limited data from projects utilising this exciting novel sequencing
technology, the potential seemed huge, particularly for the field of bacterial genomics. The
possibility of ultra-long, single molecule reads of DNA sequence had the potential to answer
many important questions which researchers had been unable to answer due to the short
read limitations of previous technologies. Certain facets of bacterial DNA sequence
including long repetitive regions and multiple sequence repeats within the genomes or
plasmids of bacterial strains meant the analysis of short read data was unable to generate
contiguous assemblies of these strains. The ONT MinION offered these long contiguous

reads which could be used to sequence these regions and close assemblies. Not only this
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but the portable nature and low logistical overhead of the MinlON meant that there was the
potential to utilise the MinION in the field to track bacterial disease outbreaks and as an in
situ environmental sensor.

The aim of the study covered in this chapter was to assess the potential of the ONT
MinlON as a tool for use in the field of bacterial sequencing. The work covered thus far in
this thesis utilised NGS technologies to investigate bacterial genomics. However, the
advent of third generation sequencing presented new opportunities to further advance the
field. The ONT MinlON in particular posses sed exciting characteristics which could
potentially be utilised to conduct studies such as those in this thesis quickly in the field
characterising novel bacterial outbreaks and tracking their spread. The aim was to fully
evaluate the volume and error rate of the sequence data generated and characterise any
systematic biases which may need to be taken into consideration. During the MAP the
sequencing chemistry was evolving at a fast pace, we focussed on the R6 version (the
latest version available at the time). We aimed to assess the utility of Minion data for
bacterial genomics and meta-genomics. To this end we sequenced a mix of three species
with a variety of G + C contents: Borrelia burgdorferi (28.6%), Streptomyces avermitilis

(70.7%) and E. coli (50.8%).
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The Oxford Nanopore Technologies (ONT) MinION is a new sequencing technology that potentially offers
read lengths of tens of kilobases (kb) limited only by the length of DNA molecules presented to it. The
device has alow capital cost, is by far the most portable DNA sequencer available, and can produce data in
real-time. It has numerous prospective applications including improving genome sequence assemblies
and resolution of repeat-rich regions. Before such a technology is widely adopted, it is important to

lée;\)]/xrords: . assess its performance and limitations in respect of throughput and accuracy. In this study we assessed
Minlé;quencmg the performance of the MinION by re-sequencing three bacterial genomes, with very different nucleotide
Nanopore compositions ranging from 28.6% to 70.7%; the high G + C strain was underrepresented in the sequencing

reads. We estimate the error rate of the MinION (after base calling) to be 38.2%. Mean and median read
lengths were 2 kb and 1 kb respectively, while the longest single read was 98 kb. The whole length of a
5 kb rRNA operon was covered by a single read. As the first nanopore-based single molecule sequencer
available to researchers, the MinION is an exciting prospect; however, the current error rate limits its
ability to compete with existing sequencing technologies, though we do show that MinION sequence
reads can enhance contiguity of de novo assembly when used in conjunction with Illumina MiSeq data.
© 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The Oxford Nanopore Technologies (ONT) MinION [20] is a new
sequencing technology that is currently available as part of an early
access and development scheme: the MinlON Access Programme
[21]. This programme allowed early access to the MinION for par-
ticipating sequencing centres. The results produced by this study
are based on the first round of the ONT MinION Access Programme,
using the company’s R6 sequencing chemistry.

The MinIlON will most likely be the first commercially avail-
able sequencer that uses nanopores. Nanopore sequencing has
been shown to be able to discriminate individual nucleotides by
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Technologies.
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measuring the change in electrical conductivity as DNA molecules
pass through the pore [23,28]. Nanopore sequencing does not
rely on sequencing by synthesis as most current major technolo-
gies do. Laszlo et al. [13] sequenced the phi X 174 genome using
another nanopore based technology, demonstrating that nanopore
sequencing can produce long reads that are accurate enough to
enable them to be aligned back to their reference genomes.

The MinION has several attributes that give it the potential
to replace or complement existing sequencing technologies for
some applications. The technology offers read lengths of tens of
kilobases, with theoretically no instrument-imposed limitation
on the size of reads that can be generated. The MinION uses
nanopores to sequence a single DNA molecule per pore [11]; this
has significant potential advantages over the current widely used
sequencing technologies (Ion Torrent, Illumina), which rely on
sequencing clusters of amplified DNA molecules. Sequencing a
single molecule removes the necessity for PCR amplification and
its associated biases [1]. The device has a low capital cost, is by
far the most portable DNA sequencer available and can produce
data in real-time, although at this stage the samples still require
library preparation prior to sequencing — a process that has yet to
be optimised. It has applications in scaffolding genome sequences

2214-7535/© 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
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assembled from short reads [3,31] and resolving repeat sequences
or haplotypes, being able to span ambiguous regions in a single
read, as has been demonstrated for PacBio [27,9]. Future devel-
opments may include use in real-time medical diagnostics and
forensics, as well as prospective applications as an environmental
DNA sensor.

As the MinION is still in its testing stage there is very
limited data published data on its performance. Mikheyev and
Tin [19] sequenced the lambda phage genome, reporting that,
when unalignable reads are taken into account, less than 1% of
the sequence produced by the MinION is identical to the reference.
Quick et al. [24] were able to sequence an Escherichia coli genome
demonstrating that the MinION is able to sequence entire bacterial
genomes. Ashton et al. [2] used the MinION to resolve the structure
and chromosomal insertion site of an antibiotic resistance island in
Salmonella typhi. They estimated the median accuracy of their Min-
ION data to be between 61.6% and 71.5% based on mapping back
to the reference. De novo genome assembly using MinION reads
has been demonstrated to achieve improved assembly compared
to lllumina sequencing alone by [7].

During the MinION DNA library preparation hairpin structures
are added to the end of the double stranded fragments, these
fragments are then denatured resulting in one length of single
stranded DNA consisting of the forward strand followed by the
hairpin sequence then the reverse strand [24]. The MinION gen-
erates up to three different types of read for each fragment of DNA
that passes through a pore: ‘Template’, ‘Complement’ and ‘Two
Direction’. Initially, the forward strand is sequenced generating the
Template read then the hairpin structure is read through followed
by the reverse strand, generating the Complement read. Finally, the
ONT base calling software attempts to call a consensus sequence
of the Template and Complement reads; this resulting consensus
sequence is referred to as a Two Direction read. Not all fragments
that pass through the pore result in generation of all three read
types; some only result in the Template read as output, others in
Template and Complement, while only a small minority produce
Template, Complement and Two Direction reads. One objective of
the current study was to assess whether there were differences
between the three types of read, such as read G +C content, read
length and error rate.

Extreme G + C content is known to affect the performance of DNA
sequencers [1]. To investigate whether the MinlION was affected
by the nucleotide composition of the target DNA this study re-
sequenced a mix of three bacteria with a range G+C content
Borrelia burgdorferi (28.6%), Streptomyces avermitilis (70.7%) and
E. coli (50.8%).

2. Methods
2.1. Bacterial DNA

Bacterial DNA was obtained from American Type Culture Col-
lection (ATCC) for S. avermitilis (ATCC 35210), B. burgdorferi (ATCC
31267) and E. coli K-12 (ATCC 10798).

2.2. MinlION sequencing

1 g DNA was fragmented using Covaris g-tube centrifuged
at 5000 x g for 60s. 5l lambda phage spike-in DNA (CS, ONT)
was added to each sample. Fragments were end-repaired and
adenylated using NEXTflex Rapid DNAseq kit (Newmarket Scien-
tific #5144-02), purified and concentrated using Ampure XP beads
(Beckmann Coulter). Size distribution was checked on a Bioanal-
yser 7500 DNA chip (Agilent Technologies) (Supplementary Fig. 1)
and the concentration determined using the Qubit BR assay (Life

Technologies) before pooling DNA from each species in 50 ul: S.
avermitilis 576 ng, B. burgdorferi 560 ng and E. coli 530 ng.

The ONT protocol was followed unless indicated and all reac-
tions carried out at room temperature. Adapters were ligated to
the adenylated DNA and purified using 0.4 x volume Ampure XP
beads (Beckman Coulter); beads were washed with ONT-supplied
wash buffer, and eluted in 25 1 ONT supplied elution buffer. Tether
was annealed for 10 min and the library conditioned with the HP
motor for 30 min. This pre-sequencing mix was stored briefly onice.
Immediately before sequencing, 6 ul pre-sequencing mix, 140 .l
EP and 4 pl fuel mix were mixed very gently before loading on to
the MinION flowcell. Additional input material was added to the
MinION flowcell at 16 h 33 min.

2.3. MiSeq sequencing

For each species (S. avermitilis, B. burgdorferi and E. coli) [llumina
fragment libraries were prepared and those containing insert sized
averaging 550 bp were selected. DNA was sequenced (300 bp Paired
End) on a MiSeq using v3 reagents. Supplementary Table 1 details
the number of reads produced for each species.

Data available at the SRA: B. burgdorferi SRR1772332, E. coli
SRR1770413, S. avermitilis SRR1770414.

2.4. Alignment of MinION reads against reference genome
sequences

After sequencing and base calling reads were converted to fasta
using Poretools [17] then aligned against a database of the closest
available reference genomes for those species: B. burgdorferi ATCC
31267 (NC.001318) [5], S. avermitilis ATCC 35210 (NC_.003155)
[10] and E. coli strain MG1655 (NC_000913) [26], plus the 3.56 kb
sequence of the lambda phage spike-in. The alignment of the Min-
ION reads to the reference genomes was carried out using the
LAST alignment software [6,12], as in [24]. The best alignment for
each read was selected based on alignment score. Using LAST we
aligned 12,632 reads (26.8%) and 38280405 (40.7%) bases. LAST
was designed to cope well with long error-prone reads, resulting in
higher mapping rates than alignment software designed for short
high-fidelity reads such as BWA [15] or Bowtie2 (Langmead and
Salzberg, 2012). An update for BWA mem [15] has been released
designed for ONT reads. While its author suggests its performance
will typically still be inferior to LAST [16] our results suggest the
alignment rate is comparable, making it another viable option for
aligning MinION reads (Supplementary Table 2).

2.5. Calculation of error rates from LAST sequence alignments

To calculate the error rate we counted the number of mismatch
positions in the gapped alignment of a read to a reference sequence,
thus it is a measure of substitution, insertion and deletion errors.
The error rates were then expressed as a percentage of the length
of reference sequence aligned against. Some recorded errors may
in fact be genuine differences between our DNA samples and the
published reference genome sequences, either due to real polymor-
phism or errors in the published reference sequences. To estimate
the frequency of such false-positive errors we re-sequenced each
of our genomic DNA samples using the Illumina MiSeq and hence
ascertained the number of discrepancies between our DNA sam-
ples and the published reference sequences. The MiSeq reads were
aligned against the reference genome sequences using Bowtie2
(Langmead and Salzberg, 2012) and differences to the references
were evaluated using SAMtools and BCFtools [14]. Table 1 shows
the number of short variations between our data and the published
reference genomes, these suggest that approximately 0.009% of the
‘errors’ in the MinION data are not errors but genuine differences.
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Table 1

Differences to published references genomes.
Species SNPs Indels
S. avermitilis 722 148
E. coli 402 17
B. burgdorferi 144 16

Clearly this small number of false-positive errors does not substan-
tially affect the overall estimate of sequencing error-rate.

2.6. Calculating G +C content versus coverage

To investigate a potential bias against extreme G +C sequences
we split the E. coli and B. burgdorferi genomes into 1000 bp windows
using BEDTools [25] then using the LAST alignment of the MinION
reads against the reference genome sequences we evaluated the
coverage depth of the alignment for those windows using BEDTools.

2.7. Assembling E. coli using MinION reads

The Illumina MiSeq E. coli paired end reads were combined
where possible using FLASH [18] resulting in 71456 overlapped
reads and 562512 uncombined paired end reads. We extracted the
MinION reads that aligned to E. coli. We generated an assembly
using Spades 3.5.0 [22] (ONT MinION specific setting) with these
MinION reads and the Illumina MiSeq data. The assembly was eval-
uated using QUAST [8].

Table 2
Summary statistics for the MinION reads.
Read type Read count Mean Standard Maximum
length (bp) deviation length (bp)
of length
(bp)
Template 35,946 1951 3007 98,366
Complement 8270 1827 2549 44,769
Two direction 2877 3088 2958 28,365

3. Results and discussion
3.1. Overview of sequence data

We constructed a sequencing library containing genomic DNA
from three bacterial strains in equal quantities, as described in Sec-
tion 2. This single MinION run generated Template sequence reads
for 35,946 different DNA fragments, but only 23.0% produced Com-
plement reads and only 8.0% yielded Two Direction reads (Table 2).
The longest single read generated was 98,366 bp. As shown in Fig. 1
reads of this extreme length were the exception and not represen-
tative of the distribution; the majority of reads for all three read
types have read lengths of less than 2000 bp.

3.2. S. avermitilis sequences were under-represented

By aligning MinION sequence reads against published reference
genomes, we tried to assign each read to its most likely genome
of origin (i.e. B. burgdorferi, S. avermitilis or E. coli). Reads from
S. avermitilis were clearly under-represented (Table 3), as there
were equal abundances (by mass) of each bacterial genome in the

O Template reads

B Complement reads 2

B Two direction reads bo o
)
[=J|
['el
o~
=)
s
[=1
o~

Frequency
1500
1
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T T T 1
4000 6000 8000 10000
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e g

Fig. 1. Distribution of MinION read lengths. Frequency distributions of lengths of reads obtained from the MinION run. Data shown for each of the three read types Template,

Complement and Two direction, superimposed.
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Table 3

The number of reads of each type which aligned to each species.
Read type S.avermitilis ~ E.coli ~ B.burgdorferi Lambda  Unaligned
Template 226 2703 6752 1246 25,018
Complement 44 203 773 28 7222
Two direction 0 268 317 71 2221

sequencing library. Given the high G+C content of S. avermitilis
compared to B. burgdorferi or E. coli, this suggests that G+C con-
tent may be the explanatory factor. However, this analysis does
not exclude the possibility that some other property of the S. aver-
mitilis DNA was responsible (e.g. methylation or other modification
of the DNA). It is also not clear whether the under-representation
arises from fewer S. avermitilis DNA molecules being sequenced
(e.g. because they are out-competed for pores) or if the DNA was
sequenced with a higher error rate resulting in lower alignment
rates. The overall error rate of the aligned reads is 38.2% but is higher
for the S. avermitilis reads (Table 4) (4.3 and 5.2 percentage points
higher for the template and complement reads respectively). How-
ever when the aligned portions of all the reads are examined there
is no clear correlation between G +C content and error rate (cor-
relation coefficient of 0.198) (see also supplementary Figs. 2 and
3).

To further explore whether there was a bias against high G+C
sequences we split the E. coli and B. burgdorferi genomes into win-
dows and evaluated the relationship between coverage depth and
G+C content. The correlation between high G+C and lower cov-
erage was very weak for E. coli (correlation coefficient of —0.0171)
while for B. burgdorferi it was in the opposite direction (correlation
coefficient of 0.444), suggesting that if there is any trend at all, it is
that extreme G +C results in lower coverage (Supplementary Figs.
4 and 5). The lack of windows in E. coli and B. burgdorferi with G +C
content as high as S. avermitilis prevents a true examination of the
effect of extreme G+ C using this method.

3.3. G+C content of reads is not the same as the sequence aligned
to

The mean G +C content of the MinION reads is 47.2%. As shown
in Fig. 2 the GC content of the reads does not correspond to the G+ C
content of all of the input genomes; extreme G + C sequences which
would be expected to be generated from B. burgdorferi and S. aver-
mitilis are not present in the reads. However as shown in Table, the
most likely genome of origin for many reads is B. burgdorferi, sug-
gesting that reads were in fact generated from this genome. The
lack of extreme G+ C reads appears to be due, at least in part, to
the fact that the G+C content of the aligned portion of a read is
different to that of the section of the reference to which it aligns
(Fig. 3). As shown in Fig. 4 the distribution of G+ C content for the
aligned sections of reads (Fig. 4A) is different to that of the sections
of reference sequence to which they align (Fig. 4B); the extremes
of G +C content found in the reference seem to be shifted towards
intermediate G +C in the reads. This could be caused by substitu-
tion errors in the sequencing effectively inserting random bases in
the reads which will result in reads with more intermediate G+C
content than the sequenced DNA fragment.

Table 4

Error rate of reads split by type and species aligned to.
Read type S. avermitilis (%) E.coli (%) B. burgdorferi (%) Lambda (%)
Template 425 382 384 36.9
Complement  43.4 38.2 382 38.0
Two direction  NA 373 40.8 384

5000
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s
H
)
a

Frequency
3000 4000
1 1
lambda spike-in

2000
I

1000
I

0 20 40 60 80 100
G+C content of reads (%)

Fig. 2. G +C content of MinION reads. A frequency distribution of the G +C content
of reads generated by the MinION run. Mean G +C content of each reference genome
is included for comparison.

3.4. 25 genes covered by single MinION read

The long read lengths generated by the MinION have impor-
tant possible applications not available to traditional short reads
sequencing technologies. These reads (up to 98kb in this study)
are more than enough to span important genomic features such
as secondary metabolite clusters, repeat rich regions and operons.
Several interesting classes of bacterial genes are long and modu-
lar, made up of multiple partially repeated segments; these genes
include non-ribosomal peptide synthase (NRPS) and TAL effectors.
Because of the repetitive nature of these gene sequences, they
are notoriously difficult to assemble using short-read sequencing

100

80
!

G+C content of alignment (%)
40

T T T T T T

0 20 40 60 80 100
G+C content of sequence aligned to (%)
Fig. 3. G+C content of aligned portions of MinION reads against corresponding ref-
erence sequence. Plot of G +C content of the aligned portion of a read versus the

G +C content of the section of the reference to which it aligns. Included is a line to
demonstrate the relationship if the two were equal.
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Fig. 4. G+C content of aligned portions of MinION reads and the reference sequence aligned to. Frequency distribution of the G+ C content of aligned portions of the reads
(A) and the G +C content of the sections of the reference genome they align to (B). Mean G +C content of each reference genome is included for comparison.

technologies. For example, Fig. 5A shows a section of the alignment
generated from the MinION sequencing data. Highlighted is a single
MinION read aligned to a 20,016 bp region of the reference genome
spanning the entire length of one copy of the E. coli rDNA operon
(5088 bp in length). Fig. 5B shows a NRPS gene cluster in the E. coli
genome which is 53,661 bp in length and contains 49 genes. This
MinION run has generated reads which span large portions of the
cluster, one of which covers 28,134 bp of this NRPS cluster includ-
ing 25 of its constituent genes. Repetitive regions are problematic
when trying to assemble genomic data using short read sequenc-
ing technologies as it is not possible for one “short read” to span an
entire region of interest [30].

3.5. MinION reads improved E. coli de novo assembly

To demonstrate how the long reads produced by the MinlON
can be used to improve genome assemblies we extracted the Min-
ION reads which aligned to the E. coli genome and used these
in a combined assembly with Illumina MiSeq data. The resulting
assembly had 84 contigs of at least 200bp, a longest contig of
442595bp and an N50 of 199079 bp compared to the assembly
using only MiSeq data which contained 116 contigs, whose longest
contig was 299472 bp with an N50 of 159445 bp. However when

the assemblies were evaluated using QUAST [8] the results show
seven more misassemblies in the MinION aided assembly. These
findings show that even at this early stage in the development of
this technology, the MinION can offer substantial improvement in
assembly length.

3.6. The error rate of the aligned reads remains constant over a
MinION run

In order to evaluate the performance of the MinION over the
duration of a run and whether there are characteristics of the data
which vary over run time, a time series was generated. Higher mean
read lengths were observed during the first 8 hours of operation
(Fig. 6), perhaps suggesting that, if read length is your primary
concern the initial stages of a run are optimal for this purpose.
The alignment rate varies across the run time (Fig. 7) while the
number of reads generated falls off towards the end of the run.
However the error rate of the aligned reads remains relatively con-
sistent throughout the run, suggesting that the quality of the data
at the end of the run will not necessarily be any worse than at the
beginning, so running the machine for as long as convenient will
be beneficial rather than detrimental.
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Fig. 5. Single MinION reads able to span important genes. Images generated using IGV [29] showing the alignment of MinION reads to the E. coli reference genome. (A) A
rDNA operon. (B) A NRPS gene cluster. Highlighted with continuous red lines are the reads spanning the relevant sections and the dashed lines highlight the genomic regions

of interest.

3.7. MinlION quality scores do not follow the Phred scale

The per base quality scores of other sequencing technologies
correspond with the Phred scale [4] where scores indicate a specific
likelihood of error for that base; for example a Phred score of 20
indicates there will be 1 error for every 100 bases with that score.
The MinION quality scores do not follow Phred expected errorrates;
the same quality score for the MinION does not equate to the same
error rate as Phred (see supplementary Fig. 8).

3.8. Comparisons to publically available MinION data

The error rates measured on our MinlON data are similar to
those for other public data on the MinION. Using our methods on
the data published by Mikheyev and Tin [19] we calculated their
error rate for single direction reads as 40.2% based on 35.1% read
aligned (25.4% bases aligned), while 32.7% of their Two Direction
reads aligned (11.4% bases aligned) with 40.1% error. This data was

generated using the same R6 MinION chemistry as the data pub-
lished in this study.

Due to the experimental nature of the MinION, the sequenc-
ing chemistry is rapidly evolving. The data presented in this study
was generated using R6 sequencing chemistry; to explore if our
results for error rate and the effect of G+C content held true for
the R7 chemistry we evaluated data from [24]. Re-analysing this
data with our methods resulted in 57.8% of template reads aligned
(55.4% of bases aligned), with 37.5% error, but more promisingly
their High Quality Two Direction reads resulted in 82.5% of reads
aligned (82.3% of bases aligned), with 26.6% error. This suggests that
the error rate for the high quality reads is improving as the tech-
nology evolves. As we have already been able to demonstrate that
MinION reads can both cover biologically important genes and be
used to generate improved genome assemblies the technology will
only have more applications as it improves.

To explore if the issues with extreme G+ C content sequences
that were suggested by our data were still present for the updated

Time series results

Number of reads
1000 1500 2000 2500 3000

500

Number of reads
Read length

2500

Mean read length

T
2000

1500

Time (hrs)

Fig. 6. Read data over time during the MinION run. Plot of number of reads and their mean length generated per hour during the MinION.

added to the MinION flowcell at 16 h 33 min.

Additional input material was
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Fig. 7. Fluctuation in alignment and error rates over time during a MinION run. Plot showing percentage of read bases aligned per hour during the MinION run based on the
alignment by LAST and their error rate. Additional input material was added to the MinION flowcell at 16 h 33 min.

chemistry we repeated our evaluation of coverage versus G + C con-
tentacross windows of the E. coli genome for the R7 data. The results
suggest a weak correlation between G + C content and depth of cov-
erage (correlation of coefficient of —0.141 for Template reads and
—0.0816 for High Quality Two Direction) a similar finding to our
results gained from the R6 chemistry (Supplementary Figs. 6 and 7).

4. Conclusions

Our results demonstrate that in spite of its high error rate the
MinION is able to generate extremely long reads, is able to span
regions of interest in a single read and is able to improve the con-
tiguity of genome assemblies. As well as the high error rate, the
MinION's possible difficulties with high G+C content sequences,
demonstrated in this study, will also need to be addressed before
the device is put into widespread use.

Our analysis of data generated by [24] on the R7 MinION chem-
istry suggests that the error rate for the High Quality Two Direction
reads is improving as the technology evolves, although we suggest
the potential issues with sequencing extreme G+C sequences is
still present. The lower error rate generated from the Two Direction
reads produced with the updated MinION chemistry gives cause for
optimism that future version of the MinION might be able to gen-
erate reads with a greatly reduced error rate while still retaining
the long read length and low per unit costs that make this such an
exciting technological prospect.
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Supplementary Table 1 MiSeq sequencing statistics

Species Raw read pairs Trimmed read pairs Genome coverage
S. avermitilis 1232293 1201308 59

E. coli 643253 634237 39

B. burgdorferi 1861953 1851907 585

Supplementary Table 2 Alignment rates of alternative software
The alignment rates for alternative alighment software. Bowtie2 was run with --very-sensitive-local setting (the best
performing of the pre-sets) while BWA mem was run with default settings and ont2d (the pre-set developed for ONT

reads).

Alignment software Reads % total reads | Bases aligned % total bases
aligned aligned aligned
Bowtie2 --very-sensitive-local 1303 2.77 1833495 1.95
BWA mem default 2111 4.48 129618 0.138
BWA mem ont2d 15115 321 34336255 36.5
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Supplementary Figure 1 Bioanalyser trace compared to read mass

The DNA fragment size distribution of the libraries before mixing was checked on a Bioanalyser
7500 DNA chip (Agilent Technologies). The spike starting at 10000 bases is the ladder. The

Bioanlyser trace is overlaid on the read mass for comparison.
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aligned portion of a read
does not correlate with its
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Figure 3 GC
content of the
sections of the
reference genome
reads align to
verus their error
rate

The G+C content of
the sections of the
reference genome
to which reads align
does not correlate
with error rate
(correlation
coefficient of 0.014).

T T T T T
0 20 40 60 80

G+C content of sequenced aligned to (%)

100

192




Coverage per 1000 bp window

40
|

20

10

+ 1=0.4437993

Supplementary
Figure 4 G+C
content versus
coverage depth
for B.
burgdorferi

The B. burgdorferi
genome was split
into windows of
1000 bp across
which the
coverage depth
was compared to
the G+C content (r
is the correlation
coefficient).
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Supplementary
Figure 5 G+C
content versus
coverage depth
for E.coli

The E. coli
genome was split
into windows of
1000 bp across
which the
coverage depth
was compared to
the G+C content
(ris the
correlation
coefficient).
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Supplementary
Figure 6 G+C
content versus
coverage depth for
Quick et al.
Template reads

The E. coli genome
was split into
windows of 1000 bp
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compared to the
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Supplementary
Figure 7 G+C
content versus
coverage depth
for Quick et al.
High Quality Two
Direction reads

The E. coli genome
was split into
windows of 1000
bp across which
the coverage depth
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Chapter 7:

Discussion
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This thesis represents a significant contribution to the field of genomics
of bacterial pathogens, a field with potential to have a huge impact on human
health and global food security. The aim was to explore the use of NGS as a
tool for understanding and combatting bacterial pathogens of both humans and
plants.

One of the most important groups of plant pathogens is the genus
Xanthomonas, which is responsible for devastating infections such as bacterial
leaf blight, common bacterial blight and black rot of crucifers. Xanthomonas
species are a significant problem to global agriculture being responsible large
scale crop losses worldwide. Underlining this is the presence of three
Xanthomonas species in the top 10 bacterial pathogens of plants 1.

In the first two chapters of the thesis we used NGS to investigate the
genomics of host adaptation and phenotypic convergence within the
xanthomonads. We investigated the evolutionary history of Xanthomonas
pathogens of bean and sugar cane uncovered evidence of recent horizontal
gene transfer events associated with convergent evolution among
phylogenetically distant strains sharing a common host.

The motivation for sequencing Xanthomonas axonopodis pv.
vasculorum (Xav) was to elucidate its relationship with X. vasicola pv.
vasculorum. Both these taxa were previously grouped together as a single
taxon, namely X. campestris pv. vasculorum. Recent work (reviewed in
Studholme et al. in press) demonstrated that they belong to two distinct species
and have independently converged on life as a sugarcane pathogen. Xav
NCPPB 900, isolated from sugarcane on Reéunion island was sequenced,
assembled, annotated and analysed. Multi-locus sequence analysis confirmed

that Xav NCPPB900 fell within the X. axonopodis clade of X. campestris pv.
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vasculorum. A genomic region was identified closely resembling that found in X.
vasicola strains also known to infect sugar cane. This suggests that these
genomic features have been transferred between Xanthomonas species. A
T3SS gene cluster with a range of predicted effectors was also identified
including TAL effectors which may contribute to the ability of Xav to colonise
this host. It would be interesting to compare the T3SS effector profile of
Xanthomonas sugar cane pathogens to assess to what extent these potential
virulence factors have contributed to the phenotypic convergence of these
phylogenetically distant pathogens. Our NCPPB 900 genome sequence has
been cited by two subsequent papers, characterising and classifying novel
strains of Xanthomonas 3.

To further investigate the genomics of host adaptation and phenotypic
conversion we focused on two species of Xanthomonas bean pathogens: X.
axononpodis pv. Phaseoli and X. fuscans subsp. fuscans. We sequenced and
analysed 26 strains known to cause common bacterial blight on three important
species of bean: common bean (Phaseolus vulgaris), Lima bean (Phaseolus
lunatus) and lablab bean (Lablab purpureus). The genomic analysis of these
strains uncovered a high degree of genetic variation within both taxa, including
single nucleotide changes and variable gene content. The results of our
analysis also suggested a recent acquisition of over 100 genes by X.
axonopodis pv. phaseoli from X. fuscans subsp. fuscans which may have a role
in the phenotypic convergence of these strains. Interestingly, the four strains
isolated from Lablab bean were shown to represent a previously undescribed
phylogenetically distinct genetic lineage closely related to X. axonopodis pv.
glycines. These novel findings contribute to the knowledge of the causes of this

devastating bacterial disease and provide markers which could prove useful in
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identifying outbreaks and contributing to the surveillance and tracking of the
pathogen spread, helping to manage the disease.

The work presented in this chapter has been cited a number of papers since its
publication, including several exploring the genomics of host specificity and
adaptation 458 in xanthomonads and others investigating genomic and
phenotypic diversity within the xanthomonads’#2.

The second two chapters of the thesis introduce a related but distinct
concept: the use of NGS to investigate and inform the surveillance and tracking
of newly emerging plant and human pathogens. In chapter 4 we used NGS to
discover an association between a newly identified strain of the human
pathogen C. jejuni showing severe symptoms and acquisition of genes
encoding a T6SS. The T6SS was recently discovered in bacteria and was
predicted to be an important virulence factor similar to other secretion systems
and their effectors and although it had been previously identified in the
important food-borne pathogen C. jejuni. It was unknown if the T6SS was a
common feature in C. jejuni strains and whether it was associated with more
virulent forms of infection. This study surveyed all sequenced strains of C. jejuni
for T6SS gene clusters. Evidence of a T6SS was indeed identified in a group of
these strains. The Hcp gene was identified as a potential molecular marker for
an intact T6SS and using this marker, it was shown that presence of the T6SS
was significantly associated with the a more serious form of campylobacteriosis.
Further to this it was found that the T6SS was significantly more prevalent in
Asian isolates than in isolates from the UK. These findings will inform the
surveillance of possible infectious C. jejuni strains during future import of

chicken from the Far East.
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Since its publication, the work from this chapter has had a significant
impact - it has been cited by 22 papers Including several identifying further
T6SS positive C. jejuni strains %2 and several further investigating the
influence of the T6SS on virulence in C. jejuni 13-16, Latterly, advances have
even been made in the reduction of virulence of T6SS carrying C. jejuni 1718
and most recently the Hcp gene has been used as a marker to survey the
presence of the T6SS in Helicobacter pullorum *° from chicken and suggesting
that similar to the study presented here that the T6SS is indicative of a more
virulent form of infection.

A further example of the value of rapid and cheap genome sequencing is
in the characterisation of emerging pathogens. This is exemplified by previous
studies such as the crowd-sourced analysis of an Escherichia coli outbreak in
Germany in 2011 2° and by our study on the mysterious Nyagatare strain that
recently appeared in Rwanda, causing unusual symptoms on common bean.
Genomic sequencing identified this strain as being quite unrelated to previously
known bean pathogens and ultimately as a member of the species X. cannabis,
which includes a range of pathogens, weakly pathogenic strains and non-
pathogens. Unlike some members of the species, it appears to encode a
potentially functional T3SS and virulence effectors. Further investigation of the
effector complement of this pathogen could reveal insight into the adaptation of
this pathogen to its host. Several unusual genomic features were identified
including a 100 kb sequence with little or no similarity to other xanthomonads
and a unique LPS synthesis gene cluster. These features could potentially be
used molecular markers to track the spread of this pathogen and inform

molecular diagnostics and detection. This study will aid epidemiological
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investigations of Xanthomonas outbreaks which have the potential to seriously
impact bean crop production which is vital in many parts of the globe.

The work shown here provides important insight into the organisms
concerned where Identification of horizontally acquired virulence-associated
genes has applications in basic research. But, this work also demonstrates the
utility of NGS to contribute to the investigation, detection and surveillance of
emerging plant and human pathogens

Work from this chapter has been cited by several publications;
contributing to both a review of the ecology, physiology and host specificity of
Xanthomonas ® and a paper concerning the evolution of pathogenicity in the
Xanthomonas species 2%. The work in this chapter has also contributed to
another publication concerning the characterisation of newly identified
Xanthomonas pathogens of watercress 22. Finally, this work has been built upon
by a paper introducing two further strains which are shown to be in the same
species level clade as the xanthomonad presented in this chapter. These newly
sequenced strains are pathogenic on the cannabis plant and have no evidence
of T3SS effectors, but MLSA analysis confirms they are closely phylogenetically
related 23,

Finally, the bulk of the work presented in this thesis is based on data
generated from NGS technologies. Whilst NGS offers a wealth of possibilities
which are still being explored, chapter 6 of this thesis presents an assessment
of the performance of the third generation sequencing platform the ONT
MinlON. This new technology offered portable, financially viable real time
sequencing based on nanopore technology with advertised read lengths into
the 100’s of kilobases. The results presented are based on the pre-release

access program and offer a comprehensive evaluation of the performance of
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the technology at an early stage of release. In order to assess the MinlONs
performance a mixture of three bacteria with varying genome sizesand G + C
content were sequenced. It was shown even at this early stage of development
of both the MinlON and the sequencing chemistry that read lengths of up to 100
kb could be generated. However, the error rate was shown to be ~38% buit,
even with the relatively high error rate it was still possible to align these reads to
a reference genome and that there were single reads covering the entire rRNA
operon which would have been unheard of prior to third generation sequencing.
There did however appear to be limitations particularly in high G + C content
sequences. Despite these limitations, the MinlON presents a fantastic resource
for bacterial genomics going forward. With the long reads generated from single
molecule sequencing offering the possibility to unambiguously determine the
sequence of repetitive regions such as TAL effectors and repeat regions which
are known to be common in bacterial genomes. Further the portable nature of
this technology makes it ideal for use in the field, investigating bacterial disease
outbreaks and providing immediate data to use molecular analysis to inform
epidemiology and track spread. Interest in this exciting new technology and the
important nature of this work was subsequently demonstrated by the ~200
citations generated.

In conclusion, the highly cited work presented in this thesis has
contributed important findings to the field of bacterial genomics. It reveals novel
insights into the evolution of pathogenicity and potential molecular markers for
taxonomic classification and epidemiological tracking of both human and plant
pathogens. The methods presented here have been used subsequently several
times to quickly characterise emerging bacterial disease outbreaks, track their

spread and assess the threat posed. Examples of this can be found in both
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human and plant pathogens. This work has enormous potential to inform both
human health and global food security. It also introduces and evaluates a novel

technology for the exploration of bacterial genomics in the future.
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