OSIN

[ PORTO

F FACULDADE DE CIENCIAS

NIVERSIDADE DO PORTO
FCUP v

2020

OLY04i

‘dds

seuowoyjuey pejeldosse-jnujem uj Apnjs ases e
speau Buo| wouy sswouab jelayoeq Bulquiesse ug

[ PORTO

‘F FACULDADE DE CIENCIAS
UNIVERSIDADE DO PORTO

On assembling
bacterial genomes
from long reads: a
case study In
walnut-associated
Xanthomonas spp.

Miguel Teixeira

Dissertagao de Mestrado apresentada a

Faculdade de Ciéncias da Universidade do Porto em
Bioinformatica e Biologia Computacional

2020

eJ19x19] [anbBin

fC



On assembling
bacterial genomes
from long reads: a
case study In
walnut-associated
Xanthomonas spp.

Miguel Teixeira

Mestrado em Bioinformatica e Biologia Computacional
Departamento de Biologia
2020

Orientador
Nuno A. Fonseca,
Investigador Coordenador, CIBIO-INBIO

Orientador
Fernando Tavares,
Professor Auxiliar, Faculdade de Ciéncias, Universidade do Porto






[ PORTO

‘F FACULDADE DE CIENCIAS
UNIVERSIDADE DO PORTO

Todas as corre¢des determinadas

pelo juri, e s6 essas, foram efetuadas.

O Presidente do Juri,

Porto, / /







UNIVERSIDADE DO PORTO

MASTERS THESIS

On assembling bacterial genomes from long
reads: a case study in walnut-associated
Xanthomonas spp.

Author: Supervisor:
Miguel Teixeira Prof. Dr. Nuno A. Fonseca
Supervisor:

Prof. Dr. Fernando Tavares

A thesis submitted in fulfilment of the requirements

for the degree of MSc. in Bioinformatics and Computational Biology

at the

Faculdade de Ciéncias da Universidade do Porto

Departamento de Biologia

January 25, 2021






“ See that bird? It's a Spencer’s warbler. Well, in Italian, it’s a Chutto Lapittida, in German
it’s called a halzenfugel, in Chinese, it's a Chung-long-tah, and in Japanese, it's a Katano Tekeda.
You can know the name of that bird in all the languages of the world, but when you're finished,
you’ll still know nothing about the bird, absolutely nothing about the bird. So let’s look at the bird

”

and see what it’s doing, that’s what counts.

Richard P. Feynman
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On assembling bacterial genomes from long reads: a case study in walnut-associated

Xanthomonas spp.

by Miguel Teixeira

Xanthomonas spp. associated with walnut trees include pathogens responsible for sev-
eral diseases that decrease orchards productivity and cause severe damages in the long
term. Despite the efforts that are being made, practices to eradicate or control these
pathogens remain ineffective, mainly due to the lack of detection methods capable to
identify particularly virulent Xanthomonas strains, and the limited knowledge concern-
ing the patrimony of Xanthomonas genetic determinants putatively involved in bacteria
adaptation to the host. To address these issues, it is particularly important to acquire a
set of genomic data to build a robust pangenome of walnut-associated Xanthomonas, that
may translate the adaptations to the host walnut trees, but also assembling the genome se-
quences of each Xanthomonas isolates into a single contig, which is most useful to carry out
accurate comparative genomic studies. Starting with datasets of genomic short- and long-
reads, obtained by Illumina and ONT sequencing platforms, from sixteen Xanthomonas
spp. isolated from disease plants hosts, this work aimed to disclose the most suitable
bioinformatics pipeline leading to the complete genome sequences for each of the six-
teen strains sequenced. In this regard, we define pipelines to assemble isolated bacte-
rial genomes from ONT data, and to perform hybrid assemblies with ONT and Illumina
data. For ONT data, we define a pipeline supported by statistical analysis, concerning
the preponderance of basecalling models, preprocessing raw reads (correcting and trim-
ming), different assemblers (Canu, Flye, Miniasm, Wtdbg2) and polishing strategies (with
Racon and Medaka). These assemblies were shown to be highly contiguous and could re-

cover most of the genomic repertoire as evaluated by assessing the core-genome and the



BUSCO genes. From the methodology for hybrid assembling, we achieve contiguous,
complete and accurate assemblies for eleven isolates of X. arboricola and five of X. eurox-
anthea, isolated from Juglans regia or Carya illinoinensis. A comparative analysis compris-
ing the sixteen genomes and focused on four T3E (avrBs2, xopF1, xopN and xopR) which
are acknowledged to be involved in Xanthomonas phytopathogenicity by conditioning the
plant host defense mechanisms, revealed striking differences that suggest a need to re-
vise their importance for infection. Furthermore, this case-study on T3E emphasizes the
utility of assembling the genome sequences of each member of a bacterial consortium to
a couple or single contig to allow assertive comparative genomics analysis that may ul-
timately contribute to profile the full set of putative genetic determinants of pathogenic-
ity and virulence. This data will certainly enhance the capacity to design more efficient
surveillance practices of epidemic bacteria, such as walnut-associated Xanthomonas, and
discover target-specific phytosanitary treatments, therefore contributing to a tight control

of epidemic outbreaks.
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On assembling bacterial genomes from long reads: a case study in walnut-associated

Xanthomonas spp.

por Miguel Teixeira

O género Xanthomonas inclui espécies patogénicas responsaveis por diminui¢des na
produtividade e danos severos a longo prazo no cultivo de nogueira. Praticas para con-
trolar e erradicar estes agentes resultam em esforgos infrutiferos devido a falta de métodos
de detecdo capazes de identificar estirpes virulentas e ao desconhecimento do patrimé-
nio genético responsavel pela adaptacdo da bactéria ao hospedeiro. Para abordar este
problema é importante adquirir informagdo genémica para identificar o pangenoma de
Xanthomonas associadas a nogueira, de forma a identificar os determinantes genéticos da
adaptacdo ao hospedeiro, e, obter assemblies de isolados em contigs tnicos, de forma a
permitir estudos de genémica comparativa mais completos. O objetivo deste trabalho
foi alcancar assemblies completos de dezasseis genomas de Xanthomonas isolados de hos-
pedeiros sintomaticos. Para tal, definimos pipelines para efetuar assemblies de long reads
respetivas a genomas sequenciados por ONT e assemblies hibridos a partir de long reads
e short reads provenientes de sequenciacdo por ONT e Illumina. A pipeline destinada a
assemblies de long reads foi definida com base numa andlise estatistica considerando pre-
ponderancia dos modelos de basecalling, do pré-processamento de reads, da performance
de diferentes assemblers e de diferentes estratégias de corregdo para obter assemblies com-
pletos. Esta pipeline demonstrou ser capaz de efetuar assemblies contiguos e completos,
recuperando a maior parte do reportério genético. No caso de assemblies hibridos, obti-
vemos sequéncias contiguas, completas e precisas para onze genomas de X. arboricola e

cinco de X.euroxanthea, isolados a partir de Juglans regia ou Carya illinoinensis.



Uma andlise comparativa dos dezasseis genomas verificou diferengas considerdveis
em quatro genes efetores relacionados com patogenicidade, questionando a sua prepon-
derancia no processo de infec¢do. Além disso, esta andlise evidencia a imporancia de ob-
ter assemblies completos para avaliar reportérios genéticos presumivelmente relacionados
com fatores de patogenicidade e viruléncia. Os resultados deste trabalho sdo relevan-
tes para definir métodos de resposta eficientes a epidemias de fitopatogénios através de

tratamentos especificos e da vigilancia de agentes etiol6gicos.
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Chapter 1

Introduction

1.1 Context

Over the last two centuries, the seven-fold increase in the human population required
the development of novel agriculture techniques to satisfy the world demand for food
[1, 2]. The cultivation of a single or few species, supported by fertilizers, pesticides and
resistance genes, are regular practices that aim to reduce plant infections and increase
the yield. Therefore, agro-ecosystems tend to be genetically uniform environments under
high selective pressure, which promotes the emergence of highly adapted and aggressive
pathogens that affect crops and cause social-economic problems [3, 4].

Xanthomonas is a wide genus of plant-associated bacteria, comprising members mostly
known for its pathogenic role in various crops, and, for the high specificity regarding
host and tissue colonization[5, 6]. In particular, walnut-associated Xanthomonas are sub-
ject of increasing concern for recurrent outbreaks of several diseases that remain to be
controlled. The cause of these diseases have confidently been attributed to X. arboricola,
yet, reports of individual hosts colonized by Xanthomonas populations with close related
non-pathogenic and pathogenic strains (including a novel Xanthomonas non-arboricola
species) raise questions regarding the population role in the epidemics [7, 8]. Thus, to ad-
dress this problem, there is an urge to improve surveillance practices with fine detection
methods that effectively discriminate close related strains, and, to further comprehend
the diseases epidemiology beyond the known hosts and pathogens.

Pathogen surveillance is fundamental to act upon an invading epidemic before it gets
out of control. However, surveillance is per se limited by the sampling process, regarding

frequency, environmental conditions and the number of individuals/structures/tissues
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sampled [9]. It relies on the knowledge of growth requirements, laborious work in suc-
cessive cultivations to isolate a pure lineage, and reliable DNA markers for taxonomic
identification[10-13]. Thus, surveillance initiatives are mainly implemented when dis-
ease symptoms appear, which may only occur when the epidemic prevalence is already
high, and rely on a priori knowledge of suspicious targets to select target-specific DNA
markers for its identification. The outcome of this paradigm is that unculturable or un-
known co-colonizing pathogens are likely unnoticed and, among the culturable bacteria,
close related ones may pass indistinguishable due to the markers limited resolution to
discriminate infrasubspecific taxonomic levels [12, 14-16].

To further comprehend a disease epidemiology one must assess biotic factors beyond
the host and pathogen populations[4]. This is notedly relevant when dealing with bacte-
rial species due to the abundance of mobile genetic mechanisms that drive evolutionary
processes and shape interactions among populations. This is remarked in the mentioned
paradigm of walnut-associated Xanthomonas, where particular genetic determinants for
host specificity and pathogenicity emerge within a microbial community[5-7]. Neverthe-
less, population genomics is strongly limited by the ability to culture bacteria and the
use of typing methods, either DNA or phenotype-based, that regard few genomic regions
[10,11,17]. Analyses of wide genomic domains are possible with whole genome sequenc-
ing, yet, fragmented assemblies from short-read sequencing miss to unveil the chromo-
somal structure and tend to keep comparative genomics focused in well defined features.
Single molecule sequencing technologies, as MinION from Oxford Nanopore Technolo-
gies (ONT), produce long reads that promote contiguous assemblies of isolated genomes
and the reconstruction of wide genomic regions from unculturable bacteria [18-20] . Such
sequences provide further genomic information, relevant to mine novel infrasubspecific
DNA markers, to assess the evolutive history of cohabiting bacteria and the emergence of
functional traits related to pathogenicity or host adaptation. ONT MinION also stands for
its portability and the possibility of real time sequencing, which facilitates field practices
in epidemiology. As a counterpart, those technologies present higher sequencing errors

that made them less suitable for finer analysis[21, 22].
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1.2 Thesis objectives

The objective of this thesis was to de novo assembly bacterial genomes from ONT long
reads, considering, as a case study, the paradigm of walnut-associated Xanthomonads.

First, we aimed to define a pipeline to assemble complete and accurate genomes using
just ONT data. Second, we aimed to perform hybrid assemblies, from ONT and Illumina
data, of sixteen Xanthomonas spp. isolated from walnut trees. These assemblies should be
contiguous, complete and accurate, reflecting the advantages, and overcoming the disad-
vantages, of both long and short-read sequencing approaches.

Fulfilling these objectives, must result in high quality Xanthomonas spp. assemblies to
support future epidemiological studies. In addition, it should demonstrate the potential
of ONT sequencing to assemble contiguous genomes and allow us to make considerations

regarding its use to reconstruct wide regions of environmental genomes.

1.3 Thesis outline

Here we describe the five chapters of this thesis:

e Introduction: Contextualization of the work and objectives.

e Background: Topics on Xanthomonas spp. epidemiology, bacterial detection and

identification, sequencing technologies, and whole genome assemblies.

e On assembling bacterial genomes with long reads: Addresses the selection of a

pipeline to assemble long reads and to perform hybrid assemblies.

e On assembling de novo the genomes of 16 Xanthomonas spp. isolates: Addresses
the whole genome assembling and a comparative analysis of 16 Xanthomonas spp.

isolates.

e Conclusion: Provides the final remarks of this work and future perspectives.






Chapter 2

Background

2.1 Plant-pathogen epidemiology: Xanthomonads in walnuts

Xanthomonas is a large bacteria genus belonging to the gamma subdivision of pro-
teobacteria, which includes numerous plant pathogens that cause several diseases in eco-
nomically important crops distributed worldwide. This genus is composed strictly by
aerobic bacteria, with an optimal growth temperature between 25 and 30 °C, morpholog-
ically described as rod shaped with a single polar flagellum cells, forming yellow pig-
mented colonies in culture media[15, 23].

The species Xanthomonas arboricola became a pathogen of serious concern in Europe
due to its constant threat to stone fruits and nut trees[24-26]. In particular, X. arboricola
pathovar juglandis (Xaj) is the etiological agent of Walnut Bacterial Blight [27], Brown api-
cal necrosis [28] and Vertical Oozing Canker[29] in walnut trees, namely Juglans regia[30]
and Carya illinoinensis[31].

These plant diseases, which remain poorly controlled, are responsible for major crop
losses and mainly mitigated by the phytosanitary application of ecosystem-harmful cop-
per compounds. The ecology and epidemiology of walnut-associated Xanthomonas, which
include both pathogenic and non-pathogenic strains and epithytic and endophytic behav-
iors, are still badly understood due to difficulties regarding bacterial detection in asymp-
tomatic hosts, accurate identification of strains particularly virulent, and a scarce under-
standing of the bacteria population genetics. In fact, Xaj detection still require bacteria
isolation in culture media and reliable DNA-specific markers that are often insufficient

to discriminate closely related strains. Regardless these constraints, advances are being
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made, as for instance the recent characterization and announcement of a new walnut-
associated species named Xanthomonas euroxanthea (Xe) that includes pathogenic and non-
pathogenic strains and has been shown to co-colonize together with Xaj walnut host trees
[8, 32]. This example highlights the importance to optimize infrasubspecific detection
methods capable to accurately discriminate closely related strains sharing the same niche,
which is absolutely needed to determine populations dynamics and comprehend how its

members co-evolve and interact with a host and the environment.

2.2 Bacterial identification and detection

Traditional bacterial detection and identification methods rely on the isolation of bac-
teria in selective culture media followed by phenotypic characterization of the cells, and
colonies. These procedures are indispensable to describe a bacteria isolate and are still
routinely used, however they are unsuitable to distinguish bacterial lineages within the
same species and depend on bacteria culturability, which is time-consuming, laborious
and incompatible to study non-culturable bacteria [11, 33]. Bacterial detection and identi-
fication methods based in biochemical or serological techniques, aim to detect biomolecules
and consequently to characterize the chemical composition of bacterial cell structures, de-
tect the presence of antigens epitopes or profile metabolic pathways. Although some of
these methods are culture-independent and can be used to detect bacteria in complex
environment matrices, they require a comprehensive knowledge of the metabolic and
molecular properties of the target bacteria, and frequently do not allow to assess impor-
tant bacterial traits such as presence of virulence factors or resistance to chemical treat-
ments [33].

DNA-based methods for bacterial characterization rely on the analysis of genomic fin-
gerprints, or patterns, due to DNA polymorphisms of small genomic regions [11, 33].
Although these methodologies have contributed to important breakthroughs in the last
decades, they are still strongly dependent on the culturability, among other disadvan-
tages. For instance, highly conserved genes, as the 165 rRNA gene resulted in the re-
markable resolution of the phylogenetic structure of the prokaryotic domain and become
widely used as a molecular marker in microbial ecology [34]. However, its utility for
lower taxonomic discrimination, i.e., species and infrasubspecific taxa, is debatable, par-
ticularly due to the polymorphisms between the multiple gene copies found in a single

chromosome [35]. Alternatives, as tandem repeats, have also been extensively used as
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molecular markers to discriminate closely related bacteria, although with contrasting re-
sults due to unstable number of repetitive elements [36]. More recently, sequence-based
methods targeting bacteria housekeeping genes, such as the multilocus sequence typing
(MLST) or multilocus sequence analysis (MLSA), have been successfully used for geno-
typing of numerous bacterial species [10], although they are inappropriate as detection
methods[16].

Overall, characterizing a bacteria based on few, well conserved regions of its genome,
requires a previous laborious analysis to select markers for the species in the given con-
text, and analysis with different combinations of markers can only hardly imply ecolog-
ical, evolutionary or phylogenetic relations. These features, together with the plasticity
of bacterial genomes, often change established phylogenetic relations or lead to equivo-
cated taxonomic attributions[37-40]. Furthermore, these molecular and detection-based
approaches, strongly oriented to specific targets, often miss relevant data for epidemio-
logical studies, such as antibiotic-resistance and virulence traits, that could provide valu-
able information to implement the most suitable sanitary measures [41-43]. Not surpris-
ingly, with the major developments of sequencing technologies observed in the last two
decades, coupled with the abrupt decrease of sequencing costs, whole bacterial genome
analysis is foresee as the future gold standard for bacterial genotyping capable to provide
an unprecedented capacity to discriminate strains, unveil complex phylogenies, and dis-
close genetic determinants of specific adaptations to distinct environments. This knowl-
edge, will certainly contribute to improve epidemiological surveys ultimately capable to

make risk assessment analysis[44—46].

2.3 Sequencing technologies

First generation sequencing: Sanger chain termination method

The first generation of sequencing technologies was born in 1970s when Maxam and
Gilbert introduced a chemical method that compared the electrophoretic patterns from
DNA fragments cleaved in purines, pyrimidines, adenines and cytosines to determine its
nucleotide order [47]. This method was the first sequencing method widely used, how-
ever, due to the technical complexity, hazardous chemicals and difficulties to scale the
method for sequences longer than a few hundred bases, lost popularity with the appear-

ance of Sanger chain termination method [48].
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Sanger method uses radiolabeled dideoxynucleotides (analogous to usual nucleotides
present in DNA, but without the hydroxyl group in the sugar third carbon that enables
the bond to the phosphate group in the next deoxynucleotide to extend the chain) to
randomly stop DNA extension reactions in order to obtain fragments of all sizes with a
terminal nucleotide labeled. Running the results of four parallel reactions (one for each
deoxynucleotide) side by side on a polyacrylamide gel enables the inference of the orig-
inal nucleotide order. This method, with technical improvements, outstanded for its ro-
bustness, accuracy and usability, and became the most used sequencing approach until
the 2000s. In fact, Sanger method remains the most accurate method for sequencing and,
in modern versions, results in reads up to several hundreds base pairs, nevertheless, its
very low throughput per run makes it costly, laborious and inappropriate to sequence

entire genomes [49].

Second generation sequencing: Illumina sequencing-by-synthesis and paired-end reads

In 2005, the second generation of sequencing technologies started to emerge with re-
markable advantages over the first generation, namely, the very high throughput, reduced
time, labor and cost of the process. Among the various SGS technologies, such as Roche
454, Mllumina, ABI/SOLiD and Ion Torrent, the most popular approach is, arguably, the
paired-end sequencing-by-synthesis from Illumina platforms that, in a simplified expla-

nation, consist in three steps:

1. ssDNA is randomly fragmented and oligonucleotide adapters are bound to both

ends;

2. DNA fragments are attached to a surface by complementarity with the adapters and

amplified;

3. The complementary strand of the fragments is synthesized using color-labeled nu-

cleotides to identify the sequence (sequencing-by-synthesis).

In the third step just the ends of the fragments are sequenced resulting in paired-end
reads, usually around 150 nucleotides. Filtering the fragments by length in the first step
allows to control the insert size between reads, therefore, it is possible to have overlapped
paired reads or distant reads to flank unknown regions with specific length. Overlapped

reads are easy to assemble, distant reads may help to define the boundaries of regions
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impossible to assemble, as long repetitive regions. In fact, the main disadvantage of this
technology is the short length of reads that is insufficient to resolve highly repetitive re-
gions and hardly enables assemblies of whole genomes longer than 1-2 Mbp or complex
genomes from environmental samples. Other possible disadvantages are the computa-
tional challenges to store and process massive amounts of data, requiring specialized ma-
nipulation and bioinformatic tools, nevertheless, with a throughput of more than 600 Gbp
per run with an overall error rate around 1%, it results in extensive sequencing cover-
age with statistical confidence to be readily interpreted by their alignment to a reference

genome [49-51].

Third generation sequencing: MinION single molecule sequencing and long reads

Third generation sequencing (TGS) technologies, as the ones by Oxford Nanopore
Technologies and Pacific Biosciences, are characterized by its ability to sequencing single
molecules in real time, producing long reads without the traditionally mandatory ampli-
fication process. Among TGS technologies, MinION from Oxford Nanopore Technologies
is a device that measures a few centimeters in length and can be connected to a laptop
using a standard USB port, standing out by its portability and the lowest sequence cost

[21, 50]. MinION operating principle can be described, in a simplified manner, as follows:

1. dsDNA is sheared and adapters are bound to both ends;

2. An electric current is applied and measured in a membrane with protein nanopores

embedded,;

3. dsDNA is loaded into the membrane and, as it approaches a pore, it starts to unzip

through the interaction of the adapter and pore;

4. As a single strand passes through the pore causes a variation in the electric current

measured.

The signal from measuring the electric current is immediately available and therefore
it is not necessary to wait until the end of the run to access the data. The raw signal
must be converted to the desired nucleotide sequencing in a basecalling process using a
neural network model. Several models are available, usually trading accuracy for speed

[52]. MinION outputs long reads up to 900 kbp [53], likely enabling the resolution of
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repetitive regions which leds to contiguous assemblies of whole genomes, without refer-
ence, and improves the reconstruction of environmental genomes. In comparison to SGS
technologies MinlON as lower throughput and high error rates (around 10%), however,
it is claimed that errors can be computationally corrected to achieve an accuracy over

99%][21, 49-51].

2.4 De novo assembling of bacterial genomes

Assembling genomes is the process of reconstructing genomes from sequencing reads
[54]. It can be done by mapping reads to a reference assembly (reference based) or from
scratch (de novo). The first approach is faster and computationally less demanding, yet, its
reliability depends on the quality and similarity of a previous assembled genome. That is,
homologous regions can be successfully reconstructed by mapping reads, but structural
variants, as insertions, inversions or translocations may be missed. Thus, assembling
by mapping to a reference genome is suitable for methodologies that target particular
genomic regions (e.g., inferring allelic variants for clinical diagnostics) but, if the whole
genome and its structure are object of concern (e.g. population genomics or phylogeny
inference), de novo assemblies are more likely to reproduce the real genomic structure.

There are several computational approaches to assemble a genome de novo. Two pop-
ular approaches rely on Overlap Layout Consensus (OLC) or De Bruijn Graphs (DBG) to
build a graph representing overlaps between all sequenced reads [55, 56]. These, are com-
putationally demanding processes, with major scalability issues and high sensitivity to
the length and quality of the reads. For these reasons, assemblers are designed to address
particular genomic features and sequencing methods, with concern for the computational
resources.

Popular long read assemblers, as Canu, Miniasm and Wtdbg2 follow an OLC ap-
proach [57-60]. In OLC, each read is a vertex and edges between vertices are established
if the reads share a common prefix or suffix. These graphs are more informative and
less sensitive to errors, allowing the interpretation of sequences formed by the overlaps
consensus. However, repetitive regions longer than the reads can not be resolved, and,
insertions in those repetitive regions are easily missed. Flye assembler is based on DBG:
the reads are splitted in k-mers (a read substring of length k, where the k value is ad-
justed); Each k-mer is a vertex, and edges are established if vertices share a prefix or suffix

of length k-1; Strict k-1 long overlaps in sequences of length k, are strongly compromised
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by the reads errors which often causes dead-end paths in graphs. Overall, DBG are com-
putationally more efficient to build and store than OLC graphs [55]. Both approaches are
found, for instance, in pipelines for hybrid assemblers. As an example, Unicycler first
uses SPAdes to assemble short reads in a DBG, and then uses the long reads to build
bridges following an OLC approach with Miniasm [61, 62].

Ideally, the assembly graphs should result in one unique path that represents a single
continuous sequence, i.e., a contig. However, depending on the assemblers approach
(OLC or DBG), the reads quality, and the presence of repetitive regions in the genome, the
graphs are susceptible to artifacts such as tips (short dead-end paths diverging from the
main path), bubbles (parallel short paths that start and end in the same two vertices), and
bulges (low-coverage paths that create alternate paths between two nodes) [55, 56].

The assembly quality can be evaluated according to its accuracy, contiguity and com-
pleteness. Contiguity can be evaluated by assessing metrics as the number of contigs or
N50. The N50 value indicates that 50% of the genome is assembled in contigs of length
N50 or longer. Variations of this metric consider major fractions of the assembly (N70,
N90) or, indicate the number of contigs that comprise a fraction of the genome (L50, L70,
L90) [54, 63, 64]. An additional indication of contiguity can be obtained by assessing the
existence of reads that overlap both extremities of a contig, suggesting an assembly of
a circular structure, as bacterial chromosomes and plasmids usually are. Completeness
concerns the genetic patrimony recovered by an assembly. It can be evaluated by assess-
ing the core genome content, or the presence of highly conserved genetic features [65, 66].
Accuracy regards the confidence per base, an approach to assess it, involves mapping the
reads against the assembly to evaluate the consensus of the overlapped reads. It reflects,

for instance, the reliability of the allelic variants that one observes [63, 64].






Chapter 3

On assembling bacterial genomes

with long reads

Abstract

Pathogen surveillance and populational genomic studies are crucial to comprehend
disease emergence and to predict outbreaks. These, rely on bacterial detection and identi-
fication methods that generally consist in DNA-based typing of single lineages isolated in
cultures. As most bacteria remain unculturable and typing methods concern few genomic
aspects, environmental or non-pathogenic strains are overlooked along genomic features
with relevant functional meaning.

Long reads from single-molecule sequencing technologies, as ONT, promote assem-
blies contiguity that may provide further genomic information and potentially recover
wide genomic regions from unculturable bacteria. Here, we explore the limitations, due
to high error rates, of ONT sequencing data, and the advantages of its long reads to as-
semble Xanthomonas spp. genomes. We achieved assemblies with improved contiguity
from ONT data, and, contiguous and complete assemblies from hybrid approaches that

include [llumina data.
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3.1 Introduction

In recent times, outbreaks of walnut diseases caused by Xanthomonas are becoming
more recurrent and causing progressive major damages [3, 9]. Comprehending its emer-
gence and surveil the respective etiological agents is essential for rapid and effective ac-
tions to control outbreaks, nevertheless, efforts to do so, are challenged from sampling
decision-making till the identification of infrasubspecific taxa.

Sampling processes are laborious and narrow by default. Beyond that, particular con-
ditions must be satisfied to grow a bacteria, successive cultivations must be performed to
isolate pure lineages from single cells, and then, selective DNA markers must be available
to identify an isolate. Thus, bacterial detection and identification methods are oriented to
suspicious targets. These must set appropriate growth conditions, that are unknown for
most bacteria, and select taxonomic DNA markers, that are often unreliable to discrim-
inate close related strains. As a consequence, pathogen monitoring is often driven by
the appearance of disease symptoms, asymptomatic hosts are unsighted, and diseases
epidemiology does not take into account the population genomics of environmental or
non-pathogen strains [14]. In the case of walnut-associated Xanthomonas, populations of
close strains, comprising pathogens and non-pathogens, have been isolated within the
same individual. This sympatric occurrence of close-related commensal and pathogenic
strains, remarks the call for highly discriminatory detection methods and extended disclo-
sure of population genomic structure, to enlighten the emergence of pathogen traits and
the role that cohabiting populations have on it. The mentioned challenges are, in part, tied
to the characteristics of short-read sequencing technologies, and might be relieved with
technologies as the portable long-read sequencer from Oxford Nanopore Technologies
(ONT), MinION.

Short-read technologies, namely Illumina and Ion Torrent, sequence by synthesizing
the target molecules, which requires a considerable initial amount of molecules obtained
through amplification processes. It produces reads up to a few hundred base-pairs that
are insufficient to assemble contiguous regions with problematic domains, as frequent
repetitive patterns. Assemblies of isolated genomes are, therefore, very fragmented (typ-
ically with several dozen contigs) and the reconstruction of wide genomic regions from
environmental samples is virtually impossible. As a main advantage, its runs have a mas-
sive yield of reads (sequencing depth from few hundred to thousand times) with low

error rates (up to 1% of mostly mismatches [49]) that allow an high confidence per base in
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the assembled sequences. Contrary, technologies such as ONT, can sequence long regions
in few fragments without amplification processes. Its very long-reads (with mean length
above a few thousand bases) easily cover extensive regions beyond possible problematic
domains, enhancing contiguous assemblies of isolated genomes and the reconstruction
of wide regions from environmental samples. ONT main disadvantage is the high error
rate (above 10% of mismatches and indels [49]) that blur the assembly resolution. Never-
theless, the errors effect can be mitigated. In particular, complementing long-reads with
short-reads, likely results in contiguous and complete assemblies with high confidence
per base call.

Altogether, these possibilities may provide new insights into unculturable bacteria
genomes and extend populational genomics beyond small target-regions, as the 165 rRNA
gene and well conserved genes [18, 67, 68]. In addition, complete and contiguous assem-
blies are valuable to mine novel DNA markers, and disclose whole genetic repertoires
and structural rearrangements. This would contribute to epidemics management through
improved surveillance methodologies and further understanding of pathogenicity deter-
minants.

In this chapter, we evaluate several tools and strategies to attenuate the high errors
of long reads, in order to define a pipeline to assemble Xanthomonas spp. genomes from
ONT data. We also tried hybrid approaches to assemble the same genomes from ONT
and Illumina data. This way, we access some potential advantages and limitations of

ONT sequencing for assembling bacterial genomes and support epidemiological studies.

3.2 Material and methods

Bacterial isolation and sequencing

Three Xanthomonas spp. strains (CPBF367, CPBF426 and CPBF427) were isolated in
April 2016, in Loures, Portugal, from asymptomatic dormant buds of a isolated wal-
nut tree (Juglans regia), known to develop symptoms of walnut bacterial blight during
the growing season. The strains were grown on bacterial culture medium M2 (yeast ex-
tract, ZgL_l; Bacto peptone, 5g_1; NaCl, 5gL_1; KH>POy,, 0.45gL_1; Na>,HPO,4 12H,0,
2.39¢L~1) at 28 °C and 100rpm for 48h. DNA was extracted using the E.Z.N.A. bacte-
rial DNA purification kit (Omega Bio-tek, Norcross, GA) and sequenced with Illumina

and ONT MinION platforms. Illumina sequencing was outsourced to GATC Biotech,
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AG (Konstanz, Germany) using a HiSeq Illumina instrument with a standard 2 x 150
bp paired-end library protocol. Nanopore sequencing libraries were prepared with the
SQK-LSK109 kit and multiplexed using the EXP-NBD104 barcoding kit. Sequencing was
performed on a MinION sequencer using a R9.4.1 flow cell. Reads were basecalled and de-
multiplexed using Guppy” (version 3.4.1) with high accuracy mode and fast mode. Reads
statistics were calculated with FastQC (version 0.11.5 [69]) and NanoStat (version 1.2.1
[70]).

De novo assemblies from ONT data

A pipeline to assemble a bacterial genome from long reads involves choices in 3 main

steps:

1. preprocessing raw reads: we sequentially corrected and trimmed raw reads using

the Canu (version 1.9[59]) modules;

2. assembling: we tried Canu (version 1.9), Flye (version2.7-b1585, with the option
to rescue short unassembled plasmids [71]), Miniasm (version 0.3-r179 [60], with
Minimap version 2.17-r974-dirty [72]) and Wtdbg2 (version 2.5, with the consenser
wtpoa [58]);

3. improving draft assemblies: we polish with Racon (version 1.4.3 [73]), up to four
iterations, followed by one correction with Medaka® (version 0.11.5, with model
r941_min_high_g330 for reads basecalled using the accurate mode or the model

r941_min_fast_g303 for reads basecalled in fast mode).

The tools were selected to cover different characteristics regarding accuracy, compu-
tational performance and input requirements. Its possible combinations result in ninety
nine different pipelines. Default parameters were used for all software unless otherwise

noted. A scheme for the above process is represented in Figure 3.1.

“Only available to Oxford Nanopore customers through their community site
(http:/ /community.nanoporetech.com)
fSequence correction provided by ONT Research: https:/ /github.com/nanoporetech/medaka



3. ON ASSEMBLING BACTERIAL GENOMES WITH LONG READS 17

generate pipelines
MinlON long reads

2 8
k- = P
- s - 2 ( \
fast basecalling = = @
[= =
2 £ ©
> @ @ = evaluation
2 2 g
g & g
g g g \
accurate basecalling = 5 E e v
o} B g
% & 2
o e
h / | — = ]
VN ’ \ J \ J /
S | P

/ \ / assembling reads \ T ] ......... "
preprocessing reads .

‘ raw reads }- - Flye

| Canu |

g . e

improving assemblies

Wtdbg2 Racon iterations

‘ corrected reads }‘ ===

|_ Canu |
#
timmed reads =

. Y, 2 U

FIGURE 3.1: Methodology scheme, steps and tools to select a pipeline to assemble long
reads.

Miniasm ‘

Canu

The ninety nine pipelines to assemble long reads were evaluated considering 6 vari-

ables that mostly concern the assembly completeness and accuracy per base:

e Number of single nucleotide differences regarding a reference assembly: It con-
sists in the sum of single nucleotide polymorphisms and single nucleotide inser-
tions/deletions determined with the dnadiff program from Mummer (version 4.0.0
[74]). The reference assemblies for strains CPBF367, CPBF426 and CPBF427 were
generated with Illumina data and are available in GenBank under the accession
numbers NZ_UNRN00000000.1, NZ_UNRMO00000000.1 and NZ_UNRO00000000.1,

respectively.

e Number of complete core genes: The core genome was defined using EDGAR (ver-
sion 2.3 [75]) for the Xanthomonas strains CPBF367, CPBF426, CPBF427, CPBF1521
and CPBF424 and resulted in a set of 3423 genes [7, 32, 76]. Strain-specific gene se-

quences were mapped with Minimap2. We consider just the best alignment for each
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gene (by excluding secondary alignments with the parameter —secondary=no), that
way, more alignments than queried genes meant that some genes were spliced for
alignment. Counting the number of extra alignments and considering very unlikely
that a gene was spliced more than twice, we calculate the n°of complete genes as the

difference between the n°of queried genes and the n°of extra alignments;

Number of differences in the core genes: Sum of mismatches and gaps when map-
ping the core genes (indicated by the NM flag in minimap2 alignment, secondary

alignments were not considered);

Number of housekeeping genes present: Considering a set of 7 informative genes
commonly used for Multi Locus Sequence Analysis in Xanthomonas spp. [77-82].
The genes selected were atpD, Dnak, efp, fyuA, glnA, gyrB and rpoD, and were se-
quenced by Sanger. The sequences were mapped with Minimap?2. Secondary, sup-

plementary and chimeric alignments were not considered.

Number of differences in the housekeeping genes: Sum of mismatches and gaps

when mapping the housekeeping genes, assessed as mentioned for core genes.

BUSCO-score: Reflects the genome completeness based on 1152 orthologous genes
expected to be present in a species from the order Xanthomonadales. It was defined as
C — M — F/2,where C, M and F represent the percentage of complete, missed and
fragmented genes retrieved from an analysis with BUSCO (version 4.0.6, database

xanthomonadales_odb10 [65, 66]).

Variables regarding computational performance of each pipeline, as the total elapsed

time and maximum memory used, were registered.

An overall score was computed based on the pipelines relative performance regarding

the six variables mentioned above, in the following manner: i) the pipelines were ranked

based on the value obtained for each variable; ii) a pipeline score for a given strain was

calculated by summing its ranks on all variables; iii) an overall pipeline score was cal-

culated by summing its scores for all strains. A low overall score implies that a given

pipeline had the first ranks (i.e., performed better) for the variables considered, therefore,

the pipeline with lowest overall score was elected as the best one. We assess if pipelines

comprising particular tools/steps tend to perform better than the others through its over-

all score. To do so, we perform Mann-Whitney U tests to test if the average overall score
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was significantly (¢ < 0.01) different depending on the choice made on each step [83]. For
step 3 (improving draft assemblies) we also perform Wilcoxon signed-rank tests to test if
the pipelines using Medaka were significantly different than the equivalent ones without
Medaka (e.g., r_flye_m1 vs r_flye_rl; t_canu_m?2 vs t_canu_r2) [84].

The procedure described above was also applied to reads basecalled in fast mode.
Moreover, to compare the basecallings we pair same-pipeline assemblies from both base-
calling modes and perform a Wilcoxon signed-rank test for the BUSCO-score. To verify if
pipelines” performance was consistent for both basecalling modes we calculated a Pear-
son’s correlation coefficient for the overall score ranks.

A pipeline unique name indicates how it is composed as follows:

{reads set}-{assembler}-{improvement}

e reads set: {r (raw), ¢ (corrected), t (trimmed)}
e assembler: {canu, miniasm, flye, wtdbg2}

e improvement step: {no improvement (N), improved just with Racon (r), improved

with Medaka after Racon (m)} {1,2,3,4 (number of Racon iterations)}

Hybrid De novo assemblies

We considered two approaches to perform hybrid assemblies using long ONT reads
(basecalled in accurate mode) and short Illumina reads. In the first approach, we took
long read assemblies from some the pipelines previously described, and polished them
with short reads using Pilon (version 1.23 [85]). The pipelines were chosen, among the
99 mentioned in the anterior topic, considering the best overall score, the best score for
individual samples, and, an apparent good structure, i.e., less contigs. For the second
approach we used the Unicycler pipeline (version 0.4.8 [61]). We compared the assemblies
from these two approaches with assemblies from long reads only (from the best pipeline
in the anterior topic) and from short reads only (the public available assemblies used
as reference in the anterior topic) considering the length, N50, number of contigs and
BUSCO-score.

As a preliminary study to infer the sequencing depth needed to achieve contiguous
and complete assemblies, we performed Unicycler assemblies varying the coverage from
both technologies. We varied the ONT coverage and applied a linear regression model

to estimate the minimum needed to achieve circular contiguous genomes. In the same
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fashion, we varied the Illumina coverage to estimate the minimum needed to achieve
complete genomes, according to the BUSCO-score. Based on the linear models informa-
tion, we varied the sequencing depth of both technologies as an attempt to define the
relation between the amount of ONT and Illumina data necessary to achieve contiguous

and complete assemblies.

3.3 Results and discussion

From now one, for practical reasons concerning results writing and labels for data
visualization, we replaced the CPBF in strains identifiers for an X.

The statistics for the ONT and Illumina reads are presented in Table 3.1 and Table 3.2.
The mean quality is indicated in a phred-scale [86], and the coverage was estimated con-
sidering that the total genome size was 5M bp. The ONT reads basecalled with the ac-
curate mode have a quality score around 11.8 which corresponds to an error probability
of 6.6%. The N50 for all ONT datasets indicates that half the bases sequenced are in
reads longer than 10,000 bases. Illumina datasets coverage ranges from 392x to 508x with
pair-end reads of 2 x 151 bp and a mean quality score around 29, which implies an error
probability near 0.1%. ONT and Illumina data are available under the accession num-
bers ERX4296808 and ERX2780809, for X367, ERX4296809 and ERX2780811, for X426 and,
ERX4296810 and ERX2780812 for X427.

TABLE 3.1: ONT sequencing data statistics.

strain dataset n°of reads meanlength mean quality N50 coverage
X367 ONT (accurate) 18,857 6,386 11.8 14,257 24
X426  ONT (accurate) 19,997 5,895 11.9 10,553 23
X427  ONT (accurate) 14,302 6,358 11.8 13,332 18

TABLE 3.2: [llumina sequencing data statistics.

strain dataset n°ofreads meanlength mean quality coverage

X367 Illumina 8,413,466 2x151 29.3 508

X426 Illumina 6,494,807 2x151 28.8 392
X427 Nlumina 7,562,695 2x151 29.3 456
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The number of reads, mean read length and mean read quality are represented in
Figure 3.2, emphasizing the higher yield from Illumina and the trade off between quality
and length for Illumina and ONT.
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FIGURE 3.2: Yield, reads length and quality for ONT and Illumina data.

De novo assemblies from ONT data

The values distribution for the different variables considered are presented in Fig-
ure 3.3. BUSCO-score, single nucleotide differences regarding a reference assembly and
number of differences in core genes, have similar, slightly skewed distributions for the
three samples with worst performances for X427. Most pipelines produced assemblies
containing all core genes and most BUSCO's, yet, there is a notorious skewness for X427.
For the variables related to the housekeeping genes, all assemblies contained the seven
housekeeping genes (atpD, DnaK, efp, fyuA, glnA, gyrB and rpoD) with few differences
regarding the reference sequences for X367 and X427.
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— Impact of the preprocessing choices in the assembled genomes

As demonstrated in Figure 3.4a, correcting and trimming excludes a considerable
amount (up to a quarter) of reads, yet those are mostly short reads. That is noted by
the superior mean length (around 2000 bases more) of corrected and trimmed sets.

Overall score values have similar distributions according to the preprocessing choice,
as shown in Figure 3.4b, suggesting that preprocessing reads do not impact significantly

the pipelines performance (Mann-Whitney U test: « < 0.01, with a p = 0.36)

— Which assembler performs better?

The overall score of the pipelines with Canu, Miniasm and Wtdbg2 were not signifi-
cantly different (Mann-Whitney U test: &« < 0.01, with values of p > 0.28). The overall
score of the pipelines with Flye is significantly lower (One-sided Mann-Whitney U test:
« < 0.01, p = 0.0015), as evidenced in Figure 3.4c.

— Impact of improving draft assemblies

Improving assemblies (with Racon and/or Medaka) led to overall scores significantly
inferior (Mann-Whitney U test: « < 0.01, with a p ~ 0) as evidenced in Figure 3.4d.
Furthermore, among the pipelines that improved the draft assemblies, running Medaka
after Racon also results in significantly lower overall scores (One-sided Wilcoxon signed
rank test: « < 0.01, with a p = 0), it is evidenced in Figure 3.4e, where is represented the
overall score for pairs of pipelines with and without Medaka.

There is also no significant difference in the overall score (Mann-Whitney U test: & <
0.01, with values of p > 0.1) due to the number of Racon iterations before Medaka. This
is represented in Figure 3.4f.

Further details on the statistical tests are available in Appendix A.
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What is the best pipeline?

In Table 3.3 are listed the overall scores of the 10 best pipelines. Unsurprisingly,
pipelines that assembled raw reads with Flye and improve the draft assemblies with
Racon and Medaka performed better. The best one was r-flye-m1. The individual scores

per strain are indicated in Appendix A.

TABLE 3.3: Top 10 pipelines.

pipelines overall score
r-flye-m1 65
r-flye-m2 77
r-flye-m4 83
r-flye-m3 92
c-flye-m1 125
t-canu-m4 131
t-flye-m1 133
r-wtdbg2-m4 143
c-flye-m2 145
c-flye-m4 155

In Table 3.4 we present some statistics for r-flye-m1 assemblies. The small number of
contigs and an N50 close to the total length, demonstrate the advantage of ONT reads to
achieve contiguous assemblies. The QUAL represents the mean error probability per base
in a phred-scale, C,F and M respectively represent the percentage of complete, fragmented
and missed BUSCO genes.

Similar results were obtained with an equivalent analysis for the fast basecalling, it is
available in Appendix B, along with a comparison between basecallings that, as expected,

shows accurate basecalled reads result in better assemblies.

TABLE 3.4: Statistics for assemblies from r-flye-m1.

assembly length n°contigs N50  QUAL n°genes C F M

X367 4971547 4 4924476 56 4,210 914 49 37
X426 4901420 2 4884048 56 4175 912 55 33
X427 5224511 3 4915292 50 4520 864 6.0 7.6




ON ASSEMBLING BACTERIAL GENOMES FROM LONG READS: A CASE STUDY IN
26 WALNUT-ASSOCIATED Xanthomonas SPP.

As final considerations it seems that preprocessing reads is an option tied to the chosen
assembler. As an example, Canu requires corrected reads and its pipelines only appear in
the top 10 when using the set of corrected and trimmed reads, on the contrary, Flye and
Wtdbg2 have the best scores in pipelines using the raw set of reads. The number of reads
may also impact the assemblers relative performance. Strain X427 has considerably less
reads than the remaining ones and Wtdbg2 performed better for it, but do not appear once
in the top 10 for X367 and X426, contrary to Canu and Miniasm that have appearances in
the top 10 for X367 and X426 but are not mentioned for X427. In the last step, using Racon
followed by Medaka clearly results in improved assemblies * . After all, we consider
that the choices of assembling raw reads with Flye and run one iteration of Racon and
Medaka compose a quality pipeline to assemble bacterial genomes from ONT data, as

already reported*.

Hybrid assemblies

Hybrid approaches result in more complete and more contiguous assemblies than the
ones from ONT and Illumina, respectively. The statistics in Table 3.5 evidence how assem-
blies from Illumina are less contiguous (with a minimum of 11 contigs and a maximum of
57) than assemblies from ONT data that have, at maximum, 4 contigs. On the other hand,
assemblies completeness, accessed with BUSCO, is equal to 99.8% for all assemblies con-
taining Illumina data, whilst for assemblies from ONT is inferior to 92%. These results are
represented in Figure 3.5.

Among the hybrid assemblies, the approach of just polishing with Pilon is simpler
than assembling with Unicycler. That approach does not assemble reads, instead, it takes
an assembly from ONT and polish its contigs with Illumina reads, as consequence it is
capable of improving the accuracy to the level of Illumina assemblies but the assembly
contiguity remains the same from the ONT assembly.

The Unicycler pipeline assembled Illumina and ONT reads, and, also polished the
assembly with Pilon. This approach results in contiguous and circular genomes, as com-
plete as the assemblies from Illumina. It returned a circular chromosome for all strains

and, for X367 and X426, it also returned a closed plasmid.

“Medaka benchmarks: https://nanoporetech.github.io/medaka/benchmarks.html
*Oxford Nanopore Technologies: Assembling microbial genomes using long nanopore sequencing reads.
2020
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TABLE 3.5: Statistics for Illumina, ONT and hybrid assemblies.

reads assembly length  n°contigs N50 C F M
X367-reference 4956382 22 687415 99.8 0.0 0.2

Mlumina X426-reference 4894012 11 730188 99.8 0.0 0.2
X427-reference 5190560 57 178455 99.8 0.0 0.2
X367-r-flye-m1 4971547 4 4924476 914 49 37

ONT X426-r-flye-m1 4901420 2 4884048 912 55 3.3
X427-r-flye-m1 5224511 3 4915292 864 6.0 7.6
X367-rflye-m1-pilon 4971497 4 4924433 998 0.0 0.2
X367-rflye-m2-pilon 4969660 2 4924431 998 0.0 0.2
X367-rflye-m4-pilon 4969660 2 4924431 99.8 0.0 0.2
X367-tcanu-m4-pilon 4951462 1 4951462 99.8 0.0 0.2
X367-wtdbg2-N-pilon 4931145 2 4886483 99.8 0.0 0.2
X426-rflye-m1-pilon 4901303 2 4883917 99.8 0.0 0.2
X426-rflye-m4-pilon 4901272 2 4883886 99.8 0.0 0.2

hybrid X427-rflye-ml-pilon 5224296 3 4915062 99.8 0.0 0.2
X427-wtdbg2-N-pilon 5222448 1 5222448 99.8 0.0 0.2
X427-wtdbg2-m4-pilon 5222497 1 5222497 99.8 0.0 0.2
X367-unicycler 4968459 2 4923218 99.8 0.0 0.2
X426-unicycler 4900648 2 4883254 99.8 0.0 0.2
X427-unicycler 5228174 1 5228174 99.8 0.0 0.2
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A preliminary study to estimate the minimum sequencing depth needed to achieve

contiguous and complete genomes is available in Appendix C.

3.4 Conclusion

We verify that long reads from ONT enable more contiguous assemblies than short
reads from Illumina. The superior error rate of long reads results in blurred regions, as
supported by the analysis of BUSCO that indicates some fragmented and missed genes.
Nevertheless, ONT assemblies have a completeness above 85% and are remarkably con-
tiguous, which is presumably enough to assess structural rearrangements and mine novel
DNA markers for bacterial detection/identification. The results obtained suggest that
similar methodologies developed for environmental samples will likely provide new in-
sights into unculturable bacteria genomes, and with mean read lengths superior to 10000
bp, single unassembled reads may be sufficient for detection methods.

Hybrid assemblies, in particular the ones achieved with Unicycler, reunite the advan-
tages of both technologies and resulted in high quality genomes regarding accuracy per
base, completeness and contiguity. These genomes are valuable information for compara-
tive studies once they comprise whole chromosomes and plasmids in circular structures,
which enables the inference of structural rearrangements as regions from horizontal gene
transfer events and the respective functional meaning and impact in bacteria lifestyle. In
addition, the disclosure of whole genetic repertoires enables the identification of gene
clusters related to specialized traits as pathogenicity determinants. The Unicycler as-
semblies are accessible in the European Nucleotide Archive (ENA) under the numbers
GCA_903989455, GCA_903989465 and GCA_903989465 for X367, X426 and X427, respec-
tively. The genomes of X367 and X426 are also announced in the following publication:
"Teixeira, M., Martins, L., Fernandes, C., Chaves, C., Pinto, J., Tavares, E., & Fonseca, N.
A. (2020). Complete Genome Sequences of Walnut-Associated Xanthomonas euroxanthea
Strains CPBF 367 and CPBF 426 Obtained by Illumina/Nanopore Hybrid Assembly. Mi-

crobiology Resource Announcements, 9(45)".



Chapter 4

On assembling de novo the genomes

of 16 Xanthomonas spp. isolates

Abstract

Walnut associated Xanthomonas spp. are object of concern due to the increased re-
currence of outbreaks. Recent reports highlight the co-colonization of pathogen and non-
pathogen Xanthomonas spp. within the same walnut tree, providing an important paradigm
to study the evolution of genomic determinants for host specificity and pathogenic traits.

Here, an hybrid approach was followed to assemble the genomes of sixteen Xan-
thomonas spp. isolated from symptomatic individuals of Juglans regia and Carya illinoinen-
sis, it resulted in finished assemblies in accurate, complete and contiguous sequences. A
preliminary study regarding its evolutive history demarcated two species based on the
average nucleotide identity, and the observed patters of putative genetic determinants of

pathogenicity were inconsistent with pathogenicity assays.

4.1 Introduction

Agricultural ecosystems form homogeneous genetic environments under permanent
selection that promote the emergence of highly adapted, specialized and virulent pathogens
in co-evolution with the host [3]. These traits are well noted in the genus Xanthomonas
that, in spite of being associated with more than 400 plant species around the world,

has an high host and tissue specificity that allow to discriminate in pathovars for species

29
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causing the same disease in the same host range [6]. Additionally, the occurrence of Xan-
thomonas populations containing pathogenic and non-pathogenic strains in the same host
suggest a sympatric evolution, which raises questions regarding how benign and com-
mensal strains are involved in pathogen evolution and what conditions promote its emer-
gence [5].

Genomic studies are the means to reconstruct this shared evolutionary history and
have in fact identified genetic exchanges that shift host ranges, or cause host jumps[87, 88],
and, gene clusters directly linked with virulent traits, as the Type III Effectors, whose pat-
tern enable an in silico prediction of pathogenicity [89-91]. Nevertheless, we have strongly
relied on incomplete genomic information that influence analysis for genetic content re-
lated with phenotypic traits and well known content as housekeeping genes[77-82]. It
is therefore from utter importance, the disclosure of structurally complete and accurate
genomes to couple the whole genetic content with information regarding its location and
context in the genome, as well the definition and delimitation of chromosomes and sec-
ondary genetic elements. The identification of conserved genomic regions that define a
genus, as well as the more dynamic regions involved in specialization, as host adaptation
and pathogenic traits would help to understand the molecular basis of pathogenicity and
allow us to infer how susceptible a crop is to an outbreak and how likely pathogens are
to prevail from a given microbiota.

Here, we de novo assembled sixteen strains of walnut-associated Xanthomonas spp.
strains following an hybrid approach combining Illumina short reads and ONT long
reads. The sixteen strains were isolated from Juglans regia and Carya illinoiensis along 2
years in different regions of Portugal, composing a genetic diverse group from different
environment conditions. We aimed to achieve high quality and complete genome assem-
blies that would increase the available genomic collection of Xanthomonas spp. and lay

the groundwork for extensive comparative genomic studies.

4.2 Material and methods

Bacterial isolation and sequencing

Sixteen Xanthomonas spp. strains were isolated along 2 years from walnut trees (Juglans
regia and Carya illinoinensis) in different geographic regions of Portugal as referenced in

Table 4.1. The strains were grown on bacterial culture medium M2 (yeast extract, 2¢L~!;
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Bacto peptone, Sg_l; NaCl, 5gL_1; KH, POy, 0.45gL_1; Na,HPO4 12H,0, 2.39gL_1) at 28
°C and 100rpm for 48h. DNA was extracted using the E.Z.N.A. bacterial DNA purifica-
tion kit (Omega Bio-tek, Norcross, GA) and sequenced with Illumina and ONT MinION
platforms. Illumina sequencing for strains X367, X426, X424 and X427 was outsourced
to GATC Biotech, AG (Konstanz, Germany) using a HiSeq Illumina instrument with a
standard 2 x 150 bp paired-end library protocol while for the remaining strains were out-
sourced to Macrogen Inc. (Seoul, South Korea) using a TruSeq DNA kit for a 2 x 150
bp paired end library protocol. Nanopore sequencing libraries were prepared with the
SQK-LSK109 kit and multiplexed using the EXP-NBD104 barcoding kit. Sequencing was
performed on a MinlON sequencer using a R9.4.1 flow cell for 36 hours. Reads were
basecalled and demultiplexed using Guppy” (version 3.4.1 and version 4.0.14 with high
accuracy basecalling mode). Reads statistics were calculated with FastQC (version 0.11.5

[69]) and NanoStat (version 1.2.1 [70]).

TABLE 4.1: Xanthomonas spp. isolates metadata.

strain host tree  plant samples year location
X122 Juglans regia Jr#39 leaves 2015 Ponte de Barca
X237 Juglans regia Jr#41l leaves 2015 Ponte de Lima
X367 Juglans regia Jr#18 buds 2016 Loures
X424 Juglans regia Jr#18 buds 2016 Loures
X426 Juglans regia Jr#18 buds 2016 Loures
X427 Juglans regia Jr#18 buds 2016 Loures
X554 Juglans regia Jr#45 branches 2016 Carrazeda de Ansiaes
X761  Caryaillinoinensis  Cr#02 leaves 2016 Alcobaca
X765  Carya illinoinensis  Cr#03 leaves 2016 Alcobaca
X766  Carya illinoinensis  Cr#03 leaves 2016 Alcobaga
X796 Juglans regia Jr#61 leaves 2016 Alcobaga
X1483 Juglans regia Jr#02 branches 2014 Alcobaga
X1494  Carya illinoinensis ~ Cr#02 leaves 2014 Alcobaga
X1514 Juglans regia Jr#15 leaves 2014 Estremoz
X1567 Juglans regia Jr#30 fruit 2015 Bombarral
X1586 Juglans regia Jr#18 leaves 2015 Loures

*Only available to Oxford Nanopore customers through their community site
(http:/ /community.nanoporetech.com)



ON ASSEMBLING BACTERIAL GENOMES FROM LONG READS: A CASE STUDY IN
32 WALNUT-ASSOCIATED Xanthomonas SPP.

Complete De novo hybrid assemblies

[Mlumina and ONT data was combined with the aim to achieve structurally complete
assemblies with low errors at base level. The assemblies were generated with the Unicy-
cler pipeline (version 0.4.8[61]) for all strains except X1567, where Unicycler was unable
to solve the genomic structure. Therefore, for X1567, the genome was assembled de novo
using an alternate approach: ONT reads were assembled with Flye (version 2.7-b1585[71])
and the resulting assembly was improved using one iteration of Racon (version 1.4.3[73])
and Medaka* (version0.11.5); Circlator (version 1.5.5 [92]) was used to verify its circular-
ity and to rotate it, in order to start the sequence with the dnaA gene (as the remaining
assemblies from Unicycler); Finally, the assembly was polished with the Illumina reads
using Pilon (version 1.23 [85]). All assemblies were annotated with PGAP (version 2020-
03-30.build4489[93]) and its metrics calculated with QUAST (version 5.0.2 [64]). The con-
fidence of each base was estimated by realigning Illumina reads in the assembly with bwa
(version 0.7.17-r1188[94]) and samtools (version 1.8[95]). From this realignment, bcftools
functions mpileup and call (version 1.9[96]), calculate, respectively, the possible variants
and their likelihood in a phred quality scale. The phred quality values per base were
converted to probabilities and calculate its mean as an indicator of the expected error per
base for the whole genome. It is presented again in a phred scale.

Contigs circularity is indicated by Unicycler and Circlator. The assembly graphs from
Unicycler and Flye were generated with Bandage (version 0.8.1[97]), that was also used
to map contigs from the X1567 Unicycler assembly in the respective alternative assembly.
Genome completeness was assessed with BUSCO (version 4.0.6, database xanthomon-
adales_odb10 [65, 66]). For the missing genes, we align the corresponding protein se-
quence against the assembly using tblastn (version 2.10.1 [98]) and compare the best hit

to the PGAP annotation for that region.

Comparative genomics

Average nucleotide identity (ANI)[99], an in silico alternative for DNA-DNA hybridiza-
tion, was calculated using OrthoANI (version 1.40[100]) with the usual threshold of 95%

identity for isolates from the same species[101].

*Sequence correction provided by ONT Research: https://github.com/nanoporetech/medaka
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The presence of four type III effector genes (T3E) has been reported as an indicator
of pathogenicity among Xanthomonas spp.[89-91]. Correspondent protein sequences are

accessible in the database UniProt as indicated in Table 4.2.

TABLE 4.2: T3E accession numbers

T3E gene  accession number  n°of residues
avrBs2 Q3BZNO_XANC5 714
xopF1 Q3BYL8_XANC5 670
xopN K4LAY3_XANOO 621

xopR ~ H6UWS2_XANOO 437

To evaluate the presence of these T3E in our isolates, the protein sequences were
aligned against our isolates transcriptomes. For that, we use Bedtools (version 2.26.0[102])
to get the individual coding regions indicated in PGAP annotations from the assemblies
FASTA files. The alignment was performed with tblastn. The E-value, Bit-score, align-
ment identity and length, as well as the functional annotation of PGAP was taken into
account to infer the presence of a gene. In addition, for each protein, we use transeq from
EMBOSS (version 6.6.0.0 [103]) to translate the nucleotide sequences from the best hit in
each assembly and perform a multiple alignment with TCoffee (version 11.00.8cbe486[104]).

Phylogenetic relations were inferred using three approaches:

e A distance matrix was calculated based on the ANI data;

o Alfpy (calc_word version 1.0.6[105]) was used to compare the genomic sequences

based on the frequency of k-length words, (considered k=3,5,7,9,11,15,20);

e The genes used by BUSCO (highly conserved, single-copy orthologous genes). Con-
sidering that our isolates all belong to Xanthomonas spp. associated with walnut
trees, we presume that they all have been under the similar selective pressure and
therefore compose an adequate record to evaluate divergences among our isolates.
We aligned the 1152 BUSCO proteins for Xanthomonadales in our assemblies using
tblastn and took the nucleotide sequence corresponding to the best hit. Next, we
individually align the genes from all species using TCoffee and concatenate those
alignments to build a phylogenetic tree with RAXML (version 8.2.11 [106]) using the
model GTR + v and a bootstrap value of 500.
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We include two complete genome sequences of Xanthomonas spp. as outgroups in this
phylogenetic analysis. Those sequences, from a X. campestris and a X. citri, are accessible
in the ATCC collection with the identifiers ATCC33913 and ATCC4918, respectively. A
visual representation of the approaches was achieved with Figtree (version 1.4.4 *).

The R package ctc' (version 1.62.0.) was used to convert the distance matrices to phy-

logenetic trees. Consensus trees were generated with the Phylip consense module[107].

4.3 Results and discussion

The results from ONT and Illumina sequencing are available in Appendix E.

De novo complete assemblies

The Unicycler pipeline enabled assemblies in circular contigs for all stains, except
X1567. Samples X237, X367 and X426 have one plasmid each. Representations of as-
semblies graphs, obtained with Bandage, are accessible in Figure D.1 and Figure D.2 in
Appendix D. Unicycler was incapable to resolve the genomic structure of X1567, as repre-
sented in Figure 4.1, resulting in 6 contigs with lengths indicated in Table 4.3. The assem-
bly graph representation in Figure 4.1a shows that most of genome sequence is in a single
contig, and that the second and third longer contigs can be directly linked or have an in-
sertion of 260 bp. The other contigs are inferior to 821 bp. Since the fragmented region is
composed of contigs smaller than an average ONT read we speculated that the Unicycler
inability to resolve the whole structure was related to short reads. Unicycler produces an
INlumina assembly and than uses its contigs and the long reads to produce the complete
hybrid assembly, therefore, the final result may be conditioned by errors in the Illumina
assembly, i.e., the missassemble of short reads can result in artifacts that roughly over-
lap with long reads making impossible to establish the bridges that should link them. A
contiguous circular assembly for the genome of X1567 was achieved from the ONT data
assembled with the pipeline r-flye-m1 (with Flye, Racon and Medaka, see chapter 3 for
more details) and polished with Pilon using Illumina data. The graph representation of
the assembly is presented in Figure 4.1b along the matches with contigs from the Unicy-
cler assembly. Concerning completeness, both assemblies have very similar annotations

as indicated in Table 4.4.

“FigTree: graphical viewer of phylogenetic trees. Rambaut A. 2010
tcte: Cluster and Tree Conversion. Lucas A, Gautier L. 2020
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TABLE 4.3: Contigs length for X1567 assembly from Unicycler.
contig n° 1 2 3 4 5 6
length (bp) || 4997569 106091 16190 821 349 260

26016p,

I
\ . 5121204 bp !
16 1T§,’0-b{ Tg p=s2ilog \
1061051 bp
\ 6flbp \

4,997/569 bp

(A) Unicycler assembly (B) r-flye-m1-pilon assembly

FIGURE 4.1: Assembly graphs highlighting the contiguity of X1567 assemblies.

TABLE 4.4: PGAP annotation for X1567 assemblies.

Features Unicycler r-flye-m1-pilon

Genes (total) 4,361 4,366

CDSs (total) 4,258 4,263

Genes (coding) 4,128 4,128

CDSs (with protein) 4,128 4,128
Genes (RNA) 103 103

rRNAs (55, 16S, 23S) 2,2,2 2,2,2

complete rRNAs (55, 16S, 23S) 2,2,2 2,2,2
tRNAs 53 53
ncRNAs 44 44
Pseudo Genes (total) 130 135
CDSs (without protein) 130 135
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Missing BUSCO genes

The analysis with BUSCO to assess the genetic completeness indicates that some strains

miss the following genes:

28445at135614: BFD-like

14127at135614: Band 7, C-terminal extension

10621at135614: tRNA 2-thiocytidine(32) synthetase TtcA

17339at135614: Methyltransferase

17191at135614: Short-chain dehydrogenase/reductase, conserved site

All the genes missed by BUSCO were detected by PGAP. The PGAP annotation, loca-
tion in the genome and the BUSCO id are indicated in Table 4.5. A possible explanation
for BUSCO not detecting these genes is the divergence between the assembled sequences
and the BUSCO sequences that, for the order Xanthomonadales, are consensus sequences
of two families (Xanthomonadaeceae and Rhodanobacteraceae).

Statistics regarding the structure and genetic content of the assemblies are present in

Table 4.6.



4. ON ASSEMBLING de novo THE GENOMES OF 16 Xanthomonas SPP. ISOLATES

37

TABLE 4.5: PGAP annotation for the missing BUSCO genes.

strain BUSCO id location annotation

X122  28445at135614  661032..661241 (2Fe-2S)-binding protein
14127at135614 1545764..1546903 FtsH protease activity modulator HfIK

X7 28445at135614 4594436..4594645 (2Fe-25S)-binding protein
14127at135614  1328508..1329647 FtsH protease activity modulator HfIK

X367 28445at135614  581829..582038 (2Fe-2S)-binding protein
14127at135614 1314525..1315664 FtsH protease activity modulator HfIK

raz 28445at135614  623421..623630 (2Fe-25)-binding protein
14127at135614 1313144..1314283 FtsH protease activity modulator HfIK

X6 28445at135614  591484..591693 (2Fe-25S)-binding protein
10621at135614  4963579..4964504 tRNA 2-thiocytidine(32) synthetase TtcA

7 28445at135614  4507993..4508202 (2Fe-25S)-binding protein

x554  28445at135614 3215955..3216200 (2Fe-2S)-binding protein
14127at135614 1283101..1284240 FtsH protease activity modulator HfIK

x7el 28445at135614  591491..591700 (2Fe-2S)-binding protein

X765 - - -
14127at135614  1308899..1310038 FtsH protease activity modulator HfIK

X766 28445at135614  617140..617349 (2Fe-2S)-binding protein
14127at135614 3660414..3661553 FtsH protease activity modulator HfIK

X796 17339at135614 4258366..4259433 Methyltransferase
28445at135614  642392..642601 (2Fe-25)-binding protein
10621at135614  203387..204312 tRNA 2-thiocytidine(32) synthetase TtcA

X183 28445at135614  658449..658658 (2Fe-2S)-binding protein

X1494 28445at135614 68435..68926 (2Fe-25S)-binding protein

X1514 - - -
14127at135614 3689195..3690334 FtsH protease activity modulator HfIK

X1567 17339at135614 4296617..4297684 Methyltransferase
28445at135614  637485..637694 (2Fe-2S)-binding protein
17191at135614 2714089..2714592 SDR family NAD(P)-dependent oxidoreductase

X1586 17339at135614 4363064..4364131 Methyltransferase
28445at135614  667517..667726 (2Fe-2S)-binding protein
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Comparative genomics

The samples can be clustered in two groups considering the usual threshold of 95% of
ANI for a species (the average nucleotide identities are provided in Appendix F, Table F.1).
One group contains X122, X1483, X1494, X1567, X1586, X237, X427, X554, X765 and X796,
and the group contains X367, X424, X426, X761 and X766. Interestingly, the groups do not
reflect the hosts and both include strains isolated from Juglans regia and Carya illinoinensis.
From previous studies it is known that X427 is a X. arboricola pv. juglandis and X424 is from
the novel X. euroxanthea [7, 8, 32]. Therefore, as all strains share an ANI superior to 95%
with one of these, an identification could be attributed to all. Henceforth, the acronyms
Xaj and Xe will be used to refer to samples from X. arboricola and X. euroxanthea.

Annotation and alignment statistics for avrBs2 are provided in Table 4.7, the multi-
ple alignment is provided in Appendix F, section F.2. The whole avrBs2 sequence (714
residues long) is aligned with more than 70% identities in Xaj strains. Contrary, only 8%
of the avrBs2 sequence was aligned in Xe strains. This result is explained by the length of
Xe sequences that have approximately half the residues (around 300) than the reference
and Xajs sequences. Nevertheless, PGAP annotation for all Xe strains indicates a glyc-
erophosphodiester phosphodiesterase family protein, which is consistent with the anno-
tation for most Xaj strains. The multiple alignment shows conserved domains among all
strains and major missing regions for all Xe. Thus, the gene avrBs2 should be present in

all strains, but incomplete for Xe.

TABLE 4.7: Annotation and alignment statistics for avrBs2 best hit.

‘ strain  Bit-score E-value length (%) identities (%) annotation

Xaj122 995 <le-10 100 77 avirulence protein

Xaj237 978 <le-10 100 75 glycerophosphodiester phosphodiesterase family protein
Xe367 574 2.8e-9 8 48 glycerophosphodiester phosphodiesterase family protein
Xed24 57.4 2.8e-9 8 48 glycerophosphodiester phosphodiesterase family protein
Xe426 57.8 2.8e-9 8 48 glycerophosphodiester phosphodiesterase family protein
Xaj427 978 <le-10 100 75 glycerophosphodiester phosphodiesterase family protein
Xaj554 978 <le-10 100 75 glycerophosphodiester phosphodiesterase family protein
Xe761 57.8 2.8e-9 8 48 glycerophosphodiester phosphodiesterase family protein
Xaj765 998 <le-10 100 76 glycerophosphodiester phosphodiesterase family protein
Xe766 57.4 2.8e-9 8 48 glycerophosphodiester phosphodiesterase family protein
Xaj796 978 <le-10 100 75 glycerophosphodiester phosphodiesterase family protein
Xaj1483 978 <le-10 100 75 glycerophosphodiester phosphodiesterase family protein
Xaj1494 994 <le-10 100 76 avirulence protein

Xaj1514 998 <le-10 100 76 glycerophosphodiester phosphodiesterase family protein
Xaj1567 978 <le-10 100 75 glycerophosphodiester phosphodiesterase family protein
Xaj1586 1000 <le-10 100 77 avirulence protein
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xopF1 was not found in Xe367, Xe426 and Xe761 but detected in the remaining strains.
Annotation and alignment statistics for xopF1 best hit are present in Table 4.8. For the
multiple alignment see Appendix F, section E.3. The reference sequence (670 residue long)
was completely aligned for most strains with similarities around 67%. The exceptions are
Xe367, that result from not finding a significant alignment, and the strains Xe426 and
Xe761. For these two strains, the best hit aligns 6% in a sequence of around 840 residues
long (annotated as a phosphotransferase). Nevertheless, further investigation is required,
since PGAP annotation is not conclusive and the multiple sequence alignment suggests

the existence of rearrangements among strains, in particular for Xaj237, Xaj427 and Xaj554.

TABLE 4.8: Annotation and alignment statistics for xopF1 best hit.

strain  Bit-score E-value length (%) identities (%) annotation
Xaj122 704 <le-10 100 67 hypothetical protein
Xaj237 684 <le-10 99 67 hypothetical protein
Xe367 NA NA NA NA NA
Xe424 693 <le-10 100 67 hypothetical protein
Xe426 27.7 7.5 6 43 phosphoenolpyruvate-protein phosphotransferase
Xaj427 686 <le-10 99 67 hypothetical protein
Xaj554 686 <le-10 99 67 hypothetical protein
Xe761 27.7 7.4 6 43 phosphoenolpyruvate-protein phosphotransferase
Xaj765 708 <le-10 100 67 hypothetical protein
Xe766 684 <le-10 100 67 hypothetical protein
Xaj796 686 <le-10 99 67 hypothetical protein
Xaj1483 686 <le-10 99 67 hypothetical protein
Xaj1494 703 <le-10 100 68 hypothetical protein
Xaj1514 708 <le-10 100 67 hypothetical protein
Xaj1567 686 <le-10 99 67 hypothetical protein
Xaj1586 701 <le-10 100 68 hypothetical protein

xopN protein was only detected in Xaj237, Xaj427, Xaj554, Xaj796, Xaj1483 and Xaj1567
(statistics from the best alignment are present in Table 4.9), where a significant alignment
was found with almost 70% identity to sequences annotated as T3E (by PGAP). These
sequences have inserted regions that make the alignment longer than the reference se-
quence, therefore the alignment length, calculated as percentage of reference sequence
length, is greater than 100%. Among these six strains there seems to be two lineages,
one for Xaj237, Xaj427 and Xaj554 and another for Xaj796, Xaj1483 and Xaj1567 that are
more similar to the reference as noted in the multiple alignment (see Appendix F, sec-
tion F.4). For the remaining strains, the best hit is annotated as an enzyme involved in

the biosynthesis of histidine. These sequences are shorter (around 200 residues instead of
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the expected 437) and the respective alignments only comprises 25% of the reference in

sequences.
TABLE 4.9: Annotation and alignment statistics for xopN best hit.
‘ strain  Bit-score E-value length (%) identities (%) annotation
Xaj122 30 1.1 25 25 imidazole glycerol phosphate synthase subunit HisH
Xaj237 723 <le-10 132 68 type III secretion system effector protein
Xe367 30.8 0.57 25 25 imidazole glycerol phosphate synthase subunit HisH
Xed24 30.4 0.66 25 25 imidazole glycerol phosphate synthase subunit HisH
Xe4d26 30.4 0.66 25 25 imidazole glycerol phosphate synthase subunit HisH
Xaj427 723 <le-10 132 68 type III secretion system effector protein
Xaj554 723 <le-10 132 68 type III secretion system effector protein
Xe761 30.4 0.65 25 25 imidazole glycerol phosphate synthase subunit HisH
Xaj765 30 1.1 25 25 imidazole glycerol phosphate synthase subunit HisH
Xe766 30.8 0.55 25 25 imidazole glycerol phosphate synthase subunit HisH
Xaj796 723 <le-10 132 68 type III secretion system effector protein
Xaj1483 723 <le-10 132 68 type III secretion system effector protein
Xaj1494 30 1.1 25 25 imidazole glycerol phosphate synthase subunit HisH
Xaj1514 30 1.1 25 25 imidazole glycerol phosphate synthase subunit HisH
Xaj1567 723 <le-10 132 68 type III secretion system effector protein
Xaj1586 27.7 5 25 25 imidazole glycerol phosphate synthase subunit HisH

xopR is present and well conserved among all strains, but diverges considerably from
the reference sequence (see Table 4.10 for alignment statistics and Appendix F,section E.5
for the multiple sequence alignment). Xaj and Xe sequences have less 300 residues than
the reference sequence (720 residues), therefore, alignments length correspond to just 21%
and the identities are inferior than 50%. Nevertheless, PGAP annotates all sequences as a

type III secretion protein.
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TABLE 4.10: Annotation and alignment statistics for xopR best hit.

strain  Bit-score E-value length (%) identities (%) annotation
Xaj122 138 <le-10 21 45 type III secretion protein
Xaj237 139 <le-10 21 45 type III secretion protein
Xe367 144 <le-10 21 46 type III secretion protein
Xe424 141 <le-10 21 45 type III secretion protein
Xe426 139 <le-10 21 45 type III secretion protein
Xaj427 137 <le-10 21 44 type III secretion protein
Xaj554 137 <le-10 21 44 type III secretion protein
Xe761 139 <le-10 21 45 type III secretion protein
Xaj765 140 <le-10 21 45 type III secretion protein
Xe766 145 <le-10 21 46 type III secretion protein
Xaj796 139 <le-10 21 45 type III secretion protein
Xaj1483 137 <le-10 21 44 type III secretion protein
Xaj1494 138 <le-10 21 45 type III secretion protein
Xaj1514 140 <le-10 21 45 type III secretion protein
Xaj1567 139 <le-10 21 45 type III secretion protein
Xaj1586 139 <le-10 21 45 type III secretion protein

A complete set of T3E suggests that a given strain is pathogenic. As Xe424 has con-
firmed pathogenicity hence other strains sharing the T3E pattern are presumably pathogens
too. Contrary, Xe367 is confirmed as non-pathogen and thus, all strains with its pattern
should be commensal[7].

Figure 4.2 depicts the consensus tree of the three approaches. Individual trees based
on the ANI, the BUSCO genes and the the k-mer frequencies are represented in Figure G.1,
Figure G.2 and Figure G.3 in Appendix G.
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FIGURE 4.2: Species, host, presence of T3E and consensus phylogeny tree for the sixteen
isolates.

4.4 Conclusion

Numerous whole-genome sequences of walnut-associated Xanthomonas arboricola are
currently available at the NCBI Genome Resources, providing a valuable pangenome pat-
rimony to scrutinize putative pathoadaptations. However, most of these genomes are
composed of variable numbers of contigs or scaffolds, making difficult to link their ge-
nomic landscape with specific pathoadaptations using comparative genomics analysis.
Therefore, it is not surprising the efforts that are being made to obtain complete circu-
lar genome sequences in a single contig through hybrid assembly of Illumina short-reads
and ONT long-reads. In fact, hybrid assemblies led to high quality genomes, regarding
genome contiguity, completeness and accuracy.

From previous results (see chapter 3) we determined that the Unicycler approach to
assemble long and short reads was most likely to result in contiguous assemblies. On the
contrary, in this chapter, we observed the inability of Unicycler pipeline to obtain the cir-
cular chromosomal sequence in a single contig using both Illumina short-reads an ONT
long-reads for one (X1567) of the sixteen strains analysed in this study. The hybrid assem-
bling obtained with Unicycler for strain X1567, resulted in six contigs, that we hypothesize
to be due to misassemblies in the short reads leading to assembling artifacts.

In order to assess the genomic contents, i.e. completeness, each of the sixteen Xan-
thomonas genomes sequenced were analyzed using BUSCO. Although BUSCO revealed
the absence of five genes, these genes were retrieved by PGAP, suggesting that the no

gene losses occurred during the assembling.
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The clustering genomics analysis of the sixteen xanthomonads genomes confirmed
the existence of two distinct species, with five strains belonging to the recently proposed
species Xanthomonas euroxanthea [8], while the remaining eleven strains belong to Xan-
thomonas arboricola pv. juglandis. The three putative non-pathogenic strains (Xe367, Xe426,
Xe761) are all X. euroxanthea, but two were isolated in Juglans regia (Xe367 and Xe426) and
one in Carya illinoinensis (Xe761). This data further suggests that the dendogram clusters
do not reflect host specificity neither putative pathogenicity, indicating that these traits
are likely linked to genetic determinants transversal to both Xanthomonas species.

The screening of four type III effectors (T3Es) acknowledged as important determi-
nants of virulence and pathogenicity in Xanthomonas, revealed interesting differences. In
fact, while xopR was observed to be present in all the sixteen genomes, which include both
pathogenic and non-pathogenic strains [8] , the other three T3E revealed a heterogeneous
pattern. xopN was absent from the five Xe strains and some of the Xaj strains, suggesting
that is not essential for pathogenicity. On the contrary, xopF1 was present in the eleven
Xaj and in two Xe strains, including strain Xe424 which was shown to be pathogenic, but
absent in the remaining three Xe which include the non-pathogenic strain Xe367. Regard-
ing the T3E avrBs2, the results reveal that although gene homologs have been retrieved in
the 16 genomes, there are striking differences between Xe and Xaj characterized by major
and consistent deletions in the avrBs2 gene sequences in Xe strains comparatively to Xaj.
Taken together, the distinct profiles of these T3E in Xe and Xaj, call for functional genetic

studies that may definitively address their importance for pathogenicity and virulence.



Chapter 5

Conclusion

An objective of this work was to optimize a pipeline to assemble bacterial genomes
from long reads. The pipeline defined assemble reads with Flye and correct the draft as-
semblies with one iteration of Racon and Medaka. It results in contiguous assemblies,
with few (and often one) contig for each chromosome/plasmid. Although these assem-
blies are less accurate and less complete than assemblies from short reads, the complete-
ness achieved from the accurate basecalling is around 90%. Thus, we can conclude that
long read assemblies can recover most the genomic repertoire and enable insights in struc-
tural rearrangements involved in bacterial adaptation processes.

The use of Illumina reads to polish ONT assemblies with Pilon, effectively improve ac-
curacy and completeness, yet, that approach has no impact in the genome contiguity, that
remains the same originated by the long reads assembly. This could be enhanced using the
Unicycler pipeline to assemble ONT long reads and Illumina short reads, which resulted
in high quality assemblies, regarding accuracy, completeness and contiguity. For Xaj1567,
Unicycler was unable to resolve the whole genome, presumably due to a misassemble
of short reads, hence, for that strain we assembled just the long reads with the pipeline
mentioned above and polished the draft assembly with Illumina reads. In the end, six-
teen assemblies with circular chromosomes and plasmids were obtained. This data will
enrich the public collection of Xanthomonas spp. genomes, with complete assemblies of X.
arboricola and the first complete assemblies of X. euroxanthea.

The phylogenies of these strains did not reflect host specialization, and the genomic
determinants of pathogenicity and virulence remain an open question. As the epiphytic
and endophytic bacteria consortia colonizing a host may include populations of pathogenic

and non-pathogenic bacteria, genomic approaches supported by these assemblies, may
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help to unveil genetic trade-offs and clarify the role played by the different members of
the bacteria consortia during a disease process. Well known virulence determinants, such
as the type III effector, coded by avrBs2, has been observed to vary considerably between
Xe and Xaj, which biological meaning is still unknown. Lastly, plasmids are not usual in
walnut-associated Xanthomonas, thus its existence in Xaj237, Xe367 and Xe426 should be
experimentally assessed, and its content ascertained.

In sum, this work comprises a basis for further genomic studies addressing the paradigm
of walnut diseases emerging from Xanthomonas populations. We conclude that long read
sequencing methodologies can recover most of a bacterial genetic patrimony and promote
whole genome assemblies in contiguous sequences. Furthermore, due to the portability
of MinlON device, long reads are a promising asset to detect and identify bacteria on the

field, in real time and without the traditional succession of cultures in the laboratory.



Appendix A

Analysis details on assembling reads

from the accurate basecalling model

— Impact of the preprocessing choices in the assembled genomes

Mann-Whitney U tests (¢ < 0.01):

e raw reads
HO: overall score{raw} = overall score{corrected, corrected + trimmed}

H1: overall score{raw} # overall score{corrected, corrected + trimmed}

W = 856.5, p = 0.36

e corrected reads
HO: overall score{corrected} = overall score{raw, corrected + trimmed}

H1: overall score{corrected} # overall score{raw, corrected + trimmed}

W =1226.5,p = 0.50

e corrected+trimmed reads
HO: overall score{corrected + trimmed} = overall score{raw, corrected}

H1: overall score{corrected + trimmed} # overall score{raw, corrected }

W =1157,p = 0.87
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— Which assembler performs better?

Mann-Whitney U tests (« < 0.01):

e Canu
HO: overall score{Canu} = overall score{ Miniasm, Wtdbg2, Flye}
H1: overall score{Canu} # overall score{ Miniasm, Wtdbg2, Flye}

W =844.5,p = 0.30

e Miniasm
HO: overall score{ Miniasm} = overall score{Canu, Wtdbg2, Flye}
H1: overall score{ Miniasm} # overall score{Canu, Wtdbg2, Flye}

W = 11095, p = 0.28

e Wtdbg2
HO: overall score{Wtdbg2} = overall score{ Canu, Miniasm, Flye}
H1: overall score{ Wtdbg2} # overall score{Canu, Miniasm, Flye}

W =1096.5,p = 0.33

o Flye
HO: overall score{Flye} = overall score{Canu, Miniasm, Wtdbg2}
H1: overall score{Flye} # overall score{Canu, Miniasm, Wtdbg2}

W =594.5, p = 0.0030

As pipelines with Flye had a different average overall score, we repeated a Mann-
Whitney U test for one side and verified, above the 99% confidence level, that its
overall score is inferior, i.e., Flye performed significantly better than the other as-

semblies.

HO: overall score{Flye} > overall score{Canu, Miniasm, Wtdbg2}
H1: overall score{Flye} < overall score{Canu, Miniasm, Wtdbg2}

W = 5945, p = 0.0015
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— Impact of improving draft assemblies

Mann-Whitney U test (x < 0.01):
HO: overall score{with improvement} > overall score{without improvement}

H1: overall score{with improvement} < overall score{without improvement}
W =922,p=55x10"7

Performing a Wilcoxon signed rank test (v < 0.01) we verify that pipelines with
Medaka had lower scores than the equivalent ones with just Racon, this evidence is rep-
resented in Figure 3.4e.

HO: overall score{ Racon + Medaka} > overall score{Racon}

H1: overall score{ Racon + Medaka} < overall score{Racon}

V =990,p =39 x107°

— How many Racon corrections should we perform?

There was no significant difference in running Racon more than once before Medaka.

Mann-Whitney U tests (¢ < 0.01):

e 1literation
HO: overall score{literation} = overall score{1,2,4iterations}

H1: overall score{1literation} # overall score{1,2,4iterations}

W =2425,p = 0.10

e 2 iterations
HO: overall score{2iterations} = overall score{1,3,4iterations}

H1: overall score{2iterations} # overall score{1,3, 4iterations}

W =189,p = 0.85

e 3iterations
HO: overall score{3iterations} = overall score{1,2,4iterations}

H1: overall score{3iterations} # overall score{1,2, 4iterations}

W =144,p = 0.32
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e 4 iterations
HO: overall score{4iterations} = overall score{1, 2, 3iterations}

H1: overall score{4iterations} # overall score{1, 2, 3iterations}

W =150.5,p = 0.41

What is the best pipeline?

In Table A.1 are listed the individual scores of the 10 best pipelines for each strain. In
general, pipelines that assembled raw reads with Flye combined with Racon and Medaka

performed better.

TABLE A.1: Top 10 pipelines per strain.

X367 score X426 score X427 score
t-canu-m4 14 r-flye-m1 13 r-wtdbg2-m4 17
t-flye-m1 19 r-flye-m2 13 r-wtdbg2-m2 20
t-canu-m3 21 r-flye-m4 14 r-wtdbg2-m3 25
t-canu-m2 23 r-flye-m3 23 r-flye-m1 28
r-flye-m1 24 c-flye-m3 27 r-flye-m4 32
t-flye-m3 24 c-flye-m1 31 c-wtdbg2-m1 33
c-flye-m1 28 c-flye-m2 31 r-flye-m3 34
r-flye-m2 29 c-miniasm-m4 38 r-flye-m2 35
r-miniasm-m4 30 t-miniasm-m2 39 c-wtdbg2-m4 36
c-flye-m4 31 c-miniasm-m3 43 || c-wtdbg2-m3 38




Appendix B

Assembling reads from the fast
basecalling model and basecalling

models comparison

The fast basecalling mode resulted in more reads and bases than the accurate mode,
yet, its reads are shorter and have an inferior quality (a phred quality score around 11.1,
corresponding to an error probability of 7.8%) than the accurate basecalled reads (a quality
score around 11.8, corresponding to an error probability of 6.6%). The N50 for all ONT
datasets indicates that half the bases sequenced are in reads longer than 10,000 bases (see

Table B.1).

TABLE B.1: ONT sequencing data statistics.

strain dataset  n°of reads meanlength mean quality N50 coverage
ONT (fast) 24,826 5,571 11.0 13,082 27
X367 ONT (acc) 18,857 6,386 11.8 14,257 24
ONT (fast) 25,187 5,364 11.1 10,015 27
Xz ONT (acc) 19,997 5,895 11.9 10,553 23
ONT (fast) 16,589 5,980 11.1 12,894 19
e ONT (acc) 14,302 6,358 11.8 13,332 18
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The number of reads, mean read length and mean read quality are represented for

both ONT and the Illumina datasets in Figure B.1.
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FIGURE B.1: Yield, reads length and quality for ONT and Illumina data.

The values distribution for the different variables considered are presented in Fig-
ure B.2, and are similar to accurate basecalling ones. BUSCO-score, single nucleotide
differences regarding a reference assembly and number of differences in core genes, have
similar, slightly skewed distributions, for the three samples, with worst performances for
X427. Most pipelines produced assemblies containing all core genes and most BUSCO'’s,
yet, there is a notorious skewness for X427. For the variables related to the housekeeping

genes, all assemblies contained the seven housekeeping genes.
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— Impact of the preprocessing choices in the assembled genomes

Preprocessing reads do not significantly impact the pipelines performance (see Fig-
ure B.3b)
Mann-Whitney U test (« < 0.01):

e raw reads
HO: overall score{raw} = overall score{corrected, corrected + trimmed}

H1: overall score{raw} # overall score{corrected, corrected + trimmed}

W = 906.5,p = 0.61

e corrected reads
HO: overall score{corrected} = overall score{raw, corrected + trimmed}

H1: overall score{corrected} # overall score{raw, corrected + trimmed}

W =1209,p = 0.59

e corrected+trimmed reads
HO: overall score{corrected + trimmed} = overall score{raw, corrected }

H1: overall score{corrected + trimmed} # overall score{raw, corrected}

W = 1124.5,p = 0.95

— Which assembler performs better?

Pipelines with Flye have significantly inferior overall score (see B.3c).

Mann-Whitney U tests (¢ < 0.01):

e Canu
HO: overall score{Canu} = overall score{ Miniasm, Wtdbg2, Flye}
H1: overall score{Canu} # overall score{ Miniasm, Wtdbg2, Flye}

W =572,p = 0.52

e Miniasm

HO: overall score{ Miniasm} = overall score{Canu, Wtdbg2, Flye}
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H1: overall score{ Miniasm} # overall score{Canu, Wtdbg2, Flye}

W = 1304, p = 0.009

e Witdbg2
HO: overall score{ Wtdbg2} = overall score{Canu, Miniasm, Flye}
H1: overall score{ Wtdbg2} # overall score{Canu, Miniasm, Flye}

W =800,p = 0.98

o Flye
HO: overall score{Flye} = overall score{Canu, Miniasm, Wtdbg2}
H1: overall score{ Flye} # overall score{Canu, Miniasm, Wtdbg2}

W =969, p = 0.002

As pipelines with Flye and Miniasm had a different average overall score, we re-

peated a Mann-Whitney U test for one side.

HO: overallscore{Flye} > overallscore{ Canu, Miniasm, Wtdbg2}
H1: overallscore{Flye} < overallscore{Canu, Miniasm, Wtdbg2}

W =572, p = 0.0008

HO: overallscore{ Miniasm} > overallscore{Canu, Wtdbg2, Flye}
H1: overallscore{ Miniasm} < overallscore{Canu, Wtdbg2, Flye}

W = 1304, p = 0.99

— Impact of improving draft assemblies

Improving assemblies (with Racon and/or Medaka) led to overall scores signficantly
inferior (see Figure B.3d).

Mann-Whitney U test (« < 0.01):

HO: overallscore{withoutimprovement} > overallscore{withimprovement}

H1: overallscore{withimprovement} < overallscore{withoutimprovement}

W =0922,p=55x10"
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Running Medaka after Racon also results in significantly lower overall scores (see Fig-
ure B.3e).

Wilcoxon signed rank test: a < 0.01

HO: overall score{ Racon + Medaka} > overall score{ Racon}

H1: overall score{ Racon + Medaka} < overall score{Racon}
V =990,p =39 x 107°

There is also no significant difference in the overall score due to the number of Racon
iterations before Medaka. This is represented in Figure B.3f.

Mann-Whitney U tests (« < 0.01):

e 1 iteration
HO: overall score{1literation} = overall score{1,2,4iterations}

H1: overall score{literation} # overall score{1,2,4iterations}

W =240.5,p =0.11

e 2 iterations
HO: overall score{2iterations} = overall score{1,3, 4iterations}

H1: overall score{2iterations} # overall score{1,3,4iterations}

W=181,p=1

e 3iterations
HO: overall score{3iterations} = overall score{1, 2, 4iterations}

H1: overall score{3iterations} # overall score{1,2, 4iterations}

W =172.5,p = 0.82

e 4 iterations
HO: overall score{4iterations} = overall score{1,2, 3iterations}

H1: overall score{4iterations} # overall score{1,2, 3iterations}

W =132,p =0.18
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Basecallings comparison

Considering the BUSCO-score, assemblies from reads basecalled with the accurate
model resulted in genomes with higher completeness, as represented in Figure B.4, where
is evident that all pipelines had an higher BUSCO-score for the accurate mode. It is sup-
ported by the following Wilcoxon signed rank test (x < 0.01):

HO0:BUSCO — score{ fast} > BUSCO — score{accurate}

H1:BUSCO — score{ fast} < BUSCO — score{accurate}

V =44252,p <22 x 1071
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FIGURE B.4: BUSCO-score according to the basecalling mode.

Furthermore, beside the evidence that an accurate basecalling led to completer assem-
blies, an high and positive Pearson’s correlation coefficient (0 = 0.96) indicates that, for
BUSCO-score, the relative performance of the pipelines is similar for both basecallings. To
generalize this last assumption, we calculated the Pearson’s correlation coefficient for the
ranks of the overall score and obtained a p = 0.97. This result proves that the pipelines
are ranked in similar order, regarding the overall score, and thus, we can have confidence
that a pipeline that performed well (or poorly) for a dataset from one basecalling will have

a similar performance for a dataset from the other basecalling too.
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What is the best pipeline?

Over all samples, for accurate basecalled reads the best pipeline was r-flye-m1, and for
fast basecalled reads was r-flye-m4. When considering the performances for both base-

callings, as listed on Table B.2, r-flye-m1 is elected as the best pipeline.

TABLE B.2: Top 10 pipelines for both basecallings.

pipelines overall score (fast) overall score (accurate) combined score
r-flye-m1 43 65 108
r-flye-m2 39 77 116
r-flye-m4 37 83 120
r-flye-m3 50 92 142
r-wtdbg2-m4 93 143 236
c-flye-m1 112 125 237
t-canu-m4 113 131 244
c-flye-m4 105 155 260
t-flye-m1 131 133 264
c-flye-m2 126 145 271

In Table B.3 we present some statistics for r-flye-m1 assemblies. The number of con-
tigs is small and equal in each strain, and the assembly length and N50 are very similar,
which demonstrates the advantage of ONT reads to achieve contiguous assemblies. In-
terestingly, a few more genes are detected for assemblies from fast basecalled reads, in
spite of its inferior accuracy per base, as the QUAL indicates. Statistics from BUSCO
show that accurate basecalled reads result in completer assemblies with more complete

and less fragmented genes than fast basecalled reads.

TABLE B.3: Statistics for assemblies from r-flye-m1.

assembly Guppy model length n°contigs  N50  QUAL n°genes C F M

X367 fast 4969962 4 4924060 54 4216 89.1 6.6 43
X367 accurate 4971547 4 4924476 56 4210 914 49 37
X426 fast 4900888 2 4883520 53 4,188 882 72 46
X426 accurate 4901420 2 4884048 56 4,175 912 55 33
X427 fast 5228245 3 5228245 49 4521 795 105 10.0
X427 accurate 5224511 3 4915292 50 4520 864 60 76







Appendix C

On sequencing depth for hybrid

assemblies

The simulations to estimate the minimum coverage from Illumina necessary to achieve
a complete genome, i.e., a BUSCO-score of 100 are represented in Figure C.1a and the
correspondent linear regression in equation (C.1) where B denotes the BUSCO-score and
I the Illumina coverage. We estimate that to achieve a BUSCO-score of 100 it is required
a 159x coverage of Illumina data, when looking into the data, all assemblies with more
than 30x coverage resulted in the maximum Busco-score observed. The estimations for
the minimum coverage necessary from ONT to achieve the ideal structure is represented
in Figure C.1b and the correspondent linear regression in equation (C.2), where E denotes
the number of extra-contigs and M the ONT coverage. We estimate that the minimum
ONT coverage to achieve a contiguous assembly should be 16x, when looking into the

data, all assemblies with more than 11x coverage result in contiguous structures.

X367 X426 X427 X367 X426 *427

100 ///

40

BUSCO-score
g
n2 extra contigs

0 50 100 150

0 5 10 15 20 25
lllumina coverage

ONT coverage

(A) The impact of Illumina sequencing depth. (B) The impact of MinION sequencing depth.

FIGURE C.1: Sequencing depths to achieve contiguous and complete assemblies.
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ON ASSEMBLING BACTERIAL GENOMES FROM LONG READS: A CASE STUDY IN

62 WALNUT-ASSOCIATED Xanthomonas SPP.
B =9761+0.015] & B =100 = C~ 159 (C.1)
E=1779—-108M < E=0 — C=16 (C.2)

Considering the limits determined above we performed assemblies varying both the
[llumina and ONT coverages. As mentioned, a coverage of Illumina superior to 30x re-
sults in the maximum BUSCO-score observed, yet, we could not define a region where
all assemblies have a complete structure with circular contigs. This is represented in Fig-
ure C.2 where is suggested that optimal results are just achieved for coverages superior
to 18x for MinION and around 400x for Illumina and, we can observe that increasing cov-
erage do not always lead to a better structure. Therefore, this study is a preliminary, but

insufficient, step to reasonably propose a limit of coverage.
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FIGURE C.2: Assemblies contiguity for different coverage of Illumina and ONT.



Appendix D

Assembly graphs

4923%18 bp

45(231-!;.:

1 9(45',4,bp

(A) X237 (B) X367

(C) X426

FIGURE D.1: Assembly graphs representation for strains with plasmids.
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64 WALNUT-ASSOCIATED Xanthomonas SPP.

(A) X122 (B) X424 (C) X427

(D) X554 (E) X761 (F) X765

(G) X766 (H) X796 (1) X1483

(7) X1494 (K) X1514 (L) X1586

FIGURE D.2: Assembly graphs representation.



Appendix E

Sequencing data for Xanthomonas

spp. isolates

The statistics for the ONT and Illumina datasets are present in Table E.1 and Table E.2.
The mean quality is indicated in a phred-scale and the coverage was estimated consider-
ing a total genome size of 5M bp. Regarding the ONT data, the dataset name identifies
the run and the Guppy version (v3.4.1 or v4.0.14). ONT datasets quality ranges from 11.3
to 13.2, in a phred scale, that correspond to error rates between 7.4% and 4.8%. Illumina
datasets minimum coverage is 392x with pair-end reads of 2 x 151 bp and a mean quality

score superior than 29, which implies an error probability below 0.1%.
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WALNUT-ASSOCIATED Xanthomonas SPP.

TABLE E.1: [llumina sequencing data statistics.

strain n°of reads meanlength mean quality coverage
X122 18,149,031 2x 151 33.0 1096
X237 10,003,841 2x151 329 604
X367 8,413,466 2x151 29.3 508
X424 8,701,514 2x 151 29.0 525
X426 6,494,807 2x151 28.8 392
X427 7,562,695 2x 151 29.3 456
X554 17,448,616 2x 151 32.6 1053
X761 10,085,534 2x151 33.0 609
X765 18,456,463 2x 151 33.2 1114
X766 10,080,212 2x151 33.0 608
X796 10,714,224 2x151 33.2 647
X1483 18,295,142 2x 151 33.3 1105
X1494 10,303,786 2x 151 329 622
X1514 10,684,250 2x151 33.0 645
X1567 10,937,504 2x151 32.9 660
X1586 18,310,688 2x151 334 1105




. SEQUENCING DATA FOR Xanthomonas SPP. ISOLATES

TABLE E.2: ONT sequencing data statistics.

strain dataset n°of reads meanlength mean quality N50 coverage
ONT r21v3 11,619 5,999 12.2 13,563 13
K2 ONT r22v3 6,389 4,815 11.4 10,716 6
ONT r21v3 7,443 6,672 12.1 14,550 9
e ONT r22v3 4,139 5,541 11.4 12,067 4
X367 ONT r16v3 18,857 6,386 11.8 14,257 24
X424 ONT r31v4 15,263 6,401 11.7 12,236 19
X426  ONT r16v3 19,997 5,895 11.9 10,553 23
X427  ONT r16v3 14,302 6,358 11.8 13,332 18
ONT r21v4 31,604 6,599 13.2 13,472 41
X554  ONT r22v4 31,534 4,963 12.6 12,308 31
ONT r31v4 14,265 6,151 11.5 10,896 17
ONT r21v3 13,979 5,832 12.2 13,451 16
Kol ONT r22v3 7,772 4,796 11.4 10,818 7
ONT r21v4 31,310 7,272 13.1 14,086 45
X765 ONT r22v4 29,845 5,531 12.5 12,979 33
ONT r31v4 12,555 3,647 11.6 6,968 9
ONT r21v3 18,652 5,529 12.2 12,600 20
X766 ONT r22v3 10,002 4,514 11.4 9,983 9
ONT r21v3 14,032 5,617 12.3 12,511 15
X ONT r22v3 7,308 4,735 11.5 10,429 6
ONT r21v4 32,689 8,490 13.2 16,401 55
X1483 ONT r22v4 28,846 6,479 12.7 15,130 37
ONT r31v4 13,998 6,707 11.8 12,920 18
ONT r21v3 4,092 7,014 12.2 15,268 5
X1494
ONT r22v3 2,281 5,745 11.3 13,516 3
x1514 ONT r31v4 32,533 5,523 11.8 10,416 35
x1567 ONT r31v4 13,670 6,867 11.7 13,127 18
ONT r21v4 12,783 7,434 13.2 14,370 19
X1586 ONT r22v4 13,586 5,676 12.5 13,644 15
ONT r31v4 16,048 5,944 11.7 10,664 19







Appendix F

Average nucleotide identities and

T3E alignments

FE1 Average nucleotide identity

TABLE F.1: Average nucleotide identities.

‘ ANI(%) ‘ X122 X1483 X1494 X1514 X1567 X1586 X237 X367 X424 X426 X427 X554 X761 X765 X766 X796 Xca Xci
X122 100 96.6 97.1 97.0 96.7 96.7  96.7 93 929 929 966 966 928 970 929 968 864 87.1
X1483 96.6 100 96.6 96.4 98.2 963 981 931 93 93 100  98.9 93 964 931 983 865 87.1
X1494 971  96.6 100 96.9 96.6 968 965 928 929 928 96.6 966 927 969 928 966 86.2 872
X1514 97 96.4 96.9 100 96.5 96.7 963 931 93.1 93 96.3  96.3 93 100 931 965 863 87.1
X1567 96.7 982 96.6 96.5 100 963 994 931 931 931 982 984 931 964 931 994 862 87.1
X1586 96.7 963 96.8 96.7 96.3 100 963 932 932 933 963 963 932 967 931 964 862 87.1
X237 96.7  98.1 96.5 96.3 99.4 96.3 100 93 93 931 981 981 931 962 931 993 864 87.0
X367 93 93.1 92.8 93.1 93.1 93.2 93 100 979 98 93 93.1 98 93 97.9 93 861 871
X424 92.9 93 92.9 93.1 93.1 93.2 93 97.9 100 98 93 93 98 931 982 93 863 87.1
X426 92.9 93 92.8 93 93.1 933 931 98 98 100  93.1 93 100 93 982 931 863 873
X427 96.6 100 96.6 96.3 98.2 963  98.1 93 93 931 100 989 931 963 931 983 863 869
X554 96.6  98.9 96.6 96.3 98.4 963 981 931 93 93 989 100 931 963 931 986 864 871
X761 92.8 93 92.7 93 93.1 932 931 98 98 100 931 931 100 93 98.2 93 863 871
X765 97 96.4 96.9 100 96.4 96.7  96.2 93 93.1 93 96.3  96.3 93 100 93 9.4 863 87.1
X766 929 931 92.8 93.1 93.1 931 931 979 982 982 931 931 982 93 100 931 863 87.1
X796 96.8 983 96.6 96.5 99.4 964 993 93 93 93.1 983 98.6 93 964 931 100 86.4 872

Xca 864  86.5 86.2 86.3 86.2 862 864 861 863 863 863 864 863 863 863 864 100 85.1
Xci 871 871 87.2 87.1 87.1 87.1 87 871 871 873 869 871 871 871 871 872 851 100
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WALNUT-ASSOCIATED Xanthomonas SPP.

E2 avrBs2 multiple alignment

ref avrbs2
Xajl22
Xaj237
Xe367
Xed24
Xed26
Xaj427
Xaj554
Xe761
Xaj765
XeT766
Xaj796
Xajl483
Xajl494
Xajl514
Xajl567
Xajl586

cons

ref avrbs2
XajT22
Xaj237
Xe367
Xed24
Xed26
Xaj427
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xaj1483
Xaj1494
Xaj1514
Xaj1567
Xaj1586

cons

ref avrbs2
XajT22
Xa3j237
Xe367
Xed24
Xed26
Xaj427
Xa3j554
Xe761
Xaj765
XeT766
Xaj796
Xajl483
Xajl494
Xajl514
Xajl567
Xajl586

cons

ref avrbs2
Xajl22
Xaj237
Xe367
Xed24
Xed26
Xaj427
Xaj554
Xe761
Xaj765
XeT766
Xaj796
Xajl483
Xajl494
Xaj1514
Xajl567
Xajl586

cons

ref avrbs2
XajT22
Xaj237
Xe367
Xed24
Xed26
Xaja27
Xaj554
Xe761
Xaj765
XeT766
Xaj796
Xaj1483
Xajl494
Xaj1514
Xaj1567
Xajl1586

cons

-IGPLOPSIAHT-- ——-AAPALPTHTSAIS
IAPPOPAATPT-— - -TALATPAHTSAIT
-LARLDLFGLLVEVMGHRCATVLI GQPPQRVGA—

—-TALATPAHTSAIT
——-TALATPAHTSAIT
—-TALATPTHTSAIT

PTQVPHMPGNTP--PLRERPRRRAGNMPPLVP——- - ———
PMEVPHPPGGNP--PLRARPRROAAVLPPLVP——— ————
--CIHRLPGGGI---VR--MFCRATIQKPAFAHSRDMRRYV

o % *

-~ LNDSAMTGKPALVALDSEFSEQRLAEVQARQ
- LDDSAMTGKQALVALDGEFSEQRLAEVOAHO
GRPGRGEEFAGALLEDRRIACAVDGGLWR-———QVQFHA
-FALVRGIQ
-FALVRGIO
--FALVRGIQ
. LDDSAMTGROALVALDGEFSEQRLAEVOAHQ

—LDDSAMTGKQALVALDGEFSEQRLVEVQAHQ

ITV-QTLQGKLATHLAQ AGTALKPDSIAARFAAGTLEP
ITL-OAAQOSALAKOLPO-ATPAPKPDSIAARFAAGTLOP
-GM-TARQGAVFQOREQ-FFFGEVGQQAFTGVAKGAG—G
LRQSVAARTVVADELAG-T—-——
LROSVAARTVVADELAG-T-
LRQSVAARTVVADELAG-T—-——
ITL-QARQSALAKQLPQ-ATPAPKPDSIAALFAAGTLOP
ITL-OAAOSALAKOLPO-ATPAPKPDSIAALFAAGTLOP
LROSVAARTVVADELAG-T——————————-—————————
ITL-OAAQSTLAKQLAQEATPAPKPDSTARRFAAGTLOP
LROSVAARTVVADELAG-T—-——
ITL-QARQSALAKQLPQO-ATPAPKPDSIAALFAAGTLOP
ITL-QARQSALAKQLPQ-ATPAPKPDSIAALFAAGTLOP
ITL-OAROSALAKOLPO-ATPAPKPDSIAARFAAGTLOP
ITL-QAAQSTLAKQLAQEATPAPKPDS IAARFAAGTLOP
ITL-QARQSALAKQOLPQO-ATPAPKPDSIAALFAAGTLOP
ITL-QARQSALAKQLAQEATPAPKPDS IAARFAAGTLOP

VYLDTAAFNAMSRGLPARARARAG--PVLIDAQOGRIIF
VYLDTAAFDEMIASLPEHSRARAG--PVLVDAQOGCIVFE
GALDAEGFAAELMHLAEVAPDVIV--LVVVGARQREILV
———————— RAIGNGLEDGNALALGTRCVLLALOQAIVLL
—~RAIGNGLKDGNALALGTRCVLLALOQOAIVLL
—~RAIGNGLEKDGNALALGTRCVLLALOOAIVLL
VYLDTAAFDEMTASLPEHSRAAAG--PVLVDAQOGRIVF
VYLDTAAFDEMTASLPEHSRAAAG--PVLVDAQOGRIVF
******** RAIGNGLKDGNALALGTRCVLLALOQAIVLL
VYLDTAAFDEMTASLPEHSRAAAG--PVLVDAQOGRIVF
———————— RAIGNGLEDGNALALGTRCVLLALOOAIVLL
VYLDTAAFDEMTASLPEHSRAAAG--PVLVDAQOGRIVF
VYLDTAAFDEMTASLPEHSRAAAG--PVLVDAQOGRIVF
VYLDTAAFDEMTASLPEHSRAARAG--PVLVDAQOGHIVF
VYLDTAAFDEMTASLPEHSRAAAG--PVLVDAQOGRIVF
VYLDTAAFDEMTASLPEHSRAAAG--PVLVDAQOGRIVF
VYLDTAAFDEMIASLPEHSRAARAG--PVLVDAQQOGRIVF

* R *n P

ref avrbs2 NLORAFAPGDTFSDAALAALGKQOLNLSGH- -GLATPNWL

XajIZZ DLGHAFAPGDTFSDAACTALRKALDLRAH--GLETPGWL
Xaj237 —-——-—-AVAGRECRLRVGRVGLAQARACQLH--GLARSALL
Xe367 DVDFQRV-GIALP---FDATGRHIDLROHVGGVDRDGMH
Xed24 DVDFQRV-GITLP---FDATGRHIDLROHVGGVDRDGMH
Xed26 DVDFQRV-GIALP---FDATGRHIDLRQHVGGVDRDGMH
Xaj427 DLGHAFAPGDTFSDAARTTLREKALDLRAH--GLETPGWL
Xaj554 DLGHAFAPGDTFSDAARTTLREKALDLRAH--GLETPGWL
XeT61 DVDFQRV-GIALP---FDATGRHIDLROHVGGVDRDGMH
Xaj7e65 DLGHAFAPGDTFSDAACTALRKALDLRAH--GLETPGWL
XeT66 DVDFORV-GITLP---FDATGRHIDLROHVGGVDRDGMH
Xaj796 DLGHAFAPGDTFSDAARTTLRKALDLRAH--GLETPGWL
Xajl4s3 DLGHAFAPGDTFSDAARTTLRKALDLRAH--GLETPGWL
Xajld494 DLDHAFAPGDTFSDAARTALRKALDLRAH--GLETPGWL
Xajls514 DLGHAFAPGDTFSDAACTALREKALDLRAH--GLETPGWL
Xajl567 DLGHAFAPGDTFSDAARTTLREKALDLRAH--GLETPGWL
Xajlssé DLGHAFAPGDTFSDAARTALRKALDLRAH--GLETPGWL
cons . H L H

ref avrbs2
XajT22
Xaj237
Xe367
Xed24
Xed26
Xajd27
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xajl483
Xajl494
Xaj1514
Xaj1567
Xajls586

cons

ref avrbs2 HEVPARDGGAGFFKANDHRLLEGKQVLLR- -
Xaj T22 HEVPARDGGAAFFKPNDHHLVAGKDALLR- -
Xaj237

Xe367
Xed24
Xed26
Xaj427
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xaj1483
Xaj1494
Xaj1514
Xaj1567
Xaj1586

cons -=H

ref avrbs2 QESLVHNHYFEAPSTRAFGKDV—

XajT22 RKELVHDAYFQAPSTRALGKDV—

Xaj237

Xe367

Xed24

Xed26

Xaj427 REELVHDAYFQTPSTRALGKDV—

Xaj554 REELVHDAYFQTPSTRALGKDV—

Xe76l 0 0o————m————————————— KRL

Xaj765 RKELVHDAYFQAPSTRALGKDV

Xe766 = = o ——————————————————o

Xaj796 RKELVBDAYFQTPSTRALGKDV

Xajl483 REKELVHDAYFQTPSTRALGKDV

Xajld494 REELVHDAYFOAPSTRALGKDV

Xajl514 REELVHDAYFQAPSTRALGKDV

Xajlse7 REELVHDAYFOTPSTRALGKDV

Xajlssé REKELVHDTYFQAPSTRALGKDV-

cons : 3 B
ref avrbs2 --------- LFDNHAGIPENSLASIDHAYEQGYRNLELD
XajTZZ ————————— LFDNHAGIPENSLAAIDRAYEHGYRNLELD
Xaj237 RHRLAGV LERV
Xe367

Xed24

Xed26

Xaj427 - —-LFNNHAGIPENSLAAIDRAYEHGYRNLELD
Xaj554 - -LFNNHAGIPENSLAAIDRAYEHGYRNLELD
Xe761 -

Xaj765 -

Xe766 -

Xaj796 - ——LFNNHAGIPENSLAAIDRAYEHGYRNLELD
Xajl483 - -LFNNHAGIPENSLAAIDRAYEHGYRNLELD
Xajld494 - —-LFDNHAGIPENSLAAIDRAYEHGYRNLELD
Xajl514 - -LFDNHAGIPENSLAATIDRAYEHGYRNLELD
Xajlse7 - —-LFNNHAGIPENSLAAIDRAYEHGYRNLELD
Xajlsse = W ---—---—- LFDNHAGIPENSLAAIDRAYEHGYRNLELD

cons
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ref avrbs2
XajI22
Xaj237
Xe367
Xed24
Xed26
Xajd27
Xaj554
XeT61
Xaj765
XeT66
Xaj796
Xaj1483
Xaj1494
Xajl514
Xajl567
Xajl586

cons

ref avrbs2
XajT22
Xaj237
Xe367
Xed24
Xed26
Xajd27
Xaj554
XeT61l
Xaj765
Xe766
Xaj796
Xajl483
Xajl494
Xajl514
Xajl567
Xajl1586

cons

ref avrbs2
XajTI22
Xaj237
Xe367
Xed24
Xed26
Xajd27
Xaj554
XeT6l
Xaj765
XeT766
Xaj796
Xajl483
Xajl494
Xajl514
Xajl567
Xaj1586

cons

ref avrbs2
XajT22
Xaj237
Xe367
Xed24
Xed26
Xajd27
Xaj554
XeT6l
Xaj765
XeT766
Xaj796
Xajl483
Xajl494
Xajl514
Xaj1567
Xajl586

cons

ref avrbs2
XajT22
Xaj237
Xe367
Xed24
Xed26
Xajd427
Xaj554
Xe761
Xaj765
XeT66
Xaj796
Xajl483
Xajl494
Xajl514
Xajl567
Xajl586

cons

VEVSSDGVP- -VLMHDFSIGRMAGDPONRL-VSQVEFAE
VEVSADGVP- -VLMHDFSIGRMTDDPQNRL-VSQVEFAQ
LQRLLEGGNALIGLDEVAVDRVADH--—~--~~ QRHLAQ
- - HAIGRLDVEDQRQLHVVALEVRK
--NAIGRLDVEDOROLHVVALEVRK
- - - - HATGRLDVEDQROLHVVALEVRK
VEVSADGVP- -VLMHDFSIGRMTDDPONRL-VSQVEFAQ
VEVSADGVP- -VLMHDFSIGRMTDDPONRL-VSOVEFAQ
———————————————— HAIGRLDVEDQRQLHVVALPVRK
VEVSADGVP- -VLMHDFSIGRMTDDPQNRL-VSQVEFAQ
———————————————— HAIGRLDVEDOROLHVVALEVRE
VEVSADGVP- -VLMHDFSIGRMTDDPONRL-VSQVEFAQ
VEVSADGVP- -VLMHDFSIGRMTDDPONRL-VSQVPFAQ
VEVSADGVP- -VLMHDFSIGRMTDDPONRL-VSOVEFAQ
VEVSADGVP- -VLMHDFSIGRMTDDPONRL-VSQVEFAQ
VEVSADGVP- -VLMHDFSIGRMTDDPQNRL-VSQVEFAQ
VEVSADGVP- -VLMHDFSIGRMTDDPQNRL - VSQVEFAQ

=t

LREMPL------- VIRNPSDGNYVKTDOTIAGVEQMLEH
LREMPL--—————- VIRNPVDGNFIKTDOSIAAVEQALEH
LRERYLRDOSVLRVVGHAADAEVVHQOHR--HAVGADLHI

-VIRNPVDGNFIKTDOSIAAVEQALEH
-VIRNPVDGNFIKTDOSIAAVEQALEH
-VIRNPVDGNEVEKTDOSIAAVEQALEH
fffffff VIRNFVDGNFIKTDQSIARVEQALEH

* L o*

VLKKPEPMSV-ALDCKENTGEAVAMLLMRRPDLRKAAAT
ALOKPEAMSV-ALDCKEDTGEAVAMLLMRRPDLROGAAL
QFQVAIAVFVSAIDGGQRVFRDAGVVVEQAPVGHHVLAQ

AFQKPEAMSV-ALDCKEDTGEAVAMLLMRRPDLRQGAAIL
AFQKPEAMSV-ALDCKEDTGEAVAMLLMRRPDLROGAAL

AFQKPEAMSV-ALDCKEDTGEAVAMLLMRRFDLROGAATL
AFQKPEAMSV-ALDCKEDTGEAVAMLLMRRFDLRQGAAIL
ALOKPEAMSV-ALDCKEDTGEAVAMLLMRRPDLROGAAL
ALOKPEAMSV-ALDCKEDTGEAVAMLLMRRPDLROGAAL
AFQKPEAMSV-ALDCKEDTGEAVAMLLMRRPDLROGAAI
ALQOKPEAMSV-ALDCKEDTGEAVAMLLMRRFDLROGAAI

KVYA-KYYTGGFDOQFLSNLYKHYQINPLHSQDAPRRAAL
KLYA-KYYTGGFDOFLSNLYKHYOINPLHSODAPRRAAL
RARAGRLEIRVVDELLAVLAQQGVL---AGHOTV-VVAL

KLYA-KYYTGGFDQFLSNLYKHYQINPLYSQODAPRRAAL
KLYA-KYYTGGFDQFLSNLYKHYQINPLYSODAPRRAAL
———————————————————————————— QSLDVGQRQAA
KLYA-KYYTGGFDQFLSNLYKHYQINPLHSQDAPRRAAL

ELYA-KYYTGGFDOFLSNLYKHYQINPLYSQODAPRRAAL
KLYA-KYYTGGFDOFLSNLYKHYQINPLYSQODAPRRAAL
ELYA-KYYTGGFDOFLSNLYKHYOINPLHSODAPRRAAL
KLYA-KYYTGGFDOFLSNLYKHYQINPLHSQDAPRRAAL
ELYA-KYYTGGFDOFLSNLYKHYQINPLYSQODAPRRAAL
ELYA-KYYTGGFDQFLSNLYKHYQINPLHSQDAPRRAAL

*

D---RLLA-KINVVPVLSQGMLNDE -RLRGFFRSNEQGA
D---RLLA-KINVVPVFS A-QOLRDFFPGKDDGP
EERYARVA-RRHLVAVVARGLLOLAPRLRG----R--GR
D---QRVGALVGS----—--—----——-] RVVLGTPDDGI
D---QRVGALVGS-
D---QRVGALVGS
D---RLLA-KINVVPVFSQGMLADA-HLRDFFPGKDDGP
D---RLLA-KINVVPVFSQGMLADA-HLRDFFPGKDDGP

D---QRVGALVGS--—————————-———-— RVVLGTPDDGV
D---RLLA-KINVVEVFSQGMLADA-QLRDFFPGKDDGP
D---QRVGALVGS--———-——-—--——— RVVLGTPDDGI

D---RLLA-KINVVPVFSQGMLADA-HLRDFFPGKDDGP
D---RLLA-KINVVPVFSQGMLADA-HLRDFFPGKDDGP
D---RLLA-KINVVPVFSOGMLADA-OLRDFFPGKDDGP
D---RLLA-KINVVPVFSQGMLADA-QLRDFFPGKDDGP
D---RLLA-KINVVPVFSQGMLADA-HLRDFFPGKDDGP
D---RLLA-KINVVPVFSQGMLADA-QLRDFFPGKDDGP

* *

ref avrbs2
XajT22
Xaj237
Xe367
Xed24
Xed26
Xaj427
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xajl483
Xajl494
Xajl514
Xajl567
Xajl586

cons

ref avrbs2
XajT22
Xaj237
Xe367
Xed24
Xed26
Xajd427
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xajl483
Xajl494
Xajl514
Xajl567
Xajl586

cons

ref avrbs2
XajT22
Xaj237
Xe367
Xed24
Xed26
Xajd27
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xaj1483
Xajl494
Xajl514
Xajl567
Xajl586

cons

ref avrbs2
XajT22
Xaj237
Xe367
Xed24
Xed26
Xajd27
Xaj554
XeT61
Xaj765
Xe766
Xaj796
Xajl483
Xajl4%4
Xajl514
Xajl567
Xajl5se

cons

ref avrbs2
XajT22
Xaj237
Xe367
Xed24
Xed26
Xajd27
Xaj554
Xe761
Xaj765
XeT766
Xaj796
Xaj1483
Xajl1494
Xajl514
Xajl567
Xajl586

cons

AGLADTAMOWLDSWTKMREVIVEAVATDD - SDAGKAMEM
EGLADTAVOWLESWNRMREVIVEAVATDOOSAAGKAMEL
PMGAQIQRLAQCGACGIAEGT

EGLADTAVOWLESWNRMRPVIVEAVPTDQOSAAGKAMEL
EGLADTAVQWLESWNRMRPVIVEAVPTDOOSAAGKAMEL

HVGGA-————————————— PKIEVVAQHRHAVLGHL-—-
EGLAETAVQWLESWNRMRPVIVEAVATDOQSAAGKAMEL
HVGGA--—-—---—————- PKIEVVAQOHRHAVLGHL---

EGLADTAVQWLESWNRMRFVIVEAVPTDQOSAAGKAMEL
EGLADTAVQWLESWNRMRPVIVEAVPTDQOSAAGKAMEL
EGLADTAVOWLESWNRMRPVIVEAVATDOOSAAGKAMEL
EGLAETAVOWLESWNRMRPVIVEAVATDQOSAAGKAMEL
EGLADTAVOWLESWNRMRPVIVEAVPTDQOSAAGKAMEL
EGLADTAVOWLESWNRMRPVIVEAVATDQQOSAAGKAMEL

*

AR-TRMROPDSAYAKAAYSVSYRYEDFSVPRANHDEDYY
TR-TRLROPDSSYAQAAFSSGYRYEDFSLPRANHDEDYY
ARRKRVAQI-------——---—-] EDDAALLRIDQHRAGR

TR-TRLRQPDSSYAQAAFSSSYRYEDFSLPRANHDEDYY
TR-TRLRQPDSSYAQAAFSSSYRYEDFSLPRANHDEDYY

TR-TRLROPDSSYAQAAFSSSYRYEDFSLPRANHDEDYY
TR-TRLROPDSSYAQAAFSSSYRYEDFSLPRANHDEDYY
TR-TRLROPDSSYAQAAFSSGYRYEDFSLPRANHDEDYY
TR-TRLROPDSSYAQAAFSSGYRYEDFSLPRANHDEDYY
TR-TRLROPDSSYAQAAFSSSYRYEDFSLPRANHDEDYY
TR-TRLRQPDSSYAQAAFSSGYRYEDFSLPRANHDEDYY

VYRNFGELOKLTNEAFG----- VERTTAGAFRDDGESLL
VWRNFGEMOKLSGEAFG----- IORTTAGAFRDAGESLL
CTRVLGQAGGHLVERGGVQIHRLORSGGKERRDAV-GLG
-D---VQLDAVHALHVG----- IEHGAAGVFRNRWIARV
-D---VOLDAVHALHVG----- IEHGAAGVFRNRWIARV
-D---VQLDAVHALHVG----- IEHGAAGVFRNRWIARV
VWSNFGEMHEKLSGEAFG-----IKRTTAGAFRDAGESLL
VWSNFGEMHELSGEAFG- - - - -IKRTTAGAFRDAGESLL
-D---VQLDAVHALHVG- - - - - IEHGAAGVFERNRWIARV
VWRNFGEMOKLSGEAFG—---- IQRTTAGAFRDAGESLL
-D---VOLDAVHALHVG----- IEHGAAGVFRNRWIARV
VWSNFGEMHELSGEAFG-----IKRTTAGAFRDAGESLL
VWSNFGEMHEKLSGEAFG-----IKRTTAGAFRDAGESLL
VWRNFGEMOKLSGEAFG-----IQORTTAGAFRDAGESLL
VWRNFGEMOKLSGEAFG-----IQRTTAGAFRDAGESLL
VWSNFGEMHEKLSGEAFG- - - --IKRTTAGAFRDAGESLL
VWRNFGEMOKLSGEAFG----— IQRTTAGAFRDAGESLL
= e =3

TDQPEAELLATLENRALARGHTGNELDVPPETPIDINRD
TDQPEEELLALLENRTLARGHTGMELDLPPETPIDSARD
C---GSGLWQLLGORAL-RGLOGDLVRL----HFGQALL
—————————— FAPQAAVGOHQGIGGEL----VVEDLRE
- -FAPQAAVGOHOGIGGEL----VVEDLRH
——————————— FAPQAAVGQHQGIGGEL----VVEDLRH
TDRPEEELLALLENRTLARGHTGMELDLPPETPIDSARD
TDRPEEELLALLENRTLARGHTGMELDLPPETPIDSARD
——————————— FAPQAAVGQHQGIGGEL----VVEDLRH
TDQPEEELLALLENRTLARGHTGMELDLPPETPIDSARD
——————————— FAPOAAVGOHOGIGGEL----VVEDLRH
TDRPEEELLALLENRTLARGHTGMELDLPPETPIDSARD
TDRPEEELLALLENRTLARGHTGMELDLPPETPIDSARD
TDOPEEELLALLENRTLARGHTGMELDLPPETPIDSARD
TDQPEEELLALLENRTLARGHTGMELDLPPETPIDSARD
TDRPEEELLALLENRTLARGHTGMELDLPPETPIDSARD
TDQPEEELLALLENRTLARGHTGMELDLPPETPIDSARD

*

A--EIVRQRTQQFQASSIPADPNHISAVREGKQHDHTAD
A--AIVEQRTSEFRAASRPADPAHVAAVREGRLLDRSAD
G--ELAVORHQCLLAGHRAVVOWH--QRRHGGLATRACA

LVGGIATG------————————— ‘CRSKLRHGROHGQRAE
LVGSIATG------—-———————- ‘CRSKLRHGROHGORAE
LVGGIATG------————————— ‘CRSKLRHGROHGQHAE

A--AIVEQRTSEFLAASRPADPAHIARVREGRLLDRSAE
A--AIVEQRTSEFLAASRPADPAHIARVREGRLLDRSAE

LVGGIATG-—---—————————— CRSKLRHGROHGQHAE
A--AIVEQRTSEFRAASRPADPAHVAAVREGRLLDRSAD
LVGSIATG------—-————--——— ‘CRSKLRHGROHGORAE

A--AIVEQRTSEFLAASRPADPAHTIAAVREGRLLDRSAE
A--AIVEQRTSEFLAASRPADPAHTARVREGRLLDRSAE
A--AIVOORTSEFRAASRPADPAHVARVREGRLLDRSAE
A--AIVEQRTSEFRAASRPADPAHVARVREGRLLDRSAD
A--AIVEQRTSEFLAASRPADPAHIARVREGRLLDRSAE
A--AIVEQRTSEFRAASRPADPAHVARVREGRLLDRSAD

* *
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ref avrbs2
Xajl22
Xaj237
Xe367
Xed24
Xed26
Xajd27
Xaj554
Xe76l
Xaj765
XeT66
Xaj796
Xaj1483
Xaj1494
Xajl514
Xajl5e67
Xajls58e

cons

ref avrbs2
Xaji22
Xaj237
Xe367
Xed24
Xed26
Xajd27
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xajl4e3
Xajl1494
Xaj1514
Xaj1567
Xaj1586

cons

MVNDPAATRALDKRAKALGLLTDKYRGAPVTHYLNEQAR
HSHDAAAROAVDARADALGRLTDOYRGAPVTHYLNEOAR
QWRVAAWRVRHLHRGDRAGVRRCGQRGGGRGGGLOGSNT
GTG-QGMWNEGGR
- -GTG-OGMWNEGGR
QAR GTG-QGMANEGGR
HPHDAAARQAVDARADTLGRLTDQYRGAPVTHYLNEQAK
HPHDAAARQAVDARADTLGRLTDQYRGAPVTHYLNEOAK

QRAR-- == m—m = o e e - GTG-QGMWNEGGR
HSHDARARQAVDARADALGRLTDQYRGAPVTHYLNEQAK
e GTG-QGMWNEGGR

HPHDARARQAVDARADTLGRLTDQYRGAPVTHYLNEQAK
HPHDAAARQAVDARADTLGRLTDQYRGAPVTHYLNEQAK
HPHDAAAROAVDARADALGRLTDOYRGAPVTOYLNEQAK
HSHDARARQAVDARADALGRLTDQYRGAFVTHYLNEQAK
HPHDARARQAVDARADTLGRLTDQYRGAFVTHYLNEQAK
HSHDARARQAVDARADALGLLTDQYRGAFVTHYLNEQAR

*

QIEPGE
QIEFGE
OIEPGE
QIEPGE
QIEPGE
QIEPGE
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E3 xopF1 multiple alignment

ref xopFl
xajiz2
Xaj237
Xed24
Xed26
Xaj427
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xajl4s3
Xajl494
Xaj1514
Xajl567
Xajl586

cons

ref xopFl
XajT22
Xaj237
Xed24
Xed26
Xajd27
Xaj554
Xe761
Xaj765
XeT66
Xaj796
Xajl4s3
Xaj1494
Xajl514
Xajlse7
Xajl586

cons

ref xopFl
xaji22
Xaj237
Xed24
Xed26
Xaj427
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xaj1483
Xajl494
Xaj1514
Xaj1567
Xajl586

cons

ref xopFl
xajlz2
Xaj237
Xed24
Xed26
Xajd27
Xaj554
Xe761
Xaj765
Xel66
Xaj796
Xajl4s3
Xajl494
Xajl514
Xajlse7
Xaj1586

cons

ref xopFl
XajT22
Xaj237
Xed24
Xed26
Xaj427
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xaj1483
Xajl494
Xajl514
Xaj1567
Xajl586

cons

MKLSSDIGTAASRGAASHPPVOPTQAEDVAARPREERAPT
MKLTSNIGTASSSRSTTSAPAHPTQAEETVTPAQTRSFPP

LARKRLALVOC

HKLS SNIGTSSSGRATAPAPTRPTHAEEAVALPQARVPT
SSPSPAAPVTPELVRLRAHARDKD
-MPERRQP—
-MPERRQF—
SSPSPAAPVTPELVRLRAHARDKD
MKLTSNIGTASSSRSTTSAPAHPTQAEDSVTPAQOTRSPP
MKLSSNIGTSPSGRATSPAPTRPTHAEEAVALPOARVPT
MEKLTSNIGTASSSRATSSAPAYPTQAVDTVIPPQTRSPP
MKLTSNIGTASSSRATSSAPAYPTOAVDTVIPPOTRSPP
MKLTSNIGTASSSRATSSAPAHPTQAEDTVIPPQTRSFPP
MKLTSNIGTASSSRSTTSAPAHPTQAEDSVTPAQTRSPP
MKLTSNIGTASSSRATSSAPAYPTOAVDTVTPPOTRSPP
MKLTSNIGTASSSRATSSAPAHPTQAEDTVITPPQTRSFPP

*

GPLAGL----ASSSAALRGRRASLAGRASPHADEEGAML

GPLAGL----PSSGPVLRGRRAFVARRVTITDASHAESSH
DAIAQAAQLLVAAGCVAPGYDASMRRREGLAN--TFLGH
-GOVV-ARYAREHRRLPGVQ-

G-Wi = VV-ARYAAEHRRLPGVO-

DA IAQAAQLLVAAGCVAPGYDASMRRREGLAN --TFLGH
GPLAGL-----SSGPVLRGRRAPLSRRVTAGTTQAESSH
GPLAGL-———--SSGPVLRGRRAPLSPRVTAGTTQAESSH
GPLAGL-----SSGPVLRGRRAPLSRRVTAGTTOAESSH
GLLAGL-----SSGPVLRGRRAPLSRRVTAGTTQAESSH

* *

GGSHRSDSS-QSSQA---SDATFYTAQVVSPAREIDTPD
GASHRSESS-0QSSHSSELTDASFHTAQASPTPSVVDEPQ
GVDGRNRDGLRVDLRAEFLOGIMOSDRLRPRCRREKRLFPL
GASHRSESS-QSSHSSESTDAAFYTPYVSPASSVVDEPH
GLAIPHGVG-EDRHLVRRDG-——————-————— IAVLOLFPE
GVDGRNRDGLEVDLRAEFLOGIMOSDRLRPRCRRKRLPL
GVDGRNRDGLRVDLRAEFLOGIMOSDRLRPRCRRERLFL
GLAIPHGVG-EDRHLVRRDG-——————————— IAVLOLPE
GASHRSESS-QSSHSSELTDASFHTAQASPTSSVVDEPQ
GASHRSESS-QSSHSSESTDAAFYTPYVSPASSVVDEFPH
GASHRSESS-0SSHSSELTDASFHSAOAGPTPSVVDEPO
GASHRSESS-QSSHSSELTDASFHSAQAGPTPSVVDEPQ
CASQRPESS-QSSHSSELTDASFHTAQASPTSSVVDEPQ
GASHRSESS-QSSHSSELTDASFHTAQASPTSSVVDEPQ
GASHRSESS-QSSHSSELTDASFHSAQAGPTFPSVVDEPQ
GASQRSESS-QSSHSSELTDASFHTAQASPTSSVVDEPQ

*

VP---AARATYAERSTAARAEVEAQLRARLDALPFAAPS

SP---AAGTTHAORSASAAAELKAOLRARLVDLPFAAPS
AP---AAATTHAQRSASARAELKAQLRARLVDLPFAAPS

*

EEOTALOASYLEWA- - ----DARVOERI-
EDQEALQAAYLEWA - - ----DARVQERI-
TGDGALMAGRSDGTLLIKPRRLGGVGAVLGLERIFDRIV
EEQEALQAAYLEWA - -~~~ -DARVDERI-

Q-LEA--
TGDGALMAGRSDGTLLIKPRRLGGVGAVLGLERIFDRIV
TGDGALMAGRSDGTLLIKPRRLGGVGAVLGLERIPDRIV

--DARVQERV-
--DARVDERI-
DARVQERI-
DARVQERI-

EEOEALOARYLEWA - - DARVOERI-
EEQEALQAAYLEWA - - ----DARVQERV—
KEQEALQAAYLEWA- - ----DARVQERI-
EEQEALQAARYLEWA - - ----DARVQERI-

*

ref xopFl
XajT22
Xaj237
Xed24
Xed26
Xaj427
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xaj1483
Xaj1494
Xajl514
Xaj1567
Xaj1586

cons

ref xopFl
xajT22
Xaj237
Xed24
Xed26
Xaj427
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xaj1483
Xajl494
Xajl514
Xajl567
Xajl586

cons

ref xopFl
XajT22
xaj237
Xed24
Xed26
Xaj427
Xaj554
XeT61
Xaj765
XeT66
Xaj796
Xaj1483
Xaj1494
Xajl514
Xajl567
Xajl586

cons

ref xopFl
xajT22
Xaj237
Xed24
Xed26
Xajd27
Xaj554
Xe761
Xaj765
XeT66
Xaj796
Xaj1483
Xaj1494
Xajl514
Xajl567
Xajl586

cons

ref xopFl
xajT22
Xaj237
Xed24
Xed26
Xaj427
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xaj1l483
Xaj1494
Xajl514
Xajl567
Xajl586

cons

-NAFGP-DAGYQAVGDMKTAGTKAR
—AAFGP-DAGYQIAGDMKTAGAKAR
EQGLHRLLYDRSGGVGGI’AC NAAVCIAT-TQGRGDQAA
-AAFGP-DAGYQIVGDMKTAGAKARA

EQGLHRLLYDRSGGVGGFAC-NAAVCIAT-TQGRGDQAR
EQGLHRLLYDRSGGVGGFAC-NAAVCIAT-TQGRGDQAA

-ARFGP-DAGYQIAGDMKTAGAKAR
—~AAFGP-DAGYQIAGDMKTAGAKAA
—-AAFGP-DAGYQIAGDMKTAGAKAR
—~AAFGP-DAGYQIAGDMKTAGAKAR

*

LPIAYECLRSFIIGAMRIPVGLATGAAYASRRPADAEEL
WPIAYECLRAFIIGSMRTPFGLAAGAAYDGARAPGSETL
CPERGE--—--—-~ VGOOVAEHVTAQHIARSGNRVGGAQGL
WPIAYECLRAFVIGSMRTPFG YDGARAPGSETL
IVAALTGDRAFDSSAA
-VGOOVAEHVTRAQOHIARSGNRVGGAQGL
-VGQOVAEHVTAQHIARSGNRVGGAQGL

IVAALTGDRAFDSSAA
WPIAYECLRAFIIGSMRTPFGLAAGAAYDGARAPGSETL
WPIAYECLRAFVIGSMRTPFGLAAGAAYDGARAPGSETL
WPIAYECLRALIIGSMRTPFGLAAGAAYDGARAPGSETL
WPIAYECLRALIIGSMRTPFGLAAGAAYDGARAPGSETL
WPIAYECLRAFIIGSMRTPFGLAAGAAYDGARAPGSETL
WPIAYECLRAFIIGSMRTPFGLAAGAAYDGARAPGSETL
WPIAYECLRALIIGSMRTPFGLAAGAAYDGARAPGSETL
WPIAYECLRAFIIGSMRTPFGLAAGAAYDGARAPGSETL

* *

STAMVAGVAAGSASYTSDTLLIPAM- -
STTTLSGAVAGLMSYTSDTLLIPAM-

OR
STTTLSGTVAGLMSYTSDTLLIP: —-DRRARVA
PhTDmSmTIWPSGLHhRPATRmTARGFSARAQ

PhTDmSmTIWPSGmRPATRmTARGFSARAQ

STTTLSGAVAGLMSYTSDTLLIP: -DRRARVA
STTTLSGTVAGLMSYTSDTLLIP: ~DRRARVA
STTTLSGAVAGLMSYTSDTLLIPAM- - -DRRARVA
STTTLSGAVAGLMSYTSDTLLIPAM- DRRARVA

STTTLSGAVAGLMSHTSDTLLIPAM-
STTTLSGAVAGLMSYTSDTLLIPAM-
STTTLSGAVAGLMSYTSDTLLIP:

STTTLSGAVAGLMSHTSDTLLIPAM--———-——| DRRARVA

DRRARVA
DRRARVA

NLPRFQAIDFKILVPDPPPVILEIT- AEGKRFTRPGENN
NLPRFOAIDPKILVPDPPPALLEIT-AEGKRFTRPGEGD

EEPGLOQQIV—— ————————————————————————— GGK
NLPRFQAIDPKILVPDPPPALLEIT-AEGKRFTRPGEGN
VRAGDOARDAKSLVG-—---LLOLGLRAGDSITVSAEGT
FFPGLOQIV
FFPGLQQIV-

VRAGDOAADAKSLVG-----LLOLGLRAGDSITVSAEGT
NLPRFOAIDPKILVPDPPPALLEIT- AEGKRFTRPGEGD
NLPRFQAIDPKILVPDPPPALLEIT-AEGKRFARPGEGN
NLPRFOAIDPKILVPDPPPALLEIT- AEGKRFTRPGEGD
NLPRFQAIDFKILVPDPPPALLEIT-AEGKRFTRPGEGD
NLPRFQAIDPKILVPDPPPALLEIT-AEGKRFTRPGEGD
NLPRFOAIDPKILVPDPPPALLEIT-AEGKRFTRPGEGD
NLPRFQAIDPKILVPDPPPALLEIT-AEGKRFTRPGEGD
NLPRFQAIDPKILVPDPPPALLEIT-AEGKRFTRPGEGD

*

-A-PTLADLEAQTYDRRLGI-TQROSTLDDESLDTLLLK
-A-ATLAELKAQTYDLRQGI - TOWQOSTLDDESLDTLLVE
-T-HSVGPLRRPTRLVROQCORKQOIOPLLSAKQOVGHAHLA
-T-ETLPELKAQTYDLRQGI -TOQWOSTLDDESLDTLLLK

-T-HSVGPLRRPTRLVROCORKQIOPLLSAKQOVGHAHLA
-T-HSVGPLRRPTRLVRQCQRKQIQPLLSAKQVGHAHLA

-A-ATLAELKAOTYDLROGI-TOWQSTLDDKSLDTLLLK
-T-ATLPELKAQTYDLRQGI - TOQWQSTLDDKSLDTLLLK
-A-PTLAELKAQTYDLRQGI - TQRQSTLDDKSLDTLLLK
-A-PTLAELKAOTYDLROGI - TOROSTLDDKSLDTLLLK
-A-ATLAELKAQTYDLRQGI - TOWQSTLDDKSLDTLLLK
-A-ATLAELKAQTYDLRQGI - TQWQSTLDDKSLDTLLLK
-A-PTLAELKAOTYDLROGI - TOROSTLDDKSLDTLLLK
-A-ATLAELKAQTYDLROGI - TOWQSTLDDKSLDTLLLK

e



ON ASSEMBLING BACTERIAL GENOMES FROM LONG READS: A CASE STUDY IN

74 WALNUT-ASSOCIATED Xanthomonas SPP.
ref _xopFl  PVIN--AGFNAARRTGGEPGLLTPVGOWGLSALAIGGAG .o oo ________ T
XajIZZp PTIN--AGFNAARRTSDDPGTRTPAGQLGLSALAIGGAG ;: f_Izgprl _gﬁgﬁ;ﬁ_gﬁmgﬁ‘g
Xaj237 ETRERRERE - ———————————————————————————— :@%237
Xed24 PTIN--AGFNAARRTSADPGTRTPAGOLGLSALAIGGAG B b7
Xed26 EKAD-- AERARQRRAAPVVGWTPPQAQPATVG--IGASP Xed26
Xaj427 Xaj427
Xaj554 Xa3j554
Xe 761 ERAD - -AERARQHRAAPVYVGWIPPOAQCERENE-—IEFSD XeT61 PSDTANLDIARVLGLATAQGGPTSHTAILSRTLG-LPAL
Xaj765 PTIN--AGFNAARRTSDDPGTRTPAGQLGLSALAIGGAG Xaj765 R RO e T R E AT
Xe766 PTIN--AGFNAARRTSADPGTRTPAGOLGLSALAIGGAG Xe766 _APLRGGNANGS - VACEAANSTATV
Xaj796 B A A LCISATATCGAG Xaj796 - APLRGGNANGS -VAGEAANSTATY
Xaj1483 PTIN--AGFNAARRISDDPGTRTPAGQOLGLSALAIGGAG Xaj1483 —APLRGGNANGS -VAGEAANSTATV
Xajl494 PTIN--AGFNAARRTSDDPGTRTPAGOLGLSALAIGGAG Xajl494  —-mmmmmmmmmmmee APLRGGNANGS -VAGEAANSTATV
Xaj1514 PTIN--AGFNAARRTSDDPGTRTPAGQLGLSALAIGGAG Xaj1518 oo APLRGGNANGS -VAGEAANSTATV
Xajl1567 PTIN--AGFNAARRISDDPGTRTPAGQLGLSALAIGGAG Xal1367 S TrCoHRGs - SHCE T T
Xajls58e PTIN--AGFNAARRTSDDPGTRTPAGQLGLSALAIGGAG Xaj1586 ~  ——-———————--——- APLRGGNANGS -VAGEAANSTATV
cons - F cons
ref xopFl  VVORATLETGRAVARTGOMEMEHENGE---- == ref xopFl  VOOAVQ-T-LENDTFWNALKAKNGANTSOAAR-LD----
XajT22 VVOKAMLETGKAVARTGOMSVPDLLGG- Xai122 VOOAVQ- T- LENDTVWNALKAKNGANTTOATR LD - -
Xaj237 = -HHEED - - - HESEENGECROPOERGH - Xaj237 LQOQGRWRI -GHQODLGVDGLEPRQVGNARAPVHCRD - - -~
Xed24 VVOERMLETGRAVARTGOMHVEBEIGE ———————— Xed24 VOOAAQ-T-LENDTIWNALKAKNGANTTOATR-LD-- -
Xed26 i e G e e Xed26 VARGGQ-LLDIEDGVTAIIDGSSGRLYINPSA-LDLDAA
Xaj427 =~HETeH- -~ HERERMGE CROPOIRER -~~~ === g Xaj427 LOQGRWRI-GHODLGVDGLEPRQVGNARAPVHCRD - ——
Xaj554 —ELIEH N R e CELT Xajs554 LOOGRWRI -GHODLGVDGLEPROVGNARAPVHCRD-———
Xe761 GVAIGIVHRLRA-AOTEVADOPVGLGDGGALLHDALTRT XeT61 VAAGGQ-LLDIEDGVTAI IDGSSGRLY INPSA-LDLDAA
Xaj765 R Xaj765 VQOAVQ-T-LENDTVWNALKAKNGANTTOATR-LD--——
Xe766 VVQKAMLETGKAVARTGOTRVPDLLGG- Xe7686 -
Xaj796 VVOKAMLETGKAVARTGOMRVPDLLGG- Xa3j796
Xaj1483 YPOERMIETCNAVARTCOMRVEDT TS - Xa3j1483 VQOAVQ-T-LENDTVWNALKAKNGANTTQATR-LD--—-
Xajl4s4 VVORAMLETGKAVARTGOMSVEDLLGG - Xaj1494 VOOAVQ-T-LENDTVWNALKAKNGANTTOATR-LD -~ -
Xajl514 VVOKAMLETGKAVARTGOMSVEDLLGG---~--—— ¥aj1514 VOQAVQ-T- LFNDTVWNALKAKNGANTTQATR -LD-
Xaj1567 VR R N R B T M R S —— —————— Xaj1567 VQOAVQ-T-LFNDTVWNALKAKNGANTTQATR-LD~
Xajl586 VVQKAMLETGKAVARTGOMSVPDLLGG- -~ --—— XaJ1586 VQQAVQ-T- LENDTVWNALKAKNGANTTQATR - LD - - -
cons * * * cons B % 8¢ @ c »
ref xopFl NLFALALPDKARRPAQWSDAVHFPPTYLLDTGKEALAL- ref xopFl
xajT22 NLFALALPDKTRRPAQWSDAVRFPPNYLLETGKEGLAL- XajT22
Xaj237 R----VVGDSPRRVESRVD------ RRLEOOGVOGLVVQ Xaj237
Xel24 NLFALALPDKTRRPAQWSDAVHFP-NYLLETGMEGLAL~ Xed22
Xed26 RQOLAAIQDDTQRRLGASDARIFKAQRELLNDTDLITR- Xed26
Xaj427 R----VVGDSPRRVESRVD------ RRLEOOGVOGLVVO Xaj427
Xaj554 R----VVGDSPRRVESRVD------ RRLEQQGVQGLVVQ Xa3j554
XeT61 ROOLAATQDDTQRRLGASDAATFKAQRELLNDTDLITR- X761
Xaj765 NLFALALPDKTRRPAQOWSDAVRLPPNYLLETGKEGLAL- Xaj765
Xe766 NLFALALPDKTRRPAQWSDAVHFP-NYLLETGMEGLAL- X766
Xaj796 NLFSLALPDKTRRPAQWSDAVRFPPNYLLETGKEGLAL- Xaj796
Xajl483 NLFSLALPDKTRRPAQWSDAVRFPPNYLLETGKEGLAL- Xaj1483
Xaj1494 NLFALALPDKTRRPAQWSDAVRFPPNYLLETGKEGLAL- Xaj1494
Xajl514 NLFALALPDKTRRPAQWSDAVRLPPNYLLETGKEGLAL- Xaj1514
Xaj1567 NLFSLALPDKTRRPAQOWSDAVRFPPNYLLETGKEGLAL- Xaj1567
Xajl586 NLFALALPDKTRRPAQWSDAVRFPPNYLLETGKEGLAL- ¥aj1586
cons *, ok * cons s
ref xopFl ref XOpFl  ——-——-=-—m---- EHQRT---IERTLEALAEPVDQAI -
XajT22 XajT22 -SHORT-- - TARTLOSLAEPTNEAT -
Xaj237 Xaj237 ~HOPRHRAGORRRTORLGSGRTRAV-
xed24 xed24 GHORT-- -IAGTLQALAEPVEAART -
Xed26 Xed26 DQVAMALTQGAEGVGLMRT - - -EFLFLESGATPSEDEQY
Xajd27 O LT B —— HOPRHRAGORRRTORLGSGRTRAV-
Xaj554 Xaj554 ——-mmmmmmmmoo HQPRHRAGQRRRTQRLGSGRTRAV—
Xe761 Xe761 DQVAMALTQGREGVGLMRT-- -EFLFLESGATPSEDEQY
Xaj765 ¥aj765 ~  —mmmmmmm—mmm—e SHORT-- -IARTLOSLAEPINEAT-
Xe766 Xe766 -DHORT-- -IAGTLQALAEPVEAAT -
Xaj796 Xaj796 -SHQRT---IARTLQSLAEPISEAI-
Xajl1483 ¥aj1483 ~SHORT- - -IARTLOSLAEPISEAI-
Xaj1494 Xaj1494 -SHORT---IARTLOSLAEPINEAI -
Xaj1514 o -1 R —— SHQRT-- -IARTLOSLAEPINEAI-
Xajl567 o - N — SHORT-- -IARTLOSLAEPISEAI-
Xajl586 Xaj1586  -—-——-------—- SHQRT-- -IARTLOSLAEPINEAT-
cons cons o
ref xopFl TARDLLTRHMLSNVMASFGPMGAGRIIT ref xopFl
XajT22 ALRDVLGRHMLSNVLANFASLGAGRLIA xajT22
Xaj237 GLRLELRKRGCVALARACETLALG—--— Xaj237
Xed24 AVRDVLGRHMLSNVLANFASLGAGRLIA--~-=====-~ Xed24
Xed26 DLRDV-GRRVLAOLDPAAAGAGLTDLPEQPCILLAGDLS Xed26
Xajd27 GLRLELRKRGCVALARACETLALG-~ ~= === ======== Xajd27
Xaj554 GLRLELRKRGCVALARACETLALG-- -—-—-—===—--- Xaj554
Xe761 DLRDV-GRRVLAQLDPAAAGAGLTDLPEQPCILLAGDLS Xe761
XajT65 ALRDVLGRHMLSNVLANFASLGAGRLIA----=-===-~ Xaj765
Xe766 AVRDVLGRHMLSNVLANFASLGAGRLIA-—--—-----~— XeT66
Xaj796 ALRDVLGRHMLSNLLANFASLGAGRLIA-- - ¥aj796
Xajl483 ALRDVLGRHMLSNLLANFASLGAGRLIA-- - Xaj1483
Xaj1494 ALRDVLGRHMLSNVLANFASLGAGRLIA-—---——----~- Xaj1494
Xaj1514 ALRDVLGRHMLSNVLANFASLGAGRLIA------===-=— ¥aj1514
Xajl567 ALRDVLGRHMLSNLLANFASLGAGRLIA-— Xaj1567
Xaj1586 ALRDVLGRHMLSNVLANFASLGAGRLIA--~-======~ Xaj1586

cons

*

cons
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ref xopFl
xajT22
Xaj237
Xed24
Xed26
Xajd27
Xaj554
XeTl61
Xaj765
XeT766
Xaj796
Xajl4e3
Xajl494
Xajl514
Xaj1567
Xajl586

cons

ref xopFl
Xajl22
Xaj237
Xed24
Xed26
Xajd27
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xajl4e3
Xajl494
Xajl514
Xajl567
Xajlsee

cons

ref xopFl
XajI22
Xaj237
Xed24
Xed26
Xaj427
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xajl4e3
Xajl494
Xajl5l4
Xajl5e7
Xajlsee

cons

ref xopFl
XajT22
Xaj237
Xed24
Xed26
Xajd27
Xaj554
XeT761
Xaj765
Xel66
Xaj796
Xajl483
Xajl494
Xajl514
Xajl567
Xajl586

cons

ref xopFl
xajT22
Xaj237
Xed24
Xed26
Xajd27
Xaj554
Xe761
Xaj765
Xel66
Xaj796
Xajl483
Xajl494
Xajl514
Xajl567
Xajl586

cons

———————————————— SG--PTPAEAERAMEEGMRAA- -
————————————————— A--PAQAOIARALEEGOPLA--
- - ACRETERGAHRADDEGPETFVG
7777777777777777 SA--PTSAEIARALEEGOPLA- -
FLGVRGARLLLRRPDLLE-- POLRALYRAAKDGARLSI-
————————————————— ACRETERGAHRADDEGPETFVG
————————————————— ACRETERGAHRADDEGPETFVG
FLGVRGARLLLRRPDLLE- - POLRALYRAAKDGARLSI -
————————————————— A--PTQAQIARALEEGQPLA--
-SA--PTSAEIARALEEGQPLA--
--A--PTOAQIARALEEGOPLA-—
--A--PTQAQTARALEEGOPLA- -
--A--PAQAQIARALEEGQPLA--
--A--PTOAQIARALEEGOPLA-—
--A--PTQAQTARALEEGQPLA- -
————————————————— A--PTQAQIARALEEGQPLA--

*k ik

“MFP-——— === == ——m oo M-ITSVPELI
DRPGRLCTCCLHVAGDLVSGIRPERRDAFLHARVRPLOT
DRPGRLCTCCLHVAGDLVSGIRPERRDAFLHARVRPLOT
~MFP-—————— === === ———————— - M-ITSVPELI

TLRTALOTLRTEIGTOSVSIATIDAVR
RLHDALEKLRTEIDTQSVSIATIDTVR
RSLQCLLLLRGSRKWQVNQACTLRLQL
RLREALEELRTEVGTQSVSMATIDTVL
SLRAICARLRGELDAPEVPIGIMIEVEPAAAAQAD--VLA

RSLOCLLLLRGSRKWOVNOACTLRLOL----- RRCRCTA
RSLOCLLLLRGSRKWOVNOACTLRLOL----- RRCRCTA
SLRAICARLRGELDAPEVPIGIMIEVPAAARQAD--VLA
RLHDALEKLRTEIDTQSVSIATIDTVR-----DE--LHA
RLREALEELRTEVGMOSVSMATIDTVL-----DR--LHA
RLHDALEKLRTEIDTQSVSIATIDTVR-----DE--LHA
RLHDALEKLRTEIDTQSVSIATIDTVR-----DE--LHA
RLHDALEKLRTEIDTQSVSIATIDTVR-----DE--LHA
RLHDALEKLRTEIDTQSVSIATIDTVR-----DE--LHA
RLHDALEKLRTEIDTQSVSIATIDTVR-----DE--LHA
RLHDALEKLRTEIDTQSVSIATIDTVR----— DE--LHA
ek

GWSQTFSGVPRDAATQAL-—--————————————-————
GOAAMF SGVPRNNLTETL--

LRMGRSSGRLRLIDNRGR--

GQARAMFSGVPRNDLTKTL---------—-—-——-——-—-———

RHA-DFFSIGTNDLTOYVLATIDRQNPELAAEADSLHPAV
LRMGRSSGRLRLIDNRGR--———-—-—-—-——=————-—--—
LRMGRSSGRLRLIDNRGR—-————-=——=—————-————
RHA-DFFSIGTNDLTOYVLAIDRQNPELAAEADSLHPAV
GQAAMFSGVPRNNLTETL-----—---—---=-=-—--=--~—
GQAAMFSGVPRNDLTKTL-—
GOAAMFSGVPRNNLTETL-—
GQAAMFSGVPRNNLTETL—-—-——-=—===—=—=-—-=—
GQAAMFSGVPRNNLTETL—-—-——-=—===—===-=--—
GOAAMFSGVPRNNLTETL-—
GQAAMFSGVPRNNLTETL-—
GQAAMFSGVPRNNLTETL—-————-=——==—=—=-—-=—

ref xopFl
XajT22
Xaj237
Xed24
Xed26
Xajd27
Xaj554
Xe761
Xaj765
XeT766
Xaj796
Xaj1483
Xaj1494
Xaj1514
Xaj1567
Xajl586

cons

ref xopFl
XajT22
Xaj237
Xed24
Xed26
Xajd27
Xaj554
XeT61
Xaj765
XeT66
Xaj796
Xajl4s3
Xajl494
Xajl514
Xajl567
Xajl586

cons

ref xopFl
XajT22
Xaj237
Xed24
Xed26
Xajd427
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xajl4s83
Xaj1494
Xajl514
Xajl567
Xajl586

cons

ref xopFl
XajT22
Xaj237
Xed24
Xed26
Xajd27
Xaj554
XeT61l
Xaj765
XeTl66
Xaj796
Xajl4s3
Xajl494
Xajl514
Xajl567
Xajl586

cons

—————————————————— DGOLOTLK----RALH--DSE
-— --DTGLTTLR----HALH--ESE
-— --GAGLRTVK----RCIR--QLG
—————————————————— KTELOKLR----OALH--ESE
QELSMTPNDIPAVKARLRGTALSALOQLVEQALNCETAE
—————————————————— GAGLRTVK----RCIR--QLG
—————————————————— GAGLRTVK----RCIR--QLG
QELSMTPNDIPAVKARLRGTALSALOQLVEQALNCETAE

—————————————————— KTELOKLR----QALH--ESE
-— --DTGLTTLR----HALH--ESE
-— --DTGLTTLR----HALH--ESE
-— --DTGLTTLR----HALH--ESE
—————————————————— DTGLTTLR----HALH--ESE
—————————————————— DTGLTTLR----HALH--ESE
—————————————————— DTGLTTLR----HALH--ESE

RMRRLRGLRTMGCAMRGFGLRRAGGHARRRCATTAQHRP
RMRRLRGLRTMGCAMRGFGLRRAGGHARRRCATTAQHRP

———————————————————————— WQSGR----—----—
———————————————————————— WENGR--—-—-—--—
RRQACERPGRRARLWRGHGVHGLRWVCGRRRCCARAGSG
———————————————————————— WENGR----—----—
———————————————————————— LEAQRE--------G

RROACERPGRRARLWRGHGVHGLRWVCGRRRCCARAGSG
RRQACERPGRRARLWRGHGVHGLRWVCGRRRCCARAGSG

I W
P
PDIAGEFH

PDIAGEFH
PDIAGEFH
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F4 xopN multiple alignment

ref XopN MEPAASATPLNRT--

-—-—API\SPAGIEEIEEE&SA ref XopN - --NTGNASLVRLKEQLAADNLRPVE

xXajIl2z XajI22z -GVGAAPEAMSRLRAOGLVEPLROLO
Xaj237 Xaj237 NIAGPALGGRNEFADHRGCGAAQEDQMEHLADALCGLRGELE
Xe367 Xe367

Xed24 Xed24

Xed26 Xed26

Xaj427 SHQVLGVFAGHARELVEFHPQVPSTLG-PRY Xajd27 NIAGPALGGRNEFADHRGCGAAQEDQMEHLADALCGLRGELE
Xaj554 SHOVLGVFAGHARELVEFHPQVPSTLG-PRY Xaj554 NIAGPALGGRNEFADHRGCGAAOEDOMEHLADALCGLRGELE
Xe761 GGAN - ---LGSVRY Xe761

Xaj765 Xaj765

XeT66 -—-—-LGSVRY- — - Xe766

Xaj796 ---ARTHSPEIQETEL-AIA Xaj796

Xaj1483 ---ARTHSPEIQETEL-AIA Xajld483

Xajl494 ---LGSVRY- Xaj1494

Xaj1514 ---LGSVRY- Xajl514

Xajls567 --—ARTHSPEIQETEL- EIA Xaj1567 - -TATRATLARLRORLASDNARAIA
Xajl586 Xajl586 -GVGAAPVAMSRLRAQGLVEPLQQLQ
cons - cons

ref XopN HASPSHSPA-QSEGALTMLSRRPSKRG-KETAD-VTASAR-- ref XopH

XajI2z XajT22

Xaj237 Xaj237

Xe367 Xe367

Xed24 Xed24

Xed26 Xed26

Xajd427 Xajd27 -GDIVEQLLROHGFFGTDKQLGCGAVRVDEFVEFA
Xaj554 Xaj554 GDIVEOLLROHGFFGTDKOLGCGAVRVDFVEPA
Xe761 Xe761 ICLGMQLLFEHSEEGDVDCLGVLPGIVR- ————
Xaj765 Xaj765 ICLGMQLLFEHSEEGDVDCLGLLPGIVR-
XeT66 === Xe766 - ICLGMOLLFEHSEEGDVDCLGVLPGIVR-————
Xaj796 STSATVTPHSAPDPALSPLGRAPVRRS SGTTLGALLARPI Xaj796 PDLAADLISRLRPMKSPGTTGAQARAATHADLVSRIS - ———~
Xajl1483 STSATVTPHSAPDPALSPLGRAPVRRS SGTTLGALLARPE- - Xajl483 PDLAADLISRLRPMKSPGTTGAQARAATHADLVSRIS -
Xaj1494 - -ALE- Xajl494 VPLIG----ICLGMOLLFEHSEEGDVDCLGLLPGIVR-
Xajl514 —=== - - Xaj1514 VPLIG----ICLGMOLLFEHSEEGDVDCLGLLPGIVR-
Xajl567 STSATVTPHSAPDPALSPLGRAPVRRS SGTTLGALLARPE- - Xajl567 PDLAADLISRLRPMKSPGTTGAQARAATHADLVSRIS - ————
Xajl586  —————————————— ALE---—--———--—= Xajl586 VPLIG- - - - ICLGMQLLFEHSEEGDVDCLGLLPGIVR- ————
cons : . cons H H

ref XopN —-—— - = - ref XopN

XajIz2 - - - - xa3jT22

Xaj237 mnmmpnnscnmcnwauwmsnsncmngnscncgnr Xaj237

Xe367 Xe367

Xed24 Xed24

Xed26 Xed26 -—=

Xaj427 TRGRNMFPARSCRLGCRWRTLWLAGRGACLLRRORSCRCQRF Xajd27 LTQSLKVVAQQAQVLHCLAGVAGFDVAVVCRDCAMLRILCCH
Xaj554 TRGRNMI‘PARSCRLGCRWRTLWI.AGRGACLLRRQRSCRCQRF Xaj554 LTQSLKVVAQQAQVLHCLAGVAGFDVAVVCRDCAMLRILCCH
XeT761 Xe761

Xaj765 Xaj765

XeT766 Xe766

Xaj796 Xaj796

Xaj1483 Xaj1483

Xaj1l494 Xajl4s4

Xaj1514 Xaj1514

Xajl567 Xajl567

Xajl586 Xajls586

cons cons

ref XopN ref XopN

XajI22 xaji22

Xaj237 Xaj237

Xe367 ———— - Xe367

Xed24 —-—— Xed24 -

Xed26 ——— Xed26 -—=

Xajd427 NVIALQQGVDCLAGLGRTALGERFMHRAHDAA Xajd27 RIRQQLLOLGDPGGDALDQGLCGRLDOAAFVGLDVFCADRRA
Xaj554 NVIALOQGVDCLAGLGRTALGERFMHRAHDAA -~ Xaj554 RIRQQLLQLGDPGGDALDQGLCGRLDOAAFVGLDVFCADRRA
XeT761 ———— - Xel61 ===
Xaj765 Xaj765

XeT66 Xe766

Xaj796 Xaj796

Xajl483 Xajl483

Xajl494 Xajl494

Xajls514 Xajl514

Xajl567 Xaj1567

Xajl586 Xajls58e

cons 355 cons

ref XopN - —---—---——----—o—m— ref XopN - -= -=

XajT22 ~  —--m——m—m————m—o—o o xajT22 - e

Xaj237 QPDVGASLATVVLDGDGGVLVQGANGGHAPGYRRHROALRDR Xaj237 AGQmesGQwstQVELWGmGLvaTGGHm.RSRHQ
Xe367 -—- Xe367

Xed24 -— Xed24 -

Xed26 -———— Xed26 -

Xajd27 grnvmmmmnemvgmcsmmrmmmn Xajd27 AGQLLLACGGQYVGVQQVELVVGFLLGLLVETGGHMLRSRHQ
Xaj554 QPDVGAS LATVVLDGDGGVLVOGANGGHAPGYRRHRQALRDR Xaj554 AGQLLLACGGQYVGVQQVELVVGFLLGLLVETGGHMLRSRHQ
XeT61 -———= Xel61 -—= - -

XajT765 Xaj765

XeT66 Xe766

XajT796 Xaj796

Xa3j1483 Xaj1483

Xajl494 Xajl494

Xajl514 Xajl514

Xaj1567 Xaj1567

Xajl586 Xajl586

cons g 5 < cons
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Xaj1586

cons

ref XopN
XajI22
Xaj237
Xe367
Xed24
Xed26
Xajd27
Xaj554
XeT61
Xaj765
XeT66
Xaj796
Xajl483
Xajl1494
Xaj1514
Xaj1567
Xajl586

cons

ref XopN
XajT22
Xaj237
Xe367
Xed24
Xed26
Xaj427
Xajs554
Xe761
Xaj765
Xe766
Xaj796
Xajl4s3
Xajl4%4
Xajl514
Xajl567
Xajl586

cons

ref XopN
XajT22
Xaj237
Xe367
Xed24
Xed26
Xajd27
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xajl483
Xajl494
Xajl514
Xajl567
Xajl586

cons

ref XopN
XajT22
Xaj237
Xe367
Xed24
Xed26
Xajd427
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xajl4s3
Xajl4%4
Xajl514
Xajl567
Xajl586

cons

HRANGLRRRRORTHRACLAEQPQRAADRRTODAWNGLPAVAL
HRANGLRRRRQRTHRACLAEQPQRAADRRTQDAWNGLPAVAL

DAMAWYRAQGLSENEVANL
TPALGIRVPHMGWNOLVPM
PLAIVRALGHDEIMLGLVQLLLCCODLGCRRAFCVWGIWVTL
TPALGIRVPHMGWNQLVEPM
TPALGIRVPHMGWNOLVEPM
TPALGIRVPHMGWNQLVEPM
PLAIVRALGHDEIMLGLVQLLLCCODLGCRRAFCVWGIWVTL
PLAIVRALGHDEIMLGLVQLLLCCODLGCRRAFCVWGIWVTL
TPALGIRVPHMGWNQLVPM
TPALGIRVPHMGWNQLVPM
TPALGIRVPHMGWNOLVPM
DVSDWYKAQGLNENDVATL
DVSDWYKAQGLNENDVATL
TPALGIRVPHMGWNOLVPM
TPALGIRVPHMGWNQLVEM
DVSDWYKAQGLNENDVATL
TPALGIRVPHMGWNQLVEM

RRSALLSGMPNPTGSFLNNA---MOYIVSPWINYATHQPWAG
RASALLDGLPERASAYFVHG-—-Y-----—--
NLAKPVAGVGERFDLFL-EGACQF
RDSALLAGLPERASAYFVHG-—-Y
RDSALLAGLPERASAYFVHG-—-Y
RDSALLAGLPERASAYFVHG-- - -
NLAKPVAGVGERFDLFL-EGACQF -
NLAKPVAGVGERFDLFL-EGACQF -
RDSALLAGLPERASAYFVHG-—-Y
RASALLDGLFPERASAYFVHG---Y
RDSALLAGLPERASAYFVHG-

MOYIVSPWINYATROPWAG
MOYIVSPWINYATROPWAG

RRTALLSGMPNPSGSFLTNT- - -MQYIVSPWINYATRQPWAG
RASALLDGLPERASAYFVHG- - -Y—---——--—=-—--——-—

=3

-----RRQQSAVVSLC

—GEPVLVIDLLLVRHDDVSAAFANRLA-
—GEPVLVIDLLLVRHDDVSAAFANRLA-

AGFGLATHLVAAPVN
AGFGLATMLVARPVN-

ESIREHGGHVIVPDKKQINDKHWLPALAKALESHIAEFSGCC

ESIRERGAHVIVPDKKQINDKHWLPELASALEEKIETFANAC
ESIRERGAHVIVPDKKQINDKHWLPELASALEEKIETFANAC

ref XopN
XajT22
Xaj237
Xe367
Xed24
Xed26
Xaj427
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xajl483
Xajld494
Xajl514
Xajl5e67
Xajl586

cons

ref XopN
XajT22
Xaj237
Xe367
Xed24
Xed26
Xajd27
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xaj1483
Xajl494
Xajl514
Xaj1567
Xajl586

cons

ref XopN
xajT22
Xaj237
Xe367
Xed24
Xed26
Xajd427
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xajl483
Xajl494
Xajl514
Xajl567
Xajl586

cons

ref XopN
XajT22
Xaj237
Xe367
Xed24
Xed26
Xaj427
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xajl483
Xajld494
Xajl514
Xajl567
Xajl586

cons

ref XopN
xajI22
Xaj237
Xe367
Xed24
Xed26
Xajd427
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xajl483
Xajl494
Xajls5l4
Xajl567
Xajls86

cons

DRFRALKDAADQNEARQETADF TAARHQVLOAETRLAQAQHD
H

EWTQGABERQWHGNRWQAVPRII.RSPLSGTLGLLSKTGM

FVMTQGAEDROWQGNRWOAIPRILRSPVGSTLGLLSKTGAMR
FVMTQGAEDRQWQGNRWQAI PRILRSPVGSTLGLLSKTGAMR

ALSPTAQTVGALLHSAVQ}WMGFDEQAKQDYNN’KLNLLYAD

ALSPTAQTVGAMLMTARQHVAAGFDEQAKQEARNNKLNLLYAD
ALSPTAQTVGRHLHTMQHVMGFDEQAKQWLLYAD

VLTTBGKQKLRSGTAVSAEDIK&DKLRSLIQSPTQALVKRVT
VLTTAGKQKLRSGTAVSAEDIKADKLRSLIQSPTQRLVKRVT

SGLVAMEKELKAQVAAPRS PQATTGDDDLDLEAGHGAGPAKA

AGVAELEKLLADAVTAEDTQHGAITADDRDI EAGDASKAMQD
AGVAELEKLLADAVTAEDTQHGAITADDRDT EAGDASKAMQD
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ref XopN LKLLSQDLKALREGRLDELDPDGVAATLLLGAEKSVVSDQLI
Xajiz2
Xaj237
Xe367
Xed24
Xed26
Xajd27
Xaj554
XeT61
Xaj765
XeT66 ———
Xaj796 LRLLRNDLEALREGRLDEIDPNGTASKLLIGAEKSVLSQOLF
Xaj1483 LRLLRNDLEALREGRLDEIDPNGTASKLLIGAEKSVLSQQLF
Xaj1494
Xaj1514
Xaj1567
Xaj1586
cons
ref XopN ref XopN NALVQRSDVEALLSRAKAL-TQRSGATSSATHASPALTEBEA
xajI22 XajT22 ==
Xaj237 Xaj237
Xe367 Xe367
Xed24 Xed24
Xed26 Xed26
Xajd27 Xajd27 -RGDRLRSEGLCVLLGPGQRPRGSATAPDGRAPKW
Xaj554 Xa3j554 -RGDRLRSEGLCVLLGPGQRPRGSATAPDGRAPKW
XeT61 Xe761 - =
Xaj765 Xaj765
Xe766 Xe766
Xaj796 XajT96
Xaj1483 Xaj1483
Xajl494 Xajl494
Xajl514 Xa;|1514
Xajl567 Xajls567
Xajl586 Xajl586
cons * cons
ref XopN HLGVLGSAASSVIGK ref XopN  VEQLRPGVASASQ-S------—---------
XajT22 T e —— xajiz2
Xaj237 DVLHGIGEEAAARVGHAGEQRGAAQGGHVVEVQ- - i:ggg’
Xe367 -
Xed24 - Xed24 -—- ERSAETGARI--—-
Xed26 - Xed26 -ERSAETGARI --—-—

‘ 427 - RRGGGNGELCFLNLRRVRPRTAAGR
Xajd27 DVLHGIGEEAAARVGHAGEQRGARQGGHVVEVQ-——--—--- Xaj
Xaj554 DVLHGIGEEAAARVGHAGEQRGAAQGGHVVEVQ--——-———- Xajasd - RRGGGNGELCFLNLRRVRERTARGR
Xe761 - HP--- - Xe'TGS
wgiee = -

e766 2 ---—--———---—-----------———-HP--——————————~ .
Xaj796 HLVFLGSAASSVISK i:?;igs
Xaj1483 HLVFLGSAASSVISK adlies
Xaj1494 HP---—————--——- Xa31514
Xaj1514 T Xa:

) 31567 AGPSREHVSAPSSPNRSRLGQTNDEIT----
Xajl567 HLVFLGSAASSVISK 17886 oo o o
ia1586 s S Xaj1586 ERSAETGART
cons . cons

ref XopN
ref XopN ASSAARGGTRNVPIPQALAISALSGGMAAVGALNOHTAITVK XajT22

jT22 =~ =—mmmmm e e 3
Xaj Xaj237
Xaj237 -PLRFVPIAYILFADAADQ-VRMRGRACLRTRGAGR Xe367
Xe367 Xed24
Xed24 Xed26
Xed26 - Xaj427
Xaj427 - -PLRFVPIAYILFADAADQ-VRMRGRACLRTRGAGR Xa3j554
Xaj554 - -PLRFVPIAYILFADAADQ-VRMRGRACLRTRGAGR Xe761
Xe761 ittt Xaj765
Xaj765 - xe766
XeT66 o Xaj796 NLGVELHKFARMAGKHSKDLV- -

XajT96 LVSAPQGGTRNVPVAQSLAVSAISGEMATVGALNQHTAITIK Xajl483  NLGVELHKFARMAGKHSKDLV--
Xaj1483 LVSAPQGGTRNVEVAQSLAVSAISGEMATVGALNQHTAITIK Xajl494  ----- LRNFLEMSFP-------~
Xaj1494 Xajl514  ----- LRNFLKMSFP--—-----
Xaj1514 Xaj1567 NLGVELHKFARMAGKHSKDLV - -
Xaj1567 Xajl586  ----- LRNFLEMSFP--——----
Xaj1586
cons
cons
:efIchN NNRREGDTDIGLKQQV- - LRGVMGGANEALSQRRATKASQAT
XajT22 = mmmmmm e e
Xaj237 FHRPEPADQIGRQVRCDCACIVRGQPLTKPCQRRP-GCS
Xe367 -
Xed24 -
Xed26 -
Xajd27 FHRPEPADQIGRQVRCDCACIVRGQPLTKPCQRRP-GCS—— -
Xaj554 FHRPEPADQIGRQVRCDCACIVRGQPLTKPCQRRP-GCS
Xe761
Xaj765
XeT66
Xaj796 NNRREGSTDIGLGKQV- - SREVMGAMHETLSORRATKASKAV
Xaj1483 NNRREGSTDIGLGKQV- - SREVMGAMHETLSQRRATKASKAV
Xaj1494
Xaj1514 ————
Xaj1567 NNRREGSTDIGLGKQV- - SRGVMGAMHETLSQRRATKASKAV
XaJ1586  mmmmmmmmmmmm e e

cons
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E5 xopR multiple alignment

ref xopR
XajT22
Xaj237
Xe367
Xed24
Xed26
Xaj427
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xajl483
Xajl494
Xajl514
Xajl567
Xaj1586

********** MRTNFLPR---SYYRGAAEQASSAAADVPA- -
SVVAVVDCLLMGISFFFERLSTLFGGGGDAGHOARRSOPF - —
MRRDEGQPPOHAKPASPPVE
SGVAVVDGLLMGIPFFPDGLPALFGGGGDAGHQPWRSQPF - -
SGVAVVDGLLMGIPFFPDGLPALFGGGGDAGHOAWRSOPF - -
SGVAVVDGLLMGIPFFPDGLPALFGGGGDAGHOQAWRSQPF - -
SIVAVVDCLLMGIPFFFERLSTLFGGGGDAGHQARRSQPF-—
—————————————————————— -MRRDEGOPPOHGKPASPSAP
SGVAVVDGLLMGIPFFPDGLPALFGGGGDAGHQAWRSQPF -~
SVVAVVDCLLMGISFFFERLSTLFGGGGDAGHQARCSQPF-—
SEVAVVDGLLMGISFFPDGLPALFGGGGDAGHOAWRSOQPF - -
SVVAVVDCLLMGISFFFERLSTLFGGGGDAGHQARCSQPF - -
********************** MRRDEGQPPOHGKPASPSAP
SVVAVVDCLLMGISFFFERLSTLFGGGGDAGHOARRSOPF - -
SVVAVVDCLLMGISFFFERLSTLFGGGGDAGHQARCSQPF-—
SVVAVVDCLLMGISFFFERLSTLFGGGGDAGHQARCSQPF - -
SVIAVVDCLLMGISFFFERLSTLFGGGGDAGHQARRSQPF -~

cons - -3 *|

ref xopR -
XajT22 ===
Xa3j2z37 ITPAQSSEPSPRPQPGRQPSLRRLDLQLEEITRQCSAIQKQL
Xe367 - -QL
Xed24 -
Xed26 -
Xaj427 === -QL
Xa;}gi-ﬂ ITPAQSSLPTPR.PQPGRQPSLRRLDLQLEEITIRQCSDIQKOL
Xe -QL
Xaj765
Xe766
Xaj796
Xajl483
Xajl494
Xajl514
Xajl567
Xajl586

cons

ref xopR
XajT22
Xaj237
Xe367
Xed24
Xed26
Xajd27
Xa3j554
Xe761
Xaj765
Xe766
Xaj796
Xaj1483
Xaj1494
Xaj1514
Xaj1567
Xajl586

cons o

ref xopR
XajT22
Xaj237
Xe367
Xed24
Xed26
Xaj427
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xajl483
Xaj1494
Xajl514
Xajl567
Xajls586

NNTSRSPRAMLASARKSLASLREKRLPMMCLGSPTTEA-TQTP

cons - = = - 5 2k

ref xopR
XajT22
Xaj237
Xe367
Xed24
Xed26
Xaj427
Xaj554
Xe761
Xaj765
Xe766
Xaj796
Xajl483
Xajl494
Xajl514
Xajl567
Xajl586

- *GKRSTMSWSPPWMGKPFYLNPL

cons 3 58 38

ref xopR
XajTzz
Xaj237
Xe367
Xed24
Xed26
Xaj427
Xaj554
XeT761
Xaj765
XeT66
Xaj796
Xaj1483
Xajl4asd
Xajl514
Xaj1567
Xajl586

cons

ref xopR
Xajiz2
Xaj237
Xe367
Xed24
Xed26
Xajd27
Xaj554
XeT761
Xaj765
XeT66
Xaj796
Xaj1483
Xajl494
Xajl514
Xaj1l567
Xajl586

cons

ref xopR
xajT22
Xaj237
Xe367
Xed24
Xed26
Xaj427
Xaj554
XeT761
Xaj765
XeT66
Xaj796
Xajl4s3
Xajl494
Xajl514
Xajl567
Xajl586

cons

ref xopR
Xajiz2z
Xaj237
Xe367
Xed24
Xed26
Xajd427
Xaj554
Xe761
Xaj765
XeT66
Xaj796
Xajl4s3
Xajl494
Xajl514
Xajl567
Xajl586

cons

ref xopR
XajT22
Xaj237
Xe367
Xed24
Xed26
Xajd27
Xaj554
XeT761
Xaj765
XeT66
Xaj796
Xa3j1483
Xa3j1494
Xajl514
Xaj1567
Xaj1586

cons

RPPPRHOAPVAPA vy
TPCLEHFAPVVLHGV-

DRWQOQOS PRRRNAT

TPCLEHFAPVVLHGV-—

WPTMGRVPVREYEQNGSSEWRQQAPDRIWDRV

RQE'RLPESPPLPAS LSVSPTSSSPTQGKRQTLI.GRLNAQLVE
—QCLELTIAYLVAPCDQG—

. %

YNQRKYQIDTREDPTPTEEERELLRTROQVLIDQRNEIRDIDL

- *RTCLEQVLLLRSCLAVLHEQLLLNV** -

*

DSMLTGLAPMEN THPPKTTTSRVSVVQOHKVIETNRRAFLAVE
-FQL-QIQRAQGGLPSGL
GQF-PIQRAQGGGPSEL
GOF-PIQARQGGEPSGL
~GQF-PIQ-——--————~—
-FQL-QIQAAQRGLPSGL

FOL-OIOAAQORGLPSGL
FQL-QIQAAR-GLPSGL
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ref xopR
XajT22
Xaj237
Xe367
Xed24
Xed26
Xajd27
Xaj554
XeT61
Xaj765
XeT66
Xaj796
Xaj1483
Xajl494
Xajl514
Xajl567
Xajl586

cons

ref xopR
XajT22
Xaj237
Xe367
Xed24
Xed26
Xaj427
Xaj554
XeT761
Xaj765
XeT766
Xaj796
Xajl483
Xajl494
Xajl514
Xajl567
Xajl58é

cons

ref xopR
xajl22
Xaj237
Xe367
Xed24
Xed26
Xaj427
Xaj554
Xe761
Xaj765
XeT766
Xaj796
Xajl483
Xajl494
Xajl514
Xajl567
Xajl586

cons

GK-ELDMGLI - -GRDYARAQRR IEPLEASGADYRKIKRLKRM
GTHGGRRRLC - -GRDRHRGRCRLAVLRR-——————==————~
RAWRGHRRSRGLGRDRHRTRRRHAVLRR:
GAWRGHRRSRGLGRDRHRIRHRHAVLRQ

GTWGGQRRLR - - GRDRHRGRCRFGVLRR
GAWRGHRRSRGLGRDRHRIRRRHAVLRR-
GTRGG-RRLR- - GRDRHRGRCRLGVLRR- —— -~ —— -~ =~~~
GTWGGRRRLC - ~GRDRYRGRCRLAVLRR:
GTWGGORRLR--GRDRHRGRCRFGVLRR~
GTRGG-RRLR--GRDRHRGRCRLVVLRR~
GTRGG-RRLR- - GRDRHRGRCRLVVLRR- ——— - —— -~ —=-——




Appendix G

Phylogenies of Xanthomonas spp.

isolates

Xca

Ael

Ae3B7
Aed26
{ AeT61
Aed24
{ AeT66
Aaj796
Aaj1567
_|: Aaj237

Aaj554

Xa1483

Kad27

Ka1586

{ Ka1514
Aaj765

Xaj122
Xai1494

FIGURE G.1: Phylogeny based on average nucleotide identities.
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