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Resumen

Ralstonia solanacearum filotipo II (Rs-pll) es el agente causante de la marchitez
bacteriana en especies de Musa (por ejemplo, pldtano y banano), cominmente conocida como
Moko. Esta bacteria fitopatogena provoca las consecuencias mas devastadoras en los cultivos de
platano y banano en todo el continente americano, generando preocupaciones globales sobre su
impacto en la seguridad alimentaria. La investigacion gendmica sobre Rs-pll es escasa. Una
clara comprension de la dinamica evolutiva de Rs-pll, causante de la enfermedad de Moko, es
crucial para adoptar estratégicamente las medidas de prevencion y control bioldgico més
eficaces pero asequibles para salvaguardar la seguridad alimentaria a nivel mundial. En este
estudio, se realiz6 una reconstruccion filogendmica, historia demografica, e inferencia
filogeografica a partir de datos genémicos para descifrar la dindmica evolutiva de Rs-pll
causante de la enfermedad de Moko. Las secuencias gendmicas fueron descargadas desde la
base de datos NCBI. La base de datos genémica comprende cepas de Rs-pll que infectan
especies de Musa, muestreadas entre 1959 y 2015 en diversas ubicaciones geogréficas de
América. El arbol filogenético, la demografia histdrica y la dindmica espacial de la bacteria
fitopatdgena se estimaron utilizando el software BEAST y programas relacionados. Los
resultados confirman la clasificacion de las cepas de Rs-pll en filotipos IIA y IIB. La historia
demografica de Rs-pll causante de la enfermedad de Moko se describe como constante durante
el periodo histdrico estudiado. Las epidemias de Rs-pll estdn ampliamente distribuidas en
América, particularmente en América del Sur, a través de una compleja red de rutas de
diseminacién. En consecuencia, Brasil y Colombia destacan como puntos criticos clave para la
propagacion de las epidemias de la enfermedad de Moko. Adicionalmente, se encontré respaldo
filogenomico y filogeografico que sustenta el origen brasileno de las cepas de Rs-pll.

Palabras Clave:
Filogendmica, Filogeografia, Dindmica evolutiva, Distribucion geografica, Ralstonia

solanacearum filotipo II, Especies de Musa, América

v



Abstract

Ralstonia solanacearum phylotype II (Rs-pll) is the causative agent of bacterial wilt in
Musa species (e.g., banana and plantain), commonly called Moko. Giving rise to the most
devastating consequences in banana and plantain crops throughout the American continent, this
phytopathogenic bacteria raises global concerns about its impact on food security. The genomic
research on Rs-pll is scarce. A clear understanding of the evolutionary dynamics of Moko
disease-causing Rs-pll is crucial to strategically adopt the most efficient yet cost-effective
prevention and control measures to safeguard global food safety. In this research, I performed
phylogenomic reconstruction, demographic history, and phylogeographic inference from
genomic data to unravel the evolutionary dynamics of Moko disease-causing Rs-pll. The
genome sequences were downloaded from the NCBI database. The genomic database comprises
Musa-infecting Rs-pll strains sampled at different geographic locations across America and
dates between 1959 and 2015. The phylogenetic tree, historical demography, and spatial
dynamics of the phytopathogenic bacteria were estimated using BEAST software and related
programs. Results confirm the classification of Rs-pll strains into phylotypes IIA and IIB. The
demographic history of the Moko disease-causing Rs-pll is described as constant over the
studied historical period. Furthermore, the Rs-pll epidemics are widespread across America,
particularly in South America, throughout a complex network of dissemination pathways.
Accordingly, Brazil and Colombia stand out as key hotspots for Moko disease epidemics.
Furthermore, I found phylogenomic and phylogeographic support for a Brazilian origin of the
Rs-plI strains.
Keywords:

Phylogenomics, Phylogeography, Evolutionary dynamics, Geographic distribution,

Ralstonia solanacearum phylotype II, Musa species, America
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Chapter 1

Introduction

1.1 Theoretical framework

1.1.1 Ralstonia solanacearum phylotype II: Strains of the Rs species

complex infecting banana and plantain

Ralstonia solanacearum phylotype II (Rs-pll) is a subgroup of aerobic gram-negative
betaproteobacteria that belong to the Ralstonia solanacearum species complex, a cluster of
soil-borne phytopathogens that infect a plethora of over 200 plant species, including important
food crops such as those from the Solanaceae (tomato and potato), Cucurbitaceae (cucumber),
Fabaceae (bean), Asteraceae (lettuce) families, among others, and causing them lethal diseases
regarding vascular wilt, tissue necrosis, and root rot (Alvarez et al., 2010; Hayward, 1994; Safni
et al., 2014).

The R. solanacearum strains that attack Musa species, such as banana (Musa
acuminata) and plantain (Musa x paradisiaca), belong to phylotype Il (Fegan and Prior, 2006).
This pathogenic variant causes Moko disease, a highly destructive and persistent vascular
infection that, upon invading the Musa plant through wounds or inherent root openings,
colonizes the xylem vessels and triggers the lethal wilting of the plant, ultimately resulting in
their collapse (Leonard et al., 2017; Silva et al., 2000; Woods, 1984). The pathogenicity of R.

solanacearum Moko disease-causing strains relies on multiple secretion systems responsible for

1



exporting large repertories of virulence effectors (Hikichi et al., 2007; Valls et al., 2006). These
infection mechanisms regulated by gene expression and host plant metabolites collectively
promote an effective systemic colonization and progression of the disease alongside the
manifestation of its characteristic symptoms: fruit premature ripening, leaf yellowing, vascular
and fruit discoloration, stem lesions, growth stunting, necrosis, oozing, and root and fruit rotting
(de Pedro-Jové et al., 2021; Landry et al., 2020; Shen et al., 2020).

Historical reports indicate that the initial outbreak of phylotype II took place in
Caribbean Central America, in Trinidad, during the 1890s and has since then spread widely and
rapidly across the Americas, including Belize, Brazil, Colombia, Costa Rica, Ecuador, El
Salvador, Grenada, Grenadines, Guatemala, Guyana, Honduras, Jamaica, Mexico, Nicaragua,
Panama, Peru, Suriname, Trinidad and Tobago, and Venezuela. Therefore, Rs-pll prevails in
tropical, subtropical, and temperate regions where temperatures range between 30 and 35
degrees Celsius (Ploetz, 2008; Tripathi et al., 2022). Some strains of phylotype II have also
been reported in Asian countries such as the Philippines and Malaysia (Drenth and Kema, 2021;
Horita et al., 2014; Zulperi and Sijam, 2014). These Rs strains are disseminated through insect
vectors, farm animals, infested soil, contaminated planting material or water, colonized
rhizospheres of non-host plants, or diseased plant debris that remains contagious for six months

after bacterial infection (Kago et al., 2017).

1.1.2 Phylogenomics

Following Darwin’s publication of The Origin of Species” in 1849, phylogenetics
emerged as a discipline primarily focused on categorizing living organisms by grouping all
descendants of a common ancestor into distinct clades. Its aim was to elucidate common
attributes shared among members within each group and to deduce ancestral traits by examining
observable features in extant organisms (Sleator, 2011).

The recent expansion in molecular sequence databases and tree-building methods has
propelled the evolution of phylogenetics under a concept and scope that solidifies its importance

across all branches of biology. Unlike conventional morphology-based approaches,



phylogenomics employs tree-building methods based on character or distance that analyze
morphological data as well as genomic profiles (gene content, presence of orthologous genes,
and gene organization) derived from alignments of nucleic acid- or amino acid- sequences, or
both, to infer the distribution of character states (patterns of traits occurrence) and degree of
similarity between organisms, ultimately constructing the evolutionary history of a species or
group of organisms (Philippe et al., 2005; Semple and Steel, 2003). Besides visually
representing genealogical relationships, phylogenomics is fundamental to organizing
metagenomic sequences, providing insights into population histories and epidemiological
dynamics, identifying genes and genomic elements, describing recent and ancient genomes, and
reconstructing ancestral genomes (Wiley and Lieberman, 2011; Yang and Rannala, 2012).
Moreover, one of the most significant strengths of modern phylogenomics is that it
reflects the influence of different mutational events in building evolutionary processes and
relationships. That is, besides vertical gene transfer, phylogenomics analysis contemplates
lateral gene transfer as a key factor in framing evolution, particularly in prokaryotic species
where lateral gene transfer occurs at higher frequencies than spontaneous mutations (Lopez and

Bapteste, 2009; Zhi et al., 2012).

1.1.3 Phylogenomics based on Bayesian analysis

Bayesian analysis is a modern statistical framework for inferring unknown parameters in
a model or evaluating hypotheses based on observed data and prior knowledge. For its purpose,
the Bayesian relies on the Bayes theorem. To draw an inference about the value of a parameter
from the data, the framework considers the parameter random and uses the Bayes formula that
incorporates a model, a likelihood function, and a prior distribution, which is a representation of
parameter uncertainty derived before observing the data from subjective beliefs or limited/no
prior information, to combine prior knowledge about the parameter with observed data and
calculate the conditional probability density of the parameter given the data. The conditional
density refers to the posterior distribution, an updated indicator of uncertainty associated with

the parameter estimated in the context of the new evidence. In the case of hypothesis testing, the



posterior odds of each relevant hypothesis are used for their comparison. (Florens et al., 2019;
Ghosh et al., 2006; Iversen, 1984)

The Bayesian approach is advantageous for several real-life applications. It provides
explicit solutions to problems in statistical inference that arise from high-dimensional data and
complex decision scenarios, effectively handles prior knowledge and partial prior knowledge,
including constraints, is grounded in sets of axioms to avoid paradoxes related to classical
statistics, and validated through different techniques such as cross and frequentist validations
(Kaplan and Depaoli, 2013; O’Hagan, 2004). In addition to all its benefits, the recent surge in
the Bayesian framework owes much particularly to the widespread adoption of computational
advancements such as Markov chain Monte Carlo, Patch, and Stepping-stone sampling methods
Baele et al., 2016; Larget and Simon, 1999.

Since its introduction in the nineties, Bayesian analysis has been a cornerstone of
bioinformatics (Nascimento et al., 2017). It offers a versatile and systematic approach
encompassing stochastic and deterministic probabilistic models that aid in inference and
decision-making regarding complex evolutionary phenomena using molecular sequence data
and prior knowledge (Huelsenbeck et al., 2001; Rudge, 1998; Wilkinson, 2007). In the study of
Ralstonia solanacearum phylotype Il infecting Musa species throughout America, Bayesian
analysis presents a robust and comprehensive framework that integrates prior knowledge and
nucleotide sequences datasets on probabilities and uncertainties through probabilistic models
and computational algorithms to gain reliable and deeper insights into the evolutionary and
population processes underlying the dynamics of this plant pathogen, aiding the exploration of

intricate biological networks, discovery of hidden patterns, and causal relationships.

1.1.4 Bayes factor

In Bayesian statistics, the Bayes factor is a pivotal method for hypothesis testing and
comparing model fit for model choice. Unlike the p-value significance testing in frequentist
statistics, the Bayes factor offers measurable evidence supporting the null hypothesis rather than

solely the ability to reject it (Schmalz et al., 2023). The Bayes factor provides a quantitative



assessment of the strength of the evidence in favor of one hypothesis or model compared to
others, enabling the selection of the model or hypothesis with the highest posterior probability
from a pool of candidate models or hypotheses (Kass, 1993).

To calculate the Bayes factor, we need to compute the marginal likelihood critical. The
marginal likelihood represents the evidence the data provides for a specific model (Ando, 2009).
Essentially, it is the expected likelihood function considering the prior distribution, i.e., a
measure of the average fit of a model to the observed data (Holder et al., 2014). Although
estimating marginal likelihood accurately is computationally intensive, it is effectively
addressed using numerical integration-based methods such as Stepping-Stone or Path sampling

(Fan et al., 2011; Friel and Pettitt, 2008).

1.1.5 Demographic history

Demographic history entails studying the fluctuations in the size of past populations and
the structure and development they suffer over time, yielding significant perspectives for
assessing population-genetic mechanisms and factors driving past population dynamics,
interpreting interactions between populations and their environment, and tracing spreading
patterns (Drummond et al., 2005; Ho and Shapiro, 2011).

Reconstructing population history involves scrutinizing the signature it has left in the
genetic data of present-day representatives (Grant, 2015; Ho and Shapiro, 2011). Thus,
nonparametric, semi-parametric, and parametric methods use nucleotide sequence data to
estimate historical trends in population size (Mather et al., 2020). Among them, Bayesian
skyline analysis is a parametric method for inferring population demographics that displays a
skyline plot illustrating the historical changes in effective population size as a function of time
(Salmona et al., 2019). This method applies the Bayesian framework for estimating historical
effective population size that defines the demographic trajectory, providing accurate

descriptions of intricate demographic scenarios (Navascués et al., 2017).



1.1.6 Phylogeography

Phylogeography is an interdisciplinary field that stems from the convergence of
micro-level, including population genetics and demography, and macro-level, such as historical
geography, paleontology, and phylogeny, evolutionary disciplines to explore relationships
between phylogenetics and geography (Avise et al., 1987). Hence, this biogeography subfield
studies principles and mechanisms underlying the geographical distributions of genealogical
lineages (Avise, 2000). Thus, this enables the geographical illustration of the spatial
relationships inherent to the gene genealogies within or among species, aiding in deducing the
space-time dimensions of evolutionary history, the influence of ecological pressures, and the
geospatial distribution of genetic diversity (Avise, 2009; Emerson et al., 2011).

The development of DNA sequencing technology that aroused the phylogenomics
revolution also ushered in this field in the 1980s. Supported by Bayesian statistical inference,
phylogeography reconstructs a reliable phylogeographic history of a species by analyzing the
genealogical information expressed on independent loci from numerous genome sequences

(Beaumont et al., 2002; Emerson and Hewitt, 2005).

1.2 Problem statement

Ralstonia solanacearum phylotype II causing bacterial wilt in bananas and plantains is a
global concern for food safety by particularly impacting countries in the Americas that
contribute not only to over 90% of global exports of bananas but also to the domestic
consumption of this staple food (Food and Agriculture Organization of the United Nations
(FAO), 2022). This plant pest, which adversely affects the health of Musa species and the
development of their fruits, has the potential to compromise up to 100% of production
(J. A. Alvarez et al., 2008), representing a significant threat to the quality and supply of bananas
and plantains in the Americas. The profound gaps in understanding the evolutionary dynamics
of Rs-plI hinder the effective implementation of management strategies specific to the biological

control of Moko disease (Ailloud et al., 2015; Aoun et al., 2023; Beutler et al., 2023; French,



Sequeira, et al., 1970; N’ guessan et al., 2013; Pardo et al., 2019; Vailleau and Genin, 2023).
Consequently, the prevention and control methods for the entry, establishment, and spread of
the bacterial phytopathogen commonly employed thus far, such as the use of non-selective
herbicide and bactericide chemicals, have been largely unsuccessful and costly, while
additionally involving substantial risks to human welfare and ecological integrity (Agrocalidad,
2022; Alengebawy et al., 2021; E. Alvarez et al., 2013; Peillex and Pelletier, 2020).

Beyond the scarcity of literature interested in addressing the evolution of the Rs-pll
exhibiting pathogenicity to Musa species, the predominant focus of research involves isolated
analyses of Rs-pll strains sourced exclusively from individual American countries
(Albuquerque et al., 2014; Ramirez et al., 2020). Relatively few studies have undertaken
research integrating Moko disease-causing Rs-pll strains isolated at least from most of the
regions in the Americas where the bacteria have been detected: South America, Central
America, North America, and the Caribbean. Thus, their findings are inadequate in providing a
deeper insight of the pathogen and its evolutionary dynamics across the American continent. A
comprehensive understanding of how Rs-pll evolved spatially and temporally in America is
challenging but decisive to strategically adopt the most efficient yet cost-effective prevention
and control methods to safeguard household food safety worldwide, especially in the least
developed and food-deficit countries, since it may reveal Moko disease epidemiology, historical
population events associated with changes in virulence or antibiotic resistance, sources of
bacterial infection, routes of dissemination, and geographical areas affected and prone to be.

The present study will analyze evolutionary relationships, demographic history, and
phylogeography of American Rs-plI strains infecting Musa spp. to provide valuable
information for future epidemiological research focused on the appropriate management of the

Moko disease through strategies safe for both human health and the environment.



1.3 Objectives

1.3.1 General Objective

Describe the evolutionary and phylogeographic dynamics of the American strains of

Rs-plI causing Moko disease in Musa species.

1.3.2 Specific Objectives

* Determine the best nucleotide substitution model for the genomic dataset of the studied

Moko disease-causing Rs-plI strains.

* Identify the optimal molecular clock model for the American Rs strains in phylotype II
through the Bayes factor computed from marginal likelihoods obtained using BEAST

software.
* Analyze the phylogenetic relationships among the American Rs-pll strains using BEAST.
* Assess the demographic history of the American Rs-plI strains using BEAST.

* Analyze the dissemination patterns of Rs-pll strains throughout America making a

phylogeographic analysis.



Chapter 2

Methodology

2.1 Sequence data and LCBs-based genome alignment

For this project, genome sequences corresponding to Ralstonia solanacearum strains
from the American continent that infect any species of Musa were gathered by filtering the
genomic database available in NCBI’s database (National Library of Medicine (US), National
Center for Biotechnology Information, 1988) to date (September 2023) based on host and
geographic location inclusion criteria. After excluding strains associated with insufficient or
questionable information for the study, such as those lacking essential sampling details or
including inconsistent location data, the genomic sequences of thirty-three Ralstonia
solanacearum strains isolated between 1959 and 2015 from banana (n = 12), plantain (n = 16),
and other musa species (n = 5) were downloaded in FASTA (.fasta) and GENBANK (.gb)
formats for subsequent analysis, see Table 2.1.

The retrieved genomic sequences of Rs-pll strains were aligned using the Mauve
software package (Darling et al., 2004, 2010) with default settings. The Mauve algorithm
efficiently aligned the genomes to identify locally collinear blocks that are highly conserved
segments (5kb long each) among the genomes of the Rs-plI strains. Subsequently, the LCBs
strip Subset script concatenated these core blocks, removing redundant genome sequences.

Comprising multiple genome alignments constructed by LCBs of closely 5000 bp, the final file



Table 2.1: Genomic dataset of 33 Rs-plI strains.

Strain GenBank accession Host Collection date Geographic Location
UA-1579 GCA_003860725.1 Banana 2014 Uraba, Colombia
UA-1609 GCA_003860765.1 Banana 2014 Uraba, Colombia
UA-1611 GCA_003860685.1 Banana 2014 Magdalena, Colombia
UA-1612 GCA_003860665.1 Banana 2014 Magdalena, Colombia

CCRMRs277 GCA_014210395.1 Banana 2015 Manicore, Amazonas, Brasil
CCRMRs287 GCA_014210375.1 Banana 2015 Benjamin Constant, Amazonas, Brasil
CCRMRs304 GCA_014210335.1 Banana 2015 Fonte Boa, Amazonas, Brasil
CCRMRsB7 GCA_014210345.1 Banana 2012 Anama, Amazonas, Brasil
UW179 GCA_000825805.2 Banana 1961 Colombia
BA7 GCA_029220005.1 Banana 1984 Grenada
UWO98 GCA_028464675.1 Banana 1960 Costa Rica
UWI158 GCA _028464865.1 Banana 1962 Peru
UA-1591 GCA_003860705.1 Plantain 2014 Quindio, Colombia
UA-1617 GCA_003860745.1 Plantain 2014 Quindio, Colombia
CIAT_078 GCA_012562465.1 Plantain 2004 Colombia
UW163 GCA_001587135.1 Plantain 1967 Nauta, Peru
UW128 GCA _023646455.1 Plantain 1962 Peru
CFBP1416 GCA_000825925.2 Plantain 1967 Costa Rica
UW156 GCA_023077575.1 Plantain 1962 Peru
CIP417_.UW70 GCA_021117115.1 Plantain 1960 Colombia
Uw162 GCA_023077495.1 Plantain 1963 Peru
UWI175 GCA_023077475.1 Plantain 1961 Colombia
UW132 GCA _028464965.1 Plantain 1962 Peru
UW140 GCA _028464615.1 Plantain 1963 Costa Rica
UW176 GCA_028464775.1 Plantain 1961 Colombia
UW177 GCA _028464765.1 Plantain 1961 Colombia
UW190 GCA_028464665.1 Plantain 1964 Peru
UW192 GCA _028464745.1 Plantain 1964 Peru
IBSBF 2570  GCA_003590585.2 Musa sp. 2012 Sergipe, Brasil
SFC GCA_003590625.2 Musa sp. 2012 Sergipe, Brasil
IBSBF 2571  GCA_003590605.1 Musa sp. 2010 Sergipe, Brasil
PD:1445 GCA_015912065.1 Musa sp. 1959 Panama
IBSBF1900 GCA_001373275.1 Musa sp. 2000 Brasil

sp., unspecified species.

10



in XMFA format was converted into FASTA format through a Perl script (Katz, 2014). After
aligning all the genomes in just under 1,5 million nucleotides, the size of each of the sequences
represented approximately 24% of its original size (see Table 2.2).

Table 2.2 also includes further details about the genome sequencing level retrieved from

NCBI about the sequences subjected to this study.

Table 2.2: Genomic properties of the Rs-plI strains under study.

. Phylotype- Initial Prot'ein- Size after
Strain Assembly Level genome GC (%) Genes  coding LCBs-bGA
Sequevar .
size (Mbp) genes (bp)

UA-1579 11B-4 Chromosome 5,08 67,0 4597 4373 1317221
UA-1609 11B-4 Chromosome 5,07 67,0 4591 4357 1317225
UA-1611 ITA-6 Chromosome 5,20 67,0 4731 4436 1317675
UA-1612 ITA-6 Chromosome 5,00 67,0 4644 4266 1317675
CCRMRs277 1TA-24 Scaffold 5,63 67,0 4453 4264 1317752
CCRMRs287 11B-4 Scaffold 5,42 66,5 4800 4628 1317243
CCRMRs304 1TA-24 Scaffold 5,63 67,0 4432 4242 1317757
CCRMRsB7 I1B-25 Scaffold 5,85 66,5 5098 4958 1317502
UW179 1IB-4 Scaffold 5,43 66,5 5072 4761 1317273
UA-1591 11B-4 Chromosome 5,35 66,5 4819 4612 1317254
UA-1617 1IB-4 Chromosome 5,36 66,5 4825 4634 1317271
CIAT_078 1IB-4 Complete genome 5,39 66,5 4915 4548 1317067
UwW163 11B-4 Complete genome 5,60 66,5 5020 4840 1317242
UW128 11B-4 Scaffold 5,49 66,5 4936 4720 1317242
CFBP1416 IIB-3 Scaffold 5,74 66,5 5448 5096 1317547
UW156 IIB-ND Contig 5,66 66,5 5067 4882 1317235
CIP417_-UW70 IIB-ND Chromosome 5,49 66,5 4910 4735 1317270
UW162 1IB-4 Contig 5,73 66,5 5148 4956 1317230
UW175 IIB-ND Contig 5,37 66,5 4839 4654 1317271
IBSBF 2570 1IA-53 Chromosome 5,72 67,0 4589 4402 1317641
SFC ITA-53 Chromosome 5,71 67,0 4682 4476 1317637
IBSBF 2571 1IA-53 Complete genome 5,43 66,5 4862 4641 1317222
PD:1445 IIB-ND Contig 5,47 66,5 5023 4793 1317579
IBSBF1900 11A-24 Scaffold 5,81 66,5 5540 5070 1317754
BA7 1TA-6 Chromosome 5,75 66,5 5115 4871 1317678
UW98 IIB-3 Scaffold 5,65 66,5 5172 4963 1317578
UW158 I1B-4 Contig 5,46 66,5 4944 4761 1317249
UW132 11B-4 Scaffold 5,48 66,5 4938 4761 1317243
UW140 IIB-3 Scaffold 5,59 66,5 5147 4925 1317585
UW176 11B-4 Scaffold 5,37 66,5 4831 4655 1317268
UW177 1IB-4 Scaffold 5,37 66,5 4823 4649 1317267
UW190 I1B-4 Scaffold 5,49 66,5 4950 4776 1317242
UWwW192 11B-4 Scaffold 5,47 66,5 4942 4759 1317241

ND, no data available.
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2.2 Nucleotide substitution model estimation

Among other parameters, evolutionary analysis performed using the methods mentioned
below requires a priori knowledge of the best-fit nucleotide substitution model.

The most appropriate DNA substitution model for the dataset subject to analysis was
computed through IQ-TREE v1.6.12. software (Nguyen et al., 2015). The -m TEST standard
algorithm implemented in the software conducted tree reconstruction and non-parametric
bootstrap analysis to estimate the most fitting substitution model and related parameters for the

concatenated LCBs of the Rs-plI strains.

2.3 Bayes factor comparison for molecular clock model
selection

The aligned genomic sequences of Rs-pll strains were tested for the optimal molecular
clock model selection by evaluating the fit of the data to the strict clock (Zuckerkandl and
Pauling, 1965) or to the uncorrelated lognormal relaxed clock (Drummond et al., 2006) through
calculating twice the natural logarithm of the Bayes factor (Jeffreys, 1957) using formula 2.1
and from the log marginal likelihoods computed using path sampling (PS) and stepping-stone
sampling (SS) (Baele, Lemey, et al., 2012; Baele, Li, et al., 2012) included in BEAST v1.10.4

package (Bouckaert et al., 2014).

2logBF =2 x (logMLgc —logMLgc) (2.1)
Where:

* BF represents the Bayes factor for the strict clock model against the uncorrelated

lognormal relaxed clock model.
* MLRc is the marginal likelihood for the uncorrelated log-normal relaxed clock model.

* MLgc is the marginal likelihood for the strict clock model.
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To calculate the logarithm of the marginal likelihood associated with the uncorrelated
relaxed clock model, the Bayesian phylogenetic inference was set up in BEAST software under
the general time reversible substitution model, gamma plus invariant sites as site heterogeneity
model, and coalescent constant population tree model (Drummond et al., 2002; Kingman,
1982). Identical settings were employed to compute the marginal likelihood logarithm related to

the strict clock model.

2.4 Evolutionary reconstruction

The species tree and demographic skyline plot for evolutionary inference were estimated
under the Bayesian framework using BEAST v2.6.7 (Bouckaert et al., 2014). BEAST was run
together with the Broad-platform Evolutionary Analysis General Likelihood Evaluator
(BEAGLE) v4.0.0 (Ayres et al., 2012; Suchard and Rambaut, 2009) to accelerate the highly
complex phylogenetic analysis and optimize computational resources.

Based on the previous results, the Bayesian phylogenetic analysis was set up in BEAUti
v2.6.7 to construct phylogenetic relationships from the aligned genomic sequence dataset under
the GTR + F + I nucleotide substitution model, the number of categories for the gamma site
heterogeneity was equal to 4, and tip dates were assigned to each sequence regarding known
sampling dates to set up clock under strict model because analyses done to select the best clock
model indicate that the strict clock fits the data well. Additionally, the tree prior was set up to
reflect a constant population growth, and the substitution rate of partition was set up to Log
Normal distribution with an M parameter of 10~7. The Markov chain Monte Carlo (MCMC)
analysis was run in BEAST for 30 million generations, sampling at intervals of 2000
generations. All parameters’ effective sample size (ESS) was assessed to be above 200 by
uploading the .log file in Tracer v1.7.2 (Rambaut et al., 2018) to ensure the convergence of
phylogenetic tree topologies and other parameters derived from the MCMC analysis (Ho, 2012;
Lanfear et al., 2016). The summary tree was generated from the sampled trees with the

maximum clade credibility tree after discarding 10% of the generations as burnin using the
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.trees file in TreeAnnotator v2.6.7 (Drummond and Rambaut, 2007). Node heights were
estimated as common ancestor heights. FigTree v1.4.4 (Rambaut, 2018) was used to annotate
and display the phylogenetic tree.

Reconstructing the demographic history and population dynamics on BEAST v2.6.7
used coalescent Bayesian skyline for the tree prior and similar settings than for phylogeny

inference. The Bayesian skyline plot was visualized on Tracer v1.7.2 by uploading the trees file.

2.5 Discrete Phylogeographic reconstruction

The discrete phylogeographic migration of the American Rs-pllI strains was assessed
using the Bayesian MCMC method implemented on the software BEAST v2.7.5 (Bouckaert
et al., 2019). To this end, the sampling geographical information of every Rs strain was
manually added in Bioedit v7.7.1 (Hall et al., 2011). Using BEAUti from the BEAST package,
a Bayesian phylogeographic inference framework was configured with a strict clock and
constant-size coalescent model for tree prior. Within this framework, sampling dates were
included as tip dates and sampling locations as a discrete partition. Furthermore, the proportion
of invariant sites, frequency, and GTR substitution model priors were set up to the values
summarized in Table 3.1, the gamma site heterogeneity comprised four categories, and the
gamma shape parameter was modeled using a gamma distribution. The prior distribution used
to model nucleotide frequencies and the molecular clock rate was specified as Log Normal.
MCMC analysis was run in BEAST for 150 million iterations, subsampling every 2000
iterations. The MCMC convergence was evaluated in Tracer v1.7.2 (Rambaut et al., 2018).
Results were satisfactory since the ESS for all parameters was over 200. The maximum clade
credibility tree was generated in TreeAnnotator by summarizing the sampled trees after
excluding the initial 10% of them as burn-in. The discrete trait phylogeography was analyzed
through Spatial Phylogenetics Reconstruction of Evolutionary Dynamics using Data-Driven
Documents (spreaD3) v0.9.7.1 (Bielejec et al., 2016). SpreaD3 converted the .trees file

containing the maximum clade credibility tree, the .dat file with the geographic coordinates
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associated with the sampling locations presented in Table 2.3, and the geoJSON file for the
American region (https://groups.google.com/g/d3-js/c/311L32UqAkk?pli=1) to a JavaScript
Object Notation (JSON) file. The software used the output JSON file in rendering, generating
phylogeographic visualizations in a Keyhole Markup Language (KML) file suitable for

displaying the resulting spreading network in Google Earth Pro (GoogleLLC, 2018).
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Table 2.3: Sampling location information of the Rs-plI strains under study.

Strain Geographic location Latitude Longitude
UA-1579 Uraba, Colombia 6,828350 -75,513070
UA-1609 Uraba, Colombia 6,828350 -75,513070
UA-1611 Magdalena, Colombia 10,411301 -74,405661
UA-1612 Magdalena, Colombia 10,411301 -74,405661

CCRMRs277 Manicore, Amazonas, Brazil -5,813187 -61,298990
CCRMRs287  Benjamin Constant, Amazonas, Brazil -4,376009 -70,030181
CCRMRs304 Fonte Boa, Amazonas, Brazil -2,515165 -66,095897
CCRMRsB7 Anama, Amazonas, Brazil -2,068587  -66,000061
UW179 Colombia 0,819321 -73,791619
UA-1591 Quindio, Colombia 4,461019  -75,667356
UA-1617 Quindio, Colombia 4,461019  -75,667356
CIAT_078 Colombia 0,819321 -73,791619
UW163 Nauta, Peru -4,505359  -73,580987
UW128 Peru -9,189967 -75,015151
CFBP1416 Costa Rica 9,748917  -83,753428
UW156 Peru -9,189967 -75,015151
CIP417_UW70 Colombia 0,819321 -73,791619
UW162 Peru -9,189967 -75,015151
UW175 Colombia 0,819321 -73,791619
IBSBF 2570 Sergipe, Brazil -11,14577 -37,348306
SFC Sergipe, Brazil -11,14577  -37,348306
IBSBF 2571 Sergipe, Brazil -11,14577  -37,348306
PD:1445 Panama 8,537981 -80,782127
IBSBF1900 Brazil -14,235001 -51,925279
BA7 Grenada 12,116500 -61,679000
UWo8 Costa Rica 9,748917  -83,753428
UW158 Peru -9,189967 -75,015151
UW132 Peru -9,189967 -75,015151
UW140 Costa Rica 9,748917  -83,753428
UW176 Colombia 0,819321 -73,791619
UW177 Colombia 0,819321  -73,791619
UW190 Peru -9,189967 -75,015151
UW192 Peru -9,189967 -75,015151
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Chapter 3

Results

3.1 Phylogenomic reconstruction

The genetic makeup within bacteria differs significantly, even between closely related
taxa (Lawrence and Hendrickson, 2005). Studies demonstrate that bacterial adaptive evolution
is mostly shaped by horizontal gene transfer, along with other evolutionary forces such as
mutation, contributing to genetic variability. Horizontal genomic exchange, which is more
common in bacteria than in eukaryotic organisms, leaves a distinct signature in the genome
(Arnold et al., 2022; Rodriguez-Beltran et al., 2021).

BEAST is a potent and versatile analysis package for estimating evolutionary
parameters and testing hypotheses (Drummond and Rambaut, 2007). It implements Bayesian
inference, a plethora of prior distributions, the Markov Chain Monte Carlo (MCMC) sampling,
stochastic models of molecular sequence evolution, and highly parametric coalescent analysis to
address discordance among inferred gene trees resulting from biological phenomena, such as
horizontal gene transfer, and thus to reconstruct accurate and reproducible phylogenetic trees
from diverse sequence datasets (Castro-Nallar et al., 2015; Daubin et al., 2003).

Bayesian inference in BEAST for all the analyses conducted in this research required
the nucleotide substitution and molecular clock models that best describe the evolutionary

processes underlying the genomic data.
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The model selection performed by IQ-TREE identified the general time reversible
(GTR) model with gamma plus invariant sites heterogeneity (+ F + I) as the most fitting
nucleotide substitution model for the genomic data of the Rs-pll strains. Additional parameters
related to the substitution model are listed in table 3.1.

Table 3.1: Overview of Substitution Model Assessment.

Parameter Value

Model for the base substitution rates GTR
Type of base frequencies +F
Model of the rate heterogeneity across sites +1

Proportion of invariable sites 0,8964

A-C rate 1,0509

A-G rate 8,6336

A-T rate 0,5541

C-G rate 0,8000

C-T rate 6,9449

G-T rate 1,0000

The model comparison based on the Bayes factor (table 3.2) provided very strong
evidence supporting the strict clock model over the uncorrelated log normal relaxed clock

model as the best molecular clock model for the American Rs-plI strains.

Table 3.2: Molecular clock model comparison based on the Bayes factor estimated from the
marginal likelihoods.

Clock model Log Marginal Likelihood

PS SS
Uncorrelated log normal relaxed clock -2233472,39 -2232434,50
Strict clock -2220501,82 -2220496,17
2 log BF -25941,14 -23876,66

The Bayesian maximum-credibility phylogenies shown in figures 3.1 and 3.2 were
obtained from the aligned and concatenated dataset (chromosome, contig, scaffold, and
complete genomic sequences) that includes 33 isolates of Rs-pll through trial-and-error
approach in BEAST configured with GTR + F + I (general time-reversible with nucleotide
frequencies and proportion of invariant sites) nucleotide substitution model and the best-fit strict

clock.
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Figure 3.1: Bayesian maximum clade credibility tree for the 33 strains belonging to Rs-plI based
upon concatenated nucleotide sequences of 5000 bp long LCBs. The tree is rooted at the mid-
point, and branch lengths are cladogram-like. Values assigned to internal nodes indicate the
posterior probability (pp) supporting the accuracy of the clade according to the model. The scale
bar provides a reference for the number of nucleotide substitutions per site. The two major clus-
ters, phylotypes IIA and IIB, are highlighted in blue and green, respectively.

However, the tree in figure 3.2 was obtained from the Bayesian framework used for the
phylogeographic reconstruction, thereby incorporating both genomic and geographic
information of the Rs-pll isolates. Both phylogenetic trees are summary trees derived from

sampled trees verified to have all parameters with an effective sample size (ESS) exceeding 200.
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When compared using beta.phylo.io (Robinson et al., 2016), the trees show a significant

(Robinson-Foulds distance = 97%) agreement in their topology (Figure 3.3).
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Figure 3.2: Bayesian maximum clade credibility tree inferred for the phylogeographic history
of Ralstonia solanacearum phylotype II. The tree is rooted at the midpoint, and branch lengths
are cladogram-like. Values assigned to internal nodes represent the posterior probability. The
scale bar provides a reference for the number of nucleotide substitutions per site. The two major
clusters, phylotypes IIA and IIB, are highlighted in blue and green, respectively.
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Figure 3.3: Comparison of the phylogenetic trees for the studied Rs-pll strains based on genetic
data (left tree) and both genetic and geographic data (right tree). The blue-to-yellow color gradi-
ent represents the similarity of the best-matching branches between the two trees. The scale bar
indicates nucleotide substitutions per site.

The phylogenomic analysis clearly reveals two statistically significant
(posteriorprobability (pp) ~ 1) monophyletic clusters within the Rs-pII population that share a
most recent common ancestor (Fig. 3.1). Comprising 24% of the isolates (n = 8), the first clade
exclusively consists of strains belonging to phylotype IIA. These strains were isolated from
Colombia, Grenada, and Brazil. The second clade contains the remaining isolates (n = 25).
Except for IBSBF2571 strain that was inaccurately reported by Albuquerque et al., 2014 to
correspond to phylotype IIA, this clade predominantly includes strains of phylotype IIB isolated
from Peru, Colombia, Costa Rica, Panama, and Brazil. In particular, the basal branches of the
clade associated with phylotype IIB are occupied by Brazilian IBSBF2571) and Colombian
(CIATO78) strains. Based on the length of their branches measured in nucleotide substitutions
per site, these South American isolates exhibit relatively large genetic distances compared to the
strains of this clade.

Moreover, some highly significant (pp ~ 1) subclades were strongly defined based on
geographical criteria: Four South American subclades and one Central American subclade. The
Peruvian subgroup primarily included phylotype IIB isolates from Peru, except for a sole strain
(CCRMRs287) isolated from Brazil. The two pure Colombian subgroups exclusively consisted

of phylotype IIB isolates from Colombia. The Brazilian subgroup comprised a mixed collection
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of South American strains of phylotype ITA from Brazil and Colombia, except for one strain
(BAT7) from the Caribbean, Grenada. Likewise, the Costa Rican subgroup included mixed
isolates, phylotype IIB strains predominantly from Costa Rica, and a few others from Panama,
and Brazil. It is important to highlight that the Brazilian strain (CCRMRsB?7) is located on the

most basal branch of this subclade.

3.2 Demographic history

BEAST can perform Bayesian analysis to infer demographic history, which involves the
changes in population size over time. To this end, it includes Bayesian skyline reconstruction
that plots population size fluctuations across historical periods by simultaneously estimating
parameters associated with genealogy, population history, and substitution model to overcome
the phylogenetic and coalescent uncertainties present in the inferred genealogy due to the
intraspecific nature of the molecular data (Ho and Shapiro, 2011).

The Bayesian skyline plot in figure 3.4 denotes the demographic history concerning the
Rs-pll that infects Musa species. This figure reveals that the population of Rs-pll pathogenic to
Musa species sustains a relatively constant size of roughly 1000 N, (Number of individuals or
genetic units) between 1959 and 2015. Nonetheless, it is noteworthy that the width of the
confidence interval is initially wider and becomes narrower over time, owing to the fact that
phylogenetic uncertainty associated with the population size is higher for more remote periods
because of the inherent variability in the underlying data or the availability of sufficient ancient

representatives.
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Figure 3.4: Bayesian Skyline plot inferred from the multiple alignment of 33 Rs-pIl genomes.
The plot illustrates effective population size (NV,) as a function of time. Time reported in the x-
axis is constrained by the sampling dates of the Rs-pll strains, spanning from 1959 to 2015. The
solid blue line show the mean population size, while the blue shaded areas indicate the credibility
interval determined by the 95% highest posterior probability density (HPD) interval.

3.3 Discrete phylogeographic reconstruction

Combining BEAST and spreaD3 brings out a powerful approach for pathogen
phylogeographic reconstructions. BEAST integrates genetic sequence data and discrete or
continuous geographic location information to model the spatio-temporal dispersal of
evolutionary lineages. Subsequently, spreaD3 uses the resulting phylogenies with location
annotation for visualizing the estimates of pathogen spread based on phylogenetic data on a
geographic map (Nahata et al., 2022).

Figure 3.5 derives from the Bayesian phylogeographic approach described above. This
phylogeography was co-estimated alongside the maximum-credibility genealogical tree
displayed in figure 3.2 by applying a strict molecular clock and GTR + F + I nucleotide

substitution model under constant-size coalescent model and using the genomic dataset along
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with the sampling locations incorporated as a discrete partition.

The Rs-pll strains responsible for Moko disease in Musa species used for diverse studies
primarily come from America (Fegan and Prior, 2006). Hypothesizing that the origin of the
phytopathogen tracks to America, our phylogeographic analysis included twenty-eight isolates
from South America (Colombia, Brazil, and Peru), four from Central America (Costa Rica and
Panama), and one from the Caribbean (Grenada). Although outbreaks of the pathogen have
been recorded in all banana-producing American countries, Rs-pll strains isolated from other
regions of America, such as Mexico from North America (Obrador-Sanchez et al., 2017) or
Ecuador from South America (Delgado et al., 2014), were not included in the analysis due to
the unavailability of their genomic information in open-access databases.

The phylogeographic analysis identified a total of 16 intracontinental migration
pathways of the Rs-pll exhibiting pathogenicity to Musa species throughout America (Figs 3.5
a,b,c). Figure 3.5 a shows that the diffusion of the phytopathogen began in Brazil. The pathogen
initially spread within the country, from Anama toward Manicore. Concurrently, it spread
northward to Magdalena, Colombia. Spreading from Magdalena to Grenada, the phytopathogen
reached the Caribbean. Subsequently, the plant pathogen spread from Brazil (Manicore) to
Uraba, Colombia, where transmission of the phytopathogen extended into other Colombian
regions. Figure 3.5 b reveals that the dissemination of Rs-plI strains persisted mainly in South
America, spreading from Colombia to Peru and Brazil. Concomitantly, dispersal pathways
headed toward Central America. The propagation of the phytopathogen extended from Brazil
(Anama) to Costa Rica and later from Costa Rica to Panama. Figure 3.5 ¢ shows that the
following migration paths arose in parallel from Grenada and Colombia to Sergipe in Brazil,
and from Peru to Benjamin Constant, Brazil. Upon returning to Brazil, the phytopathogen
continued to propagate across the Brazilian Amazon and other several regions north of Brazil,
such as Fonte Boa. Meanwhile, internal spread persisted within Colombia as the pathogen
disseminated to Quindio.

As a result of the dispersal patterns, Figure 3.5 d reveals that Colombia and Brazil were

the most commonly associated countries as focal source and recipient locations, followed by
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Peru, Costa Rica, and Grenada. Anama and Manicore from Brazil and Uraba from Colombia

seemed to play a key role in seeding the spread of Rs-pll strains throughout their respective

countries. Brazil (especially Anama and Manicore), Colombia (particularly Magdalena), Peru,

and Grenada may contribute significantly to the Rs-pllI epidemics across South America since

they appear to be potential areas for the dissemination of the phytopathogen to neighboring

nations within the region. Furthermore, Anama from Brazil and Magdalena from Colombia

might be the hot spots of the diffusion of Rs-plI strains toward Central America and the

Caribbean, respectively.
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Figure 3.5: Phylogeography of the Ralstonia solanacearum phylotype II infecting Musa species
across America. a,b,c, Spatial dynamics of Rs-pll strains spreading across America. The color
intensity of the circles and arrows represents the order of the transmission patterns, and the
arrows indicate the direction of the migration. The red line outlines the geographical extent of
the bacterial spread covered by the phylogeographic analysis.d, Geographic distribution of the

spreading centers of the plant bacterium pathogenic to Musa species.

indicates the number of dispersal events originating from each respective location.

25

The number of circles



Chapter 4

Discussion

In this study, the phylogenomics, demographic history, and phylogeography concerning
the Moko disease-causing Rs-pll were reconstructed by integrating genomic and geographic
data through advanced computational methods with the intention of gaining new insights into
the evolutionary relationships, historical population dynamics, spatial distribution, geographic
origin, and factors and processes driving the evolutionary trajectory of the Rs-pll population
pathogenic to Musa species.

The phylogenetic trees independently constructed with and without geographic data
shared similar branching patterns, differing in the placement of the Panamian (PD1445) and
Costa Rican (UW98, UW 140, CFBP1416) strains. Notably, these strains were consistently
classified in both trees into the same clade, phylotype IIB, indicating that minor discrepancies in
phylogenetic relationships were inconsequential. Nevertheless, despite the strong topological
congruence, the genealogical tree presented in figure 3.1 exhibited more substantial support, as
demonstrated by posterior probability scores nearing 1 for most nodes. Henceforth, the tree in
figure 3.1 was used to define the clades and elucidate the evolutionary relationships among
Rs-plI specimens.

Moreover, the topological consistency of the genealogy trees suggests that the
phylogenetic inference for Rs-pll strains is solid and independent of geographic criteria.

However, clustering clades comprising Moko disease-causing bacterial strains isolated from a
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particular American region hints at the involvement of geographical factors in shaping Rs-pll
evolutionary relationships. The congruence between the classification of RSSC phylotypes and
their respective geographic sampling location proposed in previous phylogenetic research
(Fegan, Prior, et al., 2005) supports this conjecture.

Furthermore, phylogenetic findings are consistent with current phylogeny of the RSSC,
confirming the classification of Moko disease-causing Rs-pll into two discernible clusters
denoted as IIA and IIB (Castillo and Greenberg, 2007; Etminani et al., 2020; Pais et al., 2022;
Paudel et al., 2020).

Within the clade of Rs-plIB strains, the Colombian and Brazilian strains linked to the
most basal branches may be regarded as more ancestral relative to all other Rs-plIB isolates.
Thus, South America likely represents the geographic origin of the most recent common
ancestor (MRCA) of the Rs-plIB pathogenic to Musa species (Clarke et al., 2015; Goss et al.,
2014), which is in concordance with literature (Albuquerque et al., 2014; Blomme et al., 2017,
Buddenhagen, 2007). Moreover, the relative genetic distances indicate a higher relative
diversity in Brazil than in Colombia (Stukenbrock and McDonald, 2008), suggesting that the
MRCA of the phylotype IIB of Moko disease-causing Rs bacteria, especially of the Peruvian
and Colombian strains, is originally from Brazil. Similarly, given its position in the
phylogenetic tree as the basal branch of the Costa Rican subgroup, Brazil possibly represents
the geographic origin of the ancestor of Costa Rican Rs-plIB strains.

Furthermore, our data indicate that both phylotypes IIA and IIB of Ralstonia
solanacearum co-exist in some South American countries, especially Colombia and Brazil.
This direct interaction of distinct Rs-pll lineages within the same geographical region might
suggest sympatry, a feasible evolutionary scenario for bacteria (Cordero and Polz, 2014).
Consistently, previous studies indicate that the open nature of its pangenome (Castillo, 2023)
and its wide geographical dispersion (Wicker et al., 2012) support that sympatric lifestyles
might have influenced the speciation of Ralstonia solanacearum species complex (RSSC). It is
imperative that phytosanitary authorities recognize that the prevalence of the two Rs-pll

phylotypes, A and B, in countries like Colombia and Brazil must be addressed through an
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integrated approach that optimally incorporates targeted methods and resources to manage both
Rs-pll lineages effectively.

Moreover, results also reveal the exclusive presence of Rs-plIA strains in Grenada and
Rs-plIB in Costa Rica, Panama, and Peru, indicating allopatric speciation (Whitaker, 2006).
The isolation of Rs-pll populations due to geographic barriers, such as the spatial distance and
environment, may have hindered the gene flow and driven their evolutionary divergence
(Castillo, 2023; Castillo and Greenberg, 2007; Chase et al., 2019). The presence of a single
Rs-pll phylotype within a country may require the implementation of strategies specifically
tailored to combat the phylotype in that context. Such an approach would not only enhance the
overall effectiveness of control measures but also ensure their safety for the local ecosystem
while optimizing resource allocation.

Previous research in comparative evolutionary genomics and reverse ecology indicates
that RSSC phylotype diversification varies depending on geographic distribution, standing out
that phylotype II is genetically the most diverse (Hong et al., 2012; Ramirez et al., 2020;
Remenant et al., 2010; Sharma et al., 2022). Hence, our results regarding the independent
evolution of Rs phylotypes ITA and IIB to adapt in a number of separate geographic regions
across the Americas could imply that Rs-pIIB exhibits higher genetic diversity than Rs-pIIA.
The phylogenetic and phylogeographic analyses further corroborate this assertion, revealing
that Rs-pIIB exhibits a greater relative genetic distance over Rs-pIIA. However, it is noteworthy
that strains belonging to Rs phylotype IIA and IIB are not evenly distributed among and within
countries since Rs-pIIA is underrepresented, comprising only 30% of total strains compared to
Rs-plIB. Consequently, our findings may not accurately reflect their actual geographic
distribution and genetic diversity. This disproportionate representation results from the limited
availability of freely accessible research resources in the Americas, particularly in developing
countries like Ecuador, as well as sampling bias in open-access genomic databases, likely
stemming from geographical limitations. Further research in genetic diversity is required to
support this assumption since the current literature reflects a need for consensus. Whereas

certain studies indicate that Rs-pIIB exhibits higher levels of diversity (Santiago et al., 2017),
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others argue that Rs-pIIA demonstrates greater diversification, attributed to its elevated rates of
homologous recombination (Wicker et al., 2012). For the successful management of Moko
disease, phytosanitary organizations must be aware of the genetic diversity of Rs-pll. High
levels of genetic diversity or rapid diversification patterns may anticipate the emergence of new
strains. Consequently, controlling this phytopathogen may require the adoption of flexible
strategies that remain effective in the long term against evolving threats.

Bacterial populations are susceptible to undergoing different historical events, including
genetic bottleneck, expansion, and contraction events, but the timing of such events varies
depending on specific factors, such as mutation rate, selective pressure, life-history traits,
geographic context, and population structure (Avitia et al., 2014; Castillo and Agathos, 2019;
Gibson and Eyre-Walker, 2019; Kuo and Ochman, 2009; Woolfit and Bromham, 2003). The
Bayesian skyline analysis of population dynamics in Rs-plI reveals that the demographic
history of the phytopathogenic bacteria exhibits a stable behavior between 1959 and 2015.
Although the widespread distribution of this phytopathogenic bacteria across all regions of
America might indicate the occurrence of expansion events, our demographic findings suggest
that the bacterial population has not undergone significant historical events. However, studies
applying multilocus sequence analysis provide evidence that corroborate the ongoing
diversification and recent population expansion of Rs-pIIA (Wicker et al., 2012). Our results are
probably not compelling evidence to substantiate our presumptions since there is currently
insufficient freely available genomic data from the appropriate temporal and spatial scales to
accurately estimate the demographic history of the Rs-pll population. Additional molecular
studies are necessary to describe better the demographic dynamics of the studied Musa
species-infecting bacteria and determine its relationship with geographical distribution.

The phylogeographic findings reveal numerous intracontinental dispersal events of the
Rs-plI population in different countries with similar environmental conditions throughout South
America, Central America, and the Caribbean, including Brazil, Colombia, Peru, Costa Rica,
Panama, and Grenada. Over time, this extensive network of long- and short-distance spread

pathways has contributed to the long-term establishment of the Moko disease-causing bacteria
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in the American continent. Research and historical outbreak records reveal that the actual
geographic distribution of the phytopathogenic bacteria extends even further, indicating its
presence in Musa species plantings located in additional regions such as Trinidad and Tobago,
Grenadines, Guyana, Belize, Martinique, Jamaica, Suriname, Ecuador, Uruguay, Venezuela,
Honduras, Guatemala, El Salvador, Nicaragua, and Mexico (Blomme et al., 2017; CAB
International, 2014; CABI, 2021; Ramirez et al., 2020). It is noteworthy that the narrow spatial
and temporal frame of the genomic data relative to the context of the evolutionary history being
studied may constrain the scope of the phylogeographic inference, leading to confounding the
dispersal patterns.

Results show that Brazil was the initial epicenter for the geographical spread of the
Rs-plII and the source of bacterial dispersion in Colombia and Costa Rica. This finding suggests
that this country may be the geographical origin of the MRCA of the pathogen, especially of the
strains found in Colombia and Costa Rica, as previously proposed. A growing body of evidence
from the literature adds weight to the argument that Brazil is the origin of the Rs-pll. Studies
point out that the Moko disease-inducing ecotype comprising phylotype IIB strains in
Martinique (Wicker et al., 2007) and French Guiana (Deberdt et al., 2014) was introduced
through banana cutting originating from the Amazonian region of Brazil. However, more
extensive phylogeographic research is warranted to validate these hypotheses.

Our data indicates that Moko disease-causing Rs-pll persisted predominately in South
America. It is strongly plausible that this distribution pattern is primarily attributed to the
tropical climatic conditions of these regions, given that the colonization ability of the RSSC
phytopathogenic bacteria is temperature-dependent (Bittner et al., 2016), and the inefficiency of
traditional agronomic practices for controlling the bacterial pathogen (Ahmed et al., 2022). The
phytopathogen bacteria reached Brazil, Colombia, and Peru multiple times, expanding along
them. This agrees with historical information describing recurring bacterial wilt epidemics
affecting Musa species crops in those South American countries since 1950 (French et al., 1993;
Mariano et al., 1998; Munar-Vivas et al., 2010).

As transmission patterns suggest, South America is implicated as the most frequent
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source of the Moko disease epidemics caused by Rs-pll across the Americas. In particular, our
results suggest that Anama, situated in the Brazilian Amazon, is a key hotspot for bacterial
dissemination, followed by Manicore (Brazil) and Magdalena (Colombia), which is plausible
since they are the leading banana exporting centers in their countries (Aguirre et al., 2015;
Voora et al., 2020). Previous research indicates that the Moko disease-causing bacteria that
prevailed in Brazil spread toward the Caribbean region by mechanical transmission (Deberdt
et al., 2014) and throughout South America by insects or as a result of poorly intensive
biological management (Blomme et al., 2017). Strategic planning of rigorous containment
measures, along with monitoring and regulatory methods for agricultural product export
activities in hotspots of Rs-pllI dissemination, such as Anama and Magdalena, may be essential
for eradicating the Moko disease propagation in high-dispersion areas and preventing the Rs-plI

from spreading and establishing in new regions.
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Chapter 5

Conclusions

The phylogenomic reconstruction classifies the Rs-pll infecting Musa species into
phylotypes IIA and IIB. The genomic data alone have proven robust enough to reliably
reconstruct the evolutionary relationships of the phytopathogen.

The geographic distribution of the Moko disease-causing Rs-plI throughout America
has imprinted a distinctive signature in the genome of each of its members, shaping their
evolutionary relationships. Thus, integrating geographic data may corroborate the phylogenetic
findings without significantly altering the tree structure.

The phylotypes IIA and IIB of Musa species-infecting Ralstonia solanacearum are
exclusively prevalent in specific countries of the Americas; however, they also coexist within
other geographical regions of the same continent. Given the influence of geographical
distribution over speciation, Rs-pll exhibits both allopatric and sympatric lifestyles (Castillo,
2023).

The findings underscore the complexity of population dynamics within the Rs-plI.
Despite its extensive network of long- and short-distance spread pathways across America, the
demographic history of Rs-pll has been described as constant between 1959 and 2015. Thus,
the relationship between the geographic distribution of Rs-pll and its historical changes in
population size remains ambiguous.

The phylogeographic reconstruction has determined the dispersion patterns of Rs-pll
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across the Americas, highlighting its epidemiological distribution in South America.

South America is the most frequent recipient and source of the Moko disease epidemics
caused by Rs-pll. Key hotspots of bacterial dissemination are distributed predominately in
Brazil and Colombia. Tropical climatic conditions, export processes of agricultural products,
and traditional agronomic practices ineffective for biological control of pathogens foster the
spread of Rs-pllI from South America, especially Brazil and Colombia, across all of America.

Phylogenomic results indicate that South America, specifically Brazil, is the
geographical origin of the most common recent ancestor of Rs-pll, especially of Rs-pIIB strains
from Peru, Colombia, and Costa Rica. Consistently, phylogeographic analysis tracks the

geographic origin of the Rs-plI strains from Colombia and Costa Rica to Brazil.
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Chapter 6

Recommendations and future research

This study describes the evolutionary dynamics and geographic dispersal patterns of the
Moko disease-causing Rs-pll, laying the groundwork for future investigations into the
mechanisms driving genetic diversity and adaptation of the phytopathogen.

Future research should replicate the phylogenomic, demographic history, and
phylogeographic analyses using an expanded dataset comprising a statistically representative
number of genomes of Rs-pIIA and Rs-plIB strains isolated in recent years from a wider

geographic range to validate and extend the findings of this study.
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