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Chapter 1. General introduction

1.1 Evolution and adaptation of bacterial plant pathogens

1.1.1 Why is it important to study the evolution and adaptation of bacterial plant

pathogens?

Bacterial plant pathogens are able to induce diseases in an increasing number of plants
all over the world (Strange and Scott, 2005). These phytopathogenic bacteria affect crops globally
on a large-scale and have a negative impact on agriculture because of their significant economic
losses and environmental ramification. Therefore, it is imperative to develop methods to manage

plant pathogens for global food security (Martins et al., 2018).

In 2012, a survey was conducted to nominate the top 10 bacterial pathogens based on
their scientific and economic importance (Mansfield et al., 2012). The survey consisted of 458
votes from the scientific community worldwide that led to the formation of a top 10 bacterial
plant pathogen list. The list with their ranking are as follows: (1) Pseudomonas syringae; (2)
Ralstonia solanacearum; (3) Agrobacterium tumefaciens; (4) Xanthomonas oryzae pv. oryzae; (5)
Xanthomonas campestris pathovars; (6) Xanthomonas axonopodis pathovars; (7) Erwinia
amylovora; (8) Xylella fastidiosa; (9) Dickeya (dadantii and solani); (10) Pectobacterium
carotovorum (and Pectobacterium atrosepticum). Each of these ten bacterial plant pathogens

have significant agronomic importance.

In nature, there is a continuous battle between the pathogen and the plant species
resulting in an exceptional coevolution. Upon the pathogen attack, the host plant deploys
defense mechanisms to resist the pathogen invasion. However, the resistance mechanisms
imposed by the host plant can be overcome by the pathogens using various adaptive mechanisms

and so the battle continues. A four phased zigzag model proposed by Jones and Dangl explains
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Figure 1 The Zigzag model of plant immunity

The model describes the various stages of the coevolution between the plant and
pathogen. There are 4 phases in total and are shown by arrow marks. PAMP — Pathogen
associated molecular pattern; PTI — pathogen triggered immunity; ETS — effector triggered
susceptibility; ETI — effector triggered immunity. From Jones and Dangl, 2006.
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the plant immune system (Figure 1). The plants detect the PAMPs/MAMPs (pathogen/ microbial
associated patterns) by PRRs (pattern recognition receptors) activating the PTI (pathogen
triggered immunity) that can hinder further colonization of the bacteria in phase 1. In phase 2,
successful pathogens releases effectors that interferes with PTI, resulting in ETS (effector-
triggered susceptibility). In phase 3, one of the plant NB-LRR (nucleotide binding — leucine rich
repeat) proteins recognizes one of the effectors resulting in ETI (effector-triggered immunity).
ETl is an intensified version of PTI, usually resulting in disease resistance and hypersensitive cell
death response (HR) at the infection site. In phase 4, the pathogen is driven by natural selection
to circumvent ETI by either losing the recognized effectors or by gaining new effectors through
horizontal gene transfer that can suppress ETIl. Natural selection of the plant NB-LRRs can result
in new specificities that can recognize the acquired effectors, resulting in ETI again (Jones and

Dangl, 2006).

The use of resistant cultivars is a favored disease management strategy as it could be
highly effective with negligible deleterious effect to the environment. The evolution of virulence
may be pivotal for the emergence and re-emergence of pathogens as host switching, host range
expansion and overcoming host resistance compromise the control strategies. The evolution of
pathogenicity governs the durability of resistant cultivars (Mcdonald and Linde, 2002; Sacristan
and Garcia-Arenal, 2008). Resistant crop breeding which uses the molecular breeding and genetic
engineering approach to transfer the resistance genes or QTLs (Quantitative trait loci) against
pathogens is one of the better and most effective, environmental friendly approach to counter
microbial diseases as opposed to the use of pesticides (Akhon and Machray, 2009; Gust et al.,
2010). However, the plant resistance can be transitory as the pathogens are evolving
continuously. For example, in the bacterial pathogen P. syringae pathovars, the phytotoxins and
effectors from the type Il secretion system (T3SS) not only aid in evoking the disease but also
overcome/suppress host resistance. Phytotoxins such as coronatine, syringolin A, syringomycin
and syringopeptin are produced by many pathovars of P. syringae during pathogenesis (Ichinose
et al., 2013). The phytotoxins coronatine and syringolin A weakens the plant stomatal immunity,
whereas syringomycin and syringopeptin targets the plant cell membrane and induces pore

formation. This leads to increased permeability and rapid K* efflux from the plant cells resulting
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in the acidification of the cytoplasm and thereby plant necrosis. The T3Es (Type 3 effectors)
subdues the PAMP and effector-triggered immunity by inhibiting the signaling pathways that
causes plant defense response such as HR (hypersensitive response) and cell death (Bender et
al., 1999). In P. syringae pv. tomato (Pto) strains, that causes bacterial speck in tomato, host
resistance was overcome by mutations in one of the T3E, hopM1 gene and an additional mutation
in fliC gene that results in reduced recognition by the tomato immune system (Cai et al., 2011).
In addition, pathogen evolution can also enlarge their host range. For instance, interspecific
homologous recombination led the pathogenic bacterium X. fastidiosa, to infect two new hosts
namely mulberry and blueberry in the Americas, while the ancestral X. fastidiosa subsp. multiplex
was unable to infect the same host. Sequence analysis from the isolates revealed that a single
ancestral homologous recombination event has given rise to X. fastidiosa subsp. morus and a
recombinant X. fastidiosa subsp. multiplex group that infects multiple hosts in addition to
blueberry (novel host) (Nunney et al., 2014; Bonneaud et al., 2019). Epidemiological evidence for
the emergence of a new pathogenic variant of R. solanacearum in Martinique is another example
for host expansion of the pathogens (Wicker et al., 2009). The |1IB/4NPB strains are an emerging
population of R. solanacearum with a striking ability to acquire new hosts. Until 2002, these
strains were specific to anthurium and cucurbits, but a year later the isolates were pathogenic to
solanaceous crops such as tomato and they were more aggressive than the other ralstonia strains
that causes bacterial wilt in tomato. This particular strain was rapidly spread throughout the
island and has infected several wild species and weeds (Wicker et al., 2007, 2009). The isolated
strain from the infected tomato were associated with bananas as former crop on the field. A
similar observation were also made on wilted watermelons and zucchinis in the field with an

earlier banana cultivation (Wicker et al., 2009).

To cope with pathogen evolution and adaptation, it is crucial to have plants with a durable
disease resistance. Durable disease resistance is defined as resistance that remains effective
while the ‘resistant’ cultivar is grown on an environment prone to the disease for extensive
period (Johnson, 1983). In order to achieve durable resistance in a plant, it is important to break
the boom-and-bust cycle of major-gene resistance (R-genes). In a boom-and-bust cycle, a

resistant cultivar with a single major resistance gene is introduced in the field and if it is effective,
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the cultivar is planted over a large geographical area referred to as the ‘boom’. The local
pathogen population adapts to the resistance gene by evolving a new population that could
overcome the resistance gene referred to as the ‘bust’. Selection pressure imposed by the
pathogen population leads to the breakdown of resistance, which is achieved, by mutation
and/or recombination (Mcdonald and Linde, 2002; Strange and Scott, 2005). It has been
hypothesized that the evolutionary potential of a pathogen is the reflection of its population
genetic structure. Pathogen populations with high evolutionary potential are most likely to
overcome resistance than those pathogens with low evolutionary potential (Mcdonald and Linde,
2002). It is therefore important to understand the fundamental mechanisms and determinisms
that govern the pathogen adaptation to their hosts, which is still rudimentary (Mansfield et al.,

2012).

1.1.2 How could bacterial pathogens evolve and adapt to new host and new

environments?

Pathogens are in a relentless state of flux and evolve continuously (Strange and Scott,
2005). Adaptation to different environments and potential new hosts could drive evolution
(Wicker et al., 2012). Bacterial pathogen evolution is driven by selection that leads to genetic

and/or epigenetic modification of their genome.
1.1.2.1. The importance of genetic modifications in pathogen evolution

Sexual reproduction is an important mechanism by which genetic variation is established
in the alleles. However, for organisms like bacteria that lack the sexual cycle, genetic variation
occurs through other mechanisms. In bacteria, genetic variations occur either vertically by
mutations or genomic polymorphisms over a number of generations or horizontally by horizontal
gene transfer (HGT) of foreign genetic material ranging from as small as 1kb to more than 100kb

DNA fragments (Brussow et al., 2004).
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a. Vertical evolution

The various means employed by the bacteria to thrive in the environment and host

through vertical evolution includes:

= Point mutation (SNPs)

Amplifications (such as duplication)
= |nsertions/Deletions (InDels)

= Large Genomic rearrangements

Single nucleotide polymorphisms (SNPs) or point mutations can have a remarkable effect
on the biology of all organisms if the SNP is located on structural genes. SNPs in pathogens can
be adaptive leading to niche expansion. A number of SNPs have been identified in a variety of
bacterial pathogens that are associated with the pathogenicity-enhancing or ‘pathoadaptive’
mutation category. For example, SNPs in the fimbrial adhesion gene, fimH of Salmonella
typhimurium has major differences in host colonization properties. Single amino acid
replacement caused by SNPs at two position, Gly61Ala and Phell8Ser in the fimH loci

significantly enhanced cell adhesion and biofilm formation (Weissman et al., 2003).

Duplication of many stress related genes in Escherichia coli favors adaptation to heat
stress. In particular, duplication of the transcription regulator, evgA, permits E. coli to withstand

over 50°C (Kondrashov, 2012).

Pathogenicity could also be gained by loss of genes. An example of evolution by gene
deletion comprises Shigella spp., the causal agent of shigellosis disease in human beings, which
developed pathogenicity by the loss of E. coli specific gene cadA. Maurelli and co-workers
demonstrated that Shigella spp. was evolved from the commensal E. coli by not just acquiring
the virulence plasmid but also by the gene deletion of cadA responsible for the inhibition of

enterotoxin activity (Maurelli et al., 1998).

Another mechanism by which variation among the adapted strains can be observed are
by genomic rearrangements. Genomic rearrangements mediated by recombination of

homologous sequences such as transposons, insertion sequence (IS) and mobile genetic
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elements plays an important role in the bacterial pathogenicity and virulence (Bartoli et al.,
2016). For example, in Pseudomonas syringae, the novel EEL (exchangeable effector locus)
harbors effector genes containing fragments associated with insertion sequences and mobile
genetic elements which are responsible for pathogenicity and fitness in host plants (Alfano et al.,

2000).
b. Horizontal evolution

The ability to lose and gain genetic material while conserving the core genome could be
a key reason why bacterial pathogens are able to exploit a range of different hosts rapidly and
simultaneously (Bonneaud et al., 2019). Species barriers do not restrict HGT and the acquired
DNA can encode intact metabolic pathways, complex surface structures or virulence factors
(Preston et al., 1998; Brussow et al., 2004; Groisman and Casadesus, 2005; Wion and Casadesus,
2006). There are three main mechanisms that mediate HGT (Thomas and Nielsen, 2005) and they

are as follows:

=  Transformation
= Conjugation

=  Transduction

Natural transformation allows the uptake of free DNA in competent bacteria. This can
create mutants with pathogenicity islands or gene clusters encoding virulence factors making
them more virulent/aggressive or avirulent strains become virulent. For example, the 35kb region
in enteropathogenic E. coli (EPEC) enables invasion and survival in mammalian cells whereas the
commensal E. coli that lacks the region are nonpathogenic (Marcus et al., 2000). Recombination
allows the transfer of genetic material within the bacterial populations of same ecological niche
or geographic location. This enables rapid adaptation to the hosts as seen with X. fastidiosa in
Mulberry that is associated with a large recombination event (Nunney et al., 2014; Bonneaud et
al., 2019). R. solanacearum is also capable of HGT owing to its ability to develop a physiological
state of competence that allows exchange of large DNA fragments by natural transformation
(Coupat et al., 2008; Guidot et al., 2009). This exceptional property of HGT could be the reason

behind the new pathogenic variants of R. solanacearum observed in the Martinique islands
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(Wicker et al., 2007, 2009). Studies conducted on various phylotypes of R. solanacearum reveals
the evolutionary potential of HGT on virulence of the pathogen. It was corroborated that the
pathogen could take up to 80 kb DNA fragments via natural transformation within the phylotypes
(Coupat-Goutaland et al., 2011). The study also found that weakly aggressive strains could
acquire a more aggressive phenotype after a subsequent HGT among distantly related strains.
The experiment was performed on Psi07 strain of R. solanacearum and the transformant was
Psi07 with RSc2123 — RSc2155 region (containing Type Ill effectors) from GMI1000 strain. The
transformant became more aggressive on the tomato plant compared to the wild type strain

Psi07 (Coupat-Goutaland et al., 2011).

Conjugation is mediated between adjacently located bacteria where the mobile genetic
elements are transferred by pili structures. The surging prevalence of antibiotic resistance in
many pathogenic bacteria is an outcome of evolution and selective pressure because of extensive
use of antibiotics in medicine, animal feeding and agriculture (Grohmann et al., 2003). An earlier
example of dissemination of antibiotic resistance via conjugation was observed in Mycobacteria

and Streptomycetes for tetracycline (Davies, 1994).

Transduction is favored by phage mediated HGT, where the bacterial DNA of the host
genome is transferred in the bacteriophage head resulting in functional phages, which is then
delivered to a suitable bacteria. The absence of phage DNA makes it harmless to the recipient
bacteria and thereby the foreign material is injected into the genome (Brussow et al., 2004).
Generalized transduction has been observed in many pathogenic bacteria including S.

typhimurium (Schicklmaier et al., 1995) and Yersinia strains (Hertwig et al., 1999).
1.1.2.2. Role of phenotypic heterogeneity in pathogen adaptation

Phenotypic switching or phenotypic heterogeneity is another adaptive strategy observed
in many bacterial pathogens, where the phenotype of some of the bacterial cells in a clonal
population varies from rest of the bacterial cells. This can help adaptation of bacterial pathogens
to a new ecological niche through two main beneficial strategies, the bet hedging and the division

of labor strategies. Bet hedging enables the pathogen to persist in fluctuating environments,
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while the division of labor aids fitness by enabling the subpopulation to perform different
functions simultaneously (Arnoldini et al., 2014; Weigel and Dersch, 2018). An example of
phenotypic heterogeneity by bet hedging strategy is the formation of ‘persister’ cells. These cells
grow slowly or behave dormant but are difficult to destroy (Balaban, 2004). The small colony
variant (SCV) is a distinct phenotype exhibited by many pathogenic bacteria that are associated
with persistence in the host and can be less susceptible to antibiotics (Proctor et al., 2006; Weigel
and Dersch, 2018). Examples of persister cells have been observed in many pathogenic bacteria
including Staphylococcus aureus, S. epidermidis and Pseudomonas aeruginosa (Proctor et al.,
2006). A heterogeneous population on biofilm formation promote division of labor strategy and
are involved in many acute and chronic infections such as those caused by Vibrio cholerae and P.
aeruginosa. Formation of biofilm protects the bacteria against environmental stress and confers

resistance to antibiotics (Drenkard and Ausubel, 2002; Weigel and Dersch, 2018).

An example that uses both the strategies is the bistable expression of the virulence gene
hilD, which belongs to type 3 secretion system 1 (ttss-1) in Salmonella Typhimurium populations.
The bistable expression of the ttss-1 generates two subpopulations, one is resistant to antibiotics,
the second is more effective for host colonization (Arnoldini et al., 2014). One other example of
bet hedging is the bistable expression of the global virulence regulator, RovA, in the enteric
pathogen Yersinia pseudotuberculosis. This heterogeneous expression of rovA is essential for
virulence during the infection as it promotes both pre-adaption of some cells in the fluctuating
environment of the intestinal epithelium during the initial stages of infection and adaptation to

the intestinal tract during the later stages of infection (Nuss et al., 2016).

Phenotypic heterogeneity has been ascertained experimentally to be an evolvable
selective trait with a fitness benefit (Bodi et al., 2017). Some of this heterogeneous population
can be easily visible as colony variation (Van Der Woude and Baumler, 2004). Other phenotypic
variations include antibiotic resistance, growth rates, motility and biofilm formation. This
phenomenon can be induced by phase variation, stochastic gene expression and genetic or
epigenetic modifications (Ackermann et al., 2008; van Gestel and Nowak, 2016; Weigel and

Dersch, 2018).
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Well-established examples of phenotypic heterogeneity in the bacterial plant pathogen
R. solanacearum includes phcA (Poussier et al., 2003) and efpR mutant (Perrier et al., 2016, 2019).
Heterogeneity in R. solanacearum is caused by spontaneous mutations in the global regulators
PhcA and EfpR. The global virulence regulatory gene, PhcA positively and negatively controls the
expression of various genes responsible for pathogenicity and metabolic functions (Clough et al.,
1997; Yoshimochi et al., 2009). R. solanacearum transitions from the saprophytic form to the
parasitic form using PhcA quorum sensing and regulatory system (Peyraud et al., 2016).
Successive studies found that the PhcA regulatory system mediates a compromise between
optimal growth in the early stages (at low cell density during plant colonization) and the
production of virulence factors in the later stages of infection (at high cell density during disease
development) (Yoshimochi et al., 2009; Khokhani et al., 2017). It has been reported that some
cells of the pathogen population can undergo spontaneous mutations in the phcA gene resulting
in non-pathogenic variants but exhibiting high metabolic abilities even in high cell density
(Poussier et al., 2003; Peyraud et al., 2016) . Some of these phcA mutants were reversed to the
pathogenic form in planta (Poussier et al., 2003). Mutations in efpR of R. solanacearum causes
the isogenic population to produce two different colonies namely the S variant (‘smooth’ colony,
similar to WT) and the EV variant (rough colony, ‘efpR variant’). Here the pathogen uses bet
hedging strategy to generate two subpopulations, one with better host colonizing properties (S
phenotype) and the other adapted to diverse environments with wide metabolic capacity (EV

phenotype) (Perrier et al., 2016, 2019).
1.1.2.3. Role of epigenetic modification in pathogen adaptation?

Yet another mechanism by which the bacterial pathogen can adapt is through epigenetic
modifications. The concept of ‘epigenetics’ was first introduced in 1942 by the British
embryologist C. H. Waddington to describe the influence of environment on the development of
specific traits. However, the physical nature of the gene and their role in heredity was unknown.
Modern concept of epigenetics refer to the non-genetic modifications that enable stable

alterations in the gene expression and are passed onto next generations (Al Akeel, 2013). The
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recent advances in technology fostered a renewed interest in bacterial epigenetics and their

significance in pathogen adaptation, which are briefed later in this chapter (section 1.2).

1.1.3. Experimental evolution to study pathogen adaptation

Experimental evolution (EE) is a powerful technique to observe the evolutionary dynamics
within/between populations and to perceive the molecular mechanisms of adaptation of an
organism to a new environment (Elena and Lenski, 2003; Kawecki et al., 2012; Guidot et al.,
2014). The experiments range from simple growth experiments that uses Erlenmeyer flasks, agar
plates and chemostat to evolution in complex environments like the pathogen host. Lenski and
co-workers first visualized the concept of EE in 1988 by growing 12 populations of E. coli strain
REL606 in minimal media with limiting glucose (Lenski et al., 1991). In this long-term
experimental evolution, the strains were propagated for over three decades resulting in more
than 72,000 generations to date and the population continues to adapt. A major discovery within
the population was the evolution of the citrate utilization, which is significant as E.coli cannot

utilize citrate under oxidizing conditions (Blount et al., 2008).

The evolution experiments in the laboratory setup are now being carried out on various
organisms like virus, bacteria, fungi, yeast, plants, insects and vertebrates to further understand
the genetic variance that drives adaptation. The use of experimental evolution approach with
bacterial pathogen has helped to better understand the virulence evolution and molecular
mechanisms for host adaptation. For example, evolution experiment on opportunistic pathogen
Burkholderia cenocepacia of cystic fibrosis was selected for biofilm formation on a plastic bead
suspended in minimal media in a test tube for approximately 1500 generations. The evolved
clones had multiple mutations affecting pathways including tricarboxylic acid cycle (TCA)
enzymes, polysaccharide production, global transcription and iron scavenging that are associated
with adaptation to extended biofilm selection (Traverse et al., 2013). Several studies have also
taken place in a setup that closely resembles the natural condition. The environment is still of

course controlled and they usually combine multiple stresses such as antibiotics or carbon
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sources changing over time. Lindsey and colleagues propagated hundreds of E. coli populations
to evolve in increasing concentrations of the antibiotic rifampicin and successfully identified

mutations in rpoB gene that confers resistance to rifampicin (Lindsey et al., 2013).

Many microbial evolution experiments has been conducted on more complex framework
such as the eukaryotic host to understand pathogen adaptation or the influence of the host in
bacterial evolution. The host species include animal or plant systems such as worms (King et al.,
2016), mice (Tso et al., 2018), mimosa (Marchetti et al., 2010) and maize (Quesada et al., 2016).
An experimental evolution of the plant pathogen Xanthomonas citri subsp. xcc validated the
hypothesis that a resistant host imposes stronger pathogen selection than the susceptible host.
The evolution experiment of Xcc strain that causes citrus canker disease was performed on both
resistant (kumquat) and susceptible host (grapefruit). The resistant kumquat usually exhibited
late HR while the grapefruit was highly susceptible to the Xcc strain. After 55 passages of
inoculation of the Xcc strain into kumquat and grapefruit (three lineages each), clones from two
lineages from the resistant kumguat manifested loss of HR and the loss was stable (Trivedi and
Wang, 2014). There were 28 nonsynonymous mutations observed in these two resistant lineages,
of which 11 mutations were on Type lll effectors and are generally involved in virulence and
pathogenicity related functions. Parallel mutations were observed in these two lineages in
multiple T3Es such as avrXacEl and pthA4, OrfT (cointegrate resolution protein T) and XpsF
(general secretion pathway protein F) (Trivedi and Wang, 2014). Another study attempted to
convert the plant pathogen, R. solanacearum into a legume symbiont using experimental
evolution. Here, the symbiotic plasmid of Cupriavidus taiwanensis was transferred to a R.
solanacearum strain before experimental evolution on Mimosa plants. Nitrogen fixation was not
achieved (yet) but the experiment showed adaptation for nodulation and plant cell infection
(Marchetti et al., 2010, 2014). Another experimental evolution with R. solanacearum aimed to
identify the genetic bases of adaptation of the pathogen to multiple host plants. This experiment
successfully identified adaptive mutations in a new transcription regulator, EfpR, that enhanced

fitness in planta (Guidot et al., 2014) (detailed in section 1.3.1).
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1.2 Role of epigenetic modification in bacterial evolution and adaptation

1.2.1. Significance of DNA methylation in bacteria

Methylation is the mechanism by which a methyl group is added to the DNA by a
methyltransferase (MTase), which changes the activity of DNA but not the sequence and it is one
of the most common form of post replicative modification in microbial genomes. It is well
established that DNA methylation is present in almost all bacteria since the putative DNA MTases
were found in over 95% of the ~29,000 publically available bacterial genomes sequenced to date

(http://tools.neb.com/genomes/). Interestingly there is a large number of MTases in prokaryotes

in comparison to eukaryotes (Roberts et al., 2014). Blow and coworkers recently identified 620

MTases in the genomes of diverse bacterial and archaeal species (Blow et al., 2016).

The importance of DNA methylation of bacteria is well studied in model organisms like E.
coli or Caulobacter crescentus where the methylation of adenine residues is catalyzed by Dam
(DNA adenine methylase) and CcrM (Cell cycle regulated MTase family) MTases, respectively
(Casadesus and Low 2006). The role of DNA methylation has been reported for various
phenotypes, such as cell division, biofilm formation or virulence mostly in human and animal
bacterial pathogens (Casadesus and Low 2006; Fang et al. 2012; Shell et al. 2013). However, the
role of DNA methylation in host-pathogen interaction remains largely unexplored for most of the

bacterial plant pathogens.

The methylation pattern of the E. coli GATC sites are relatively stable except for a few
subset that varies depending on the growth phase and the carbon source (Hale et al., 1994).
However, in an entomopathogenic bacterium Photorhabdus luminescens TT01, the methylome
profile remained unchanged over the course of growth phase. Methylome analyses by SMRT
sequencing performed on the P. luminescens bacterial cells harvested during mid-exponential
phase (OD=0.3-0.4), late exponential phase (0OD=0.9), stationary phase (OD=1.5) and late
stationary phase (OD>3) revealed that the methylation rate remained unchanged during the
different growth phase. The corresponding MTase encoding genes were expressed in all the

tested growth conditions (Payelleville et al., 2018). Another study performed on a metal reducing
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Figure 2 Chemical structure of the various forms of DNA methylation

The methylated base is highlighted in red
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bacterium, Shewanella oneidensis MR-1 also did not observe major changes in the methylation

state when grown in aerobic rich medium or anaerobic minimal medium (Bendall et al., 2013).

1.2.2. Different form of DNA methylation in bacteria

DNA methylation is catalyzed by DNA methyltransferases (MTases). The MTases are
classified into two groups, (1) the MTases that act with restriction enzymes (a component of
Restriction-Modification system) which protects the genomic DNA from foreign material and (2)
the solitary MTases (or orphan MTases) that act without restriction enzymes, which are solely
involved in the cellular functions. Examples of orphan MTases include Dam of E. coli and in other
y-Proteobacteria and CcrM of Caulobacter cresentus and in other a-Proteobacteria (Low,
Weyand and Mahan, 2001; Wion and Casadesus, 2006). Two classes of MTases catalyze base
modification in the DNA: (i) the exocyclic MTases that methylates the exocyclic amino nitrogen
yielding 6mA (6-methyladenine) and 4mC (4-methylcytosine) modifications and (ii) the
endocyclic MTases that methylates the pyrimidine ring carbon yielding, 5mC (5-methylcytosine)

modification. The chemical structure highlighting the modified base is given in Figure 2.

DNA methylation can influence DNA—protein interactions and thereby gene expression,
especially when the methylated state of the binding site is important for the interacting proteins
such as RNA polymerases or transcription factors (Van Der Woude, Braaten and Low, 1996;
Jeltsch, 2002; Casadesus and Low, 2006; Low and Casadesus, 2008; Jones, 2012; Sanchez-
Romero, Cota and Casadesus, 2015). In mammals, methylation of the cytosine residue (5mC) in
the promotor region was linked to the repression of downstream gene transcription whereas
methylation on the gene body has been positively correlated to the gene expression (Jones,

2012). However, the same correlation has not yet been proven in prokaryotes.

DNA MTases target a specific DNA motif for DNA methylation. For example, Dam
methylates the adenine of the GATC motif. The study that identified 620 MTases from diverse
bacterial and archaeal species included 217 bacterial species. They found that 6mA modifications

were predominant (75%) while 4mC and 5mC modifications accounted for 20% and 5%

26 |Page



respectively (Blow et al., 2016). Orphan MTases are widely distributed in prokaryotes and they
are likely to be evolutionarily more conserved than the RM MTases. Examples of highly
represented orphan MTase families other than Dam and CcrM among bacteria includes the gene
that methylates the motif GANTC of Methylobacterium sp., RAATTY of Spirochaetaceae, which is
also present in Campylobacter jejuni, TTAA of Arthrobacter (Blow et al., 2016) and the conserved

GTWWAC motif across Burkholderiaceae (Erill et al., 2017).

1.2.3 Hemimethylation and its role

Active demethylation has not yet been observed in bacteria and therefore the non-
methylation of the motifs is generated as a result of competition between the DNA specific
binding protein and the DNA MTase (Sanchez-Romero et al., 2015). Demethylation only occurs
during DNA replication. Hemimethylation is a phenomenon that also occurs during DNA
replication where only one of the strand (template) harbors the methylated base. DNA
hemimethylation has many prominent roles in the biology of bacteria from the
occurrence/timing of DNA replication, DNA repair, to the timing of transposition and conjugal
transfer of plasmids, which are all sensitive to the hemimethylated state of the specific DNA
region (Casadesus and Low, 2006). Interestingly, hemimethylated state of the DNA can be either

extended, transient or heritable (stable) (Wion and Casadesus, 2006).

For example in E. coli during DNA replication, the protein SegA binds to the
hemimethylated sites near the oriC that sequesters the replication initiation. Additionally, the
replication can also be delayed when SegA transiently blocks the DnaA protein synthesis that is
important for the initiation of replication by binding to the hemimethylated sites in the dnadA
promotor. Another example is the recognition of the mismatched base pairs for DNA repair that
occurs during replication. Here again the mismatched base pairs are discriminated by the absence
of methylation in the newly synthesized strand. This transient hemimethylation in the new strand
acts as a signal for strand differentiation by the methyl directed mismatch repair protein MutH

that cuts the nonmethylated strand. Thereby, only the methylated DNA template strand will be
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used as the template for the following DNA synthesis. In a similar manner, DNA hemimethylation
can also repress transposition of insertion sequences such as IS10 and IS50 and bacterial
transposons such as Tn5 and Tn10 (Low et al., 2001; Casadesus and Low, 2006; Wion and
Casadesus, 2006).

All these hemimethylated sites were considered transient and not heritable. However,
heritable hemimethylation patterns were observed in at least 50 sites of E.coli ‘GATC’ (Wion and
Casadesus, 2006). Heritable hemimethylation is involved in the regulation of phase variation of
Pap (pyelonephritis-associated pili) and Agn43 (Antigen 43) of E. coli, where the hemimethylation
is a required step for switching ON/OFF. (Casadesus and Low, 2006; Wion and Casadesus, 2006).

1.2.3. Role of DNA methylation in bacterial virulence

5mC modification of eukaryotes is known to have functional roles in gene expression,
chromatin organization and genome maintenance. However, the role of 5mC modification in
prokaryotes remains rudimentary. In many groups of Proteobacteria, 6mA modification has an
impact in the cell regulatory events including bacterial virulence. Dam regulates a number of
virulence genes. In E. coli, Dam controls the expression of pilus operons that plays a prominent
role in virulence of urinary tract infections. For instance, the Lrp regulator of E. coli binds to GATC
sequences in the promoter region of the pap operon. Because of the higher affinity of Lrp for
non-methylated GATC sites, a competition between the binding of Dam and Lrp occurs, resulting
in two sub-populations, the one that expresses Pap pilus and the other does not (Blyn et al., 1990;
Casadesus and Low, 2006). Alteration in the levels of Dam methylation in Salmonella, Vibrio
choloerae and Yersinia pseudotuberculosis attenuates virulence in animal models (Julio et al.,
2001). Additionally, over production of dam inhibits or alters virulence in a number of organisms
including Y. pseudotuberculosis, V. cholerae, Salmonella enterica and Photorhabdus luminescens
(Julio et al., 2001, 2002; Payelleville et al., 2017). Dam mutants are also shown to have impaired
virulence in Klebsiella pneumonia (Mehling et al., 2007) and Y. pestis (Robinson et al., 2005).

Another (6mA) MTase CamA identified on Clostridioides difficile (formerly called Clostridium) has
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Figure 3 Bisulfite sequencing

The DNA sample treated with bisulfite converts unmethylated cytosine to uracil. Comparison
of the test DNA sequence with the reference genome reveals the position of cytosine
methylation.

Figure 4 Single-molecule, real-time (SMRT) sequencing

The time required for the incorporation of a nucleotide for the reference genome and the
sample genome determines presence of methylated base at any given position.
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Gene MTase Protein
ID gene Localization GC% | Type protein Modification | Target site
Name Name
RSc0844 rsoGIM Chromosome | 68.7 | orphan | M.RsoGl - -
RSc0845 rsoGIlIM | Chromosome | 66.8 | orphan | M.RsoGIl | - -
RSc0869 rsoGllIM | Chromosome | 63.5 | orphan | M.RsoGlll | m5C
RSc1982 rsoGIVM | Chromosome | 67.9 | orphan | M.RsoGIV | m6A GTWWAC (Erill et
al., 2017)
RSc3396 rsoGVM | Chromosome | 70.1 | RM M.RsoGV | m6A -
RSc3438 rsoGVIM | Chromosome | 50.1 | orphan | M.RsoGVI | m5C YGCCGGCR
RSp0570- | rsoGVIIM | Megaplasmid | 66.7 | orphan | M.RsoGVII | - -
571

Table 1 Mtases and their motifs of GMI1000 as identified by REBASE and SMIRT

RM — MTase associated with restriction modification system

W-AorT;Y-CorT;K—GorT; N—anybase;R—AorG
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been found to be involved in the sporulation and biofilm formation (Oliveira and Fang, 2020;
Oliveira et al., 2020). In a Gram-positive bacteria Streptococcus pyogenes, deletion of Restriction,
Specificity, and Methylation gene subunits (ARSM strain) responsible for 6mA modification
resulted in altered virulence gene expression. The study found that the presence of 6mA
modifications influenced the expression of master transcriptional regulator (Mga) that controls
various virulence genes, surface adhesions and immune-evasion factors of S. pyogenes and the
deletion of RSM resulted in increased host immune response (Nye et al., 2020). Natural
transformation capacity of Helicobacter pylori is crucial in genome diversity, evolutionary
potential and virulence regulation. The loss of (the only) 4mC modifications (M2.HpyAll) resulted
in reduced transformation capacity, differential expression of virulence genes and reduced ability

to induce inflammation of the human cell line (Kumar et al., 2018).

1.2.4. Methods to detect DNA methylation

Over the years, a number of diagnostic tools were developed to detect the various forms
of DNA methylation. Historically, whole genome bisulfite sequencing (WGBS) or bisulfite
sequencing (BS-Seq) is the most frequently used technique to detect the 5mC modifications. This
method involves treatment of the genomic DNA with sodium bisulfite. The treatment deaminates
cytosine to uracil followed by sequencing where the uracil (nonmethylated cytosine) is converted
to thymidine, while the methylated cytosines are not deaminated and are read as cytosines. The
position of the methylated cytosine is identified by comparing the sequences of treated and
untreated sequences (Figure 3) (Beck and Rakyan, 2008; Lister and Ecker, 2009; Li and Tollefsbol,
2011).

Single molecule real-time (SMRT) DNA sequencing is an emerging sequencing technique
that allows the determination of the genome sequence as well as the methylation profile. The
technique monitors the activity of a single DNA polymerase in real time while catalyzing the
incorporation of fluorescently labelled nucleotides complementary to the template DNA strand.

A pulse of fluorescence (whose color identifies each nucleotide) detects incorporation of the
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nucleotide. In addition to monitoring the fluorescence pulse for each nucleotide incorporation,
the device measures the time between each pulse known as the interpulse duration (IPD). The
principle behind the SMRT sequencing for methylome analysis is that the IPD is statistically longer
when the template contains a methylated base and has distinct kinetic signatures for 4mC and
6mA modifications. As a result, the methylated nucleotides can be identified by the difference in
the IPD ratio between the template (methylated) DNA and the PCR amplified (unmethylated)
DNA at any given position (Figure 4). However, this approach is not sensitive to 5mC

modifications (Flusberg et al., 2010; Davis, Chao and Waldor, 2013; Blow et al., 2016).

SMRT sequencing of the reference strain GMI1000 detected 3 motifs, the GTWWAC,
CCCAKNAVCR and YGCCGGCRY motifs targeted by the MTases RSc1982 (rsoGIVM), while
remaining motifs putatively correspond to RSc0869 (rsoGllIIM) and RSc3438 (rsoGVIM)

respectively as given in Table 1 (Erill et al., 2017).

1.3. A model organism: the Ralstonia solanacearum species complex

(RSSC)

The multihost vascular plant pathogen, R. solanacearum has a strikingly wide host range
of more than 250 plant species making this pathogen rank among the top 10 plant pathogenic
bacteria. It causes brown rot disease in potato, bacterial wilt (BW) in Solanaceae family and many
other crops including some ornamentals and Moko disease in banana (Genin and Boucher,
2002a; Peeters, et al., 2013). R. solanacearum is regarded as a ‘species complex’ owing to its
significant genetic diversity within the species. A species complex defines a cluster of closely
related isolates whose individual members may represent more than one species (Genin, 2010;
Peeters et al., 2013). This extensive phytopathogen inhabits and curbs the production of diverse
crop species including both monocots and dicots in tropical, subtropical and some warm
temperate regions of Europe (Castillo and Greenberg, 2007). A root infecting, vascular colonizing

pathogen with an extensive host range that rapidly evolves and exhaustively investigated makes
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Figure 5 Distribution of Ralstonia solanacearum species complex

Figure obtained from European Mediterranean Plant Protection organization - EPPO Global
Database (https://gd.eppo.int/taxon/RALSSO/distribution). Accessed on 20/03/2020
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the R. solanacearum species complex (RSSC) an interesting model to study bacterial

pathogenicity.

1.3.1. Extensive host range and worldwide distribution

The host range of R. solanacearum not only includes major agricultural crops like tomato,
potato, eggplant, groundnut, ginger, capsicum, banana but also model plants like Arabidopsis
thaliana, Nicotiana benthamiana and Medicago truncatula and ornamental plants like
Pelargonium spp. (Genin and Boucher, 2002b; Castillo and Greenberg, 2007; Genin, 2010) and
quite recently in Rosa spp. (Tjou-Tam-sin et al., 2017). Annually, the economic losses in potato
accounts up to one billion US dollars (Elphinstone, 2005; Mansfield et al., 2012). However, the
direct yield losses vary depending on various factors like the host, cultivar, climate, soil type,
cropping pattern and the strain. The yield loss due to bacterial wilt can vary from 0 to 91% in
tomato, 33 to 90% in potato, 10 to 30% in tobacco, 80 to 100% in banana and up to 20% in
groundnut (Yuliar et al. 2015; Sharma and Singh 2019).

In particular, RSSC is a versatile organism as it has the ability to rapidly evolve and adapt
to various host plants, which is supported by field observations reporting the emergence of
strains more aggressive and able to colonize novel hosts. The best-known example is the
emergence of phylotype Il sequevar 4 strains, which are not pathogenic on banana (IIB-4NPB) as
opposed to its associated members of the group (Moko disease causing cluster), but are
pathogenicto solanaceous crops and cucurbits in Martinique (Wicker et al., 2007). The phylotype
IIB-ANPB strains were also isolated from Brazil (Cellier et al., 2012). This was followed by the
emergence of strains in unusual hosts like anthurium (Anthurium andreanum) in 1999;
cantaloupe (Cucumis melo. L) in 2001; cucumber (Cucumis sativus L.), pumpkin (Cucurbita
moschata Ls.), zucchini (Cucurbita pepo L.) in 2002; and watermelon (Citrullus lunatus) in 2003
(Wicker et al., 2007, 2009). Quite recently, RSSC outbreaks were also reported in various parts of
Europe that includes Bulgaria, France, Germany, ltaly, Netherlands, Poland, Portugal and Spain

in 2017 and 2018 on Solanum tuberosum, Rosa spp. and Solanum lycopersicon
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Figure 6 Phylogenetic analysis of RSSC based on egl sequence

Phylogeny of RSSC genomes based on the partial egl sequence analysis

dividing into phylotypes and sequevars (Fegan and Prior, 2005).
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Figure 7 Phylogenetic reclassification of RSSC strains

The revised classification of RSSC genomes. The three subdivisions are as follows: (i)
Ralstonia pseudosolanacearum comprising the strains from phylotype | and IlI; (ii)
Ralstonia solanacearum comprising strains from phylotype IIA and IIB and (iii) Ralstonia
syzygiii comprising the subsp. indonesiensis, subsp. celebesensis and subsp. syzygii (Prior
et al., 2016)
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(EFSA PLH Panel. 2019). The current distribution of the bacterial wilt worldwide is presented in
Figure 5 (EPPO Global Database, 2020). In addition to the highly adaptive nature of RSSC, the
anticipated increase in temperature due to global warming favors bacterial wilt distribution
across the world. This could be a serious threat to many host and non-host plants (Lopes and

Rossato, 2018).

1.3.2. A species complex

In the past two decades, classification of RSSC has undergone many changes. Formerly, it
was classified into five races and six biovars based on the host range and biochemical properties.
The classification later evolved into phylotype-sequevar system (Figure 6). This hierarchical
classification was based on the partial sequence analyses of endoglucanase (eg/), mutS, and hrpB
genes or ITS (intergenic spacer) region and comparative genome hybridization (Prior and Fegan,
2005; Guidot et al., 2007). Phylogenetic analysis of RSSC based on the sequence data unveiled
four phylotypes. Each phylotype corroborates with the geographical origin of the strains but not
to the host range. There are subgroups within each phylotypes called sequevars, based on the
egl gene sequence, that are clusters of isolates with similar pathogenicity or common
geographical origin (Prior and Fegan, 2005). Phylotype | consists of strains primarily from Asia,
phylotype Il from America with two monophyletic subpopulations (lla and lIb), phylotype Ill from
Africa and phylotype IV from Indonesia, Australia and Japan. RSSC also includes Ralstonia syzgii
that causes Sumatra disease of clove trees in Indonesia and Ralstonia celebensis (banana blood
disease bacteria (BDB)) which belongs to phylotype IV (Prior and Fegan, 2005; Castillo and
Greenberg, 2007; Genin, 2010; Cellier et al., 2012; Mansfield et al., 2012; Wicker et al., 2012;
Peeters et al., 2013).

Advancement in molecular tools and the availability of whole genome sequences of many
RSSC strains suggested evolutionary divergence among and within each phylotypes. In order to
improve the RSSC taxonomy, a polyphasic taxonomic approach was proposed combining the

available phenotypic and genotypic data. The proposed classification divides RSSC strains into
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Figure 8 Life cycle of Ralstonia solanacearum

R. solanacearum can survive for long periods in the soil without a true host. Bacteria enters the
plant via the roots and invade the vascular system thereby causing wilting symptoms, which is
favored by rapid multiplication in the xylem vessels and excessive production of
exopolysaccharides that block the xylem flow leading to plant death. (a) Transmission electron
microscopic view of GMI1000 (b) Confocal view of bacteria (in red) attached to the plant surface
(c) Green fluorescent protein expressing bacteria visualized on the surface of tomato root (d)
Oozing bacteria from the infected plant stem to the water (e) Bacteria ooze from the infected
plant stem (Genin, 2010)
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three genospecies based on the phylogenetic analyses of ITS region, partial eg/ sequences and
DNA hybridizations. They are as follows: (1) Ralstonia solanacearum comprising only phylotype
Il strains; (2) Ralstonia syzygii comprising only phylotype IV strains and (3) R.
pseudosolanacearum comprising phylotype | and phylotype Il strains (Safni et al., 2014). This
taxonomic revision was later validated by a combination of genomic and proteomic approaches

(Prior et al., 2016) (Figure 7).

1.3.3. The RSSC life cycle

R. solanacearum is a soil-borne Gram-negative bacterium that alternates between two
states: as a saprophyte in soil/water and as a pathogen inside the plants Figure 8. The bacteria
can survive in the soil for many years and spread through water, rhizosphere contact and farming
(Genin and Boucher, 2004; Genin, 2010; Song et al., 2018; Castillo and Agathos, 2019). The
pathogen enters plant roots, invades the xylem vessels and spreads rapidly to aerial parts of the
plant through the vascular system. Within a few days of infection, the bacteria attains high
population by extensive colonization that leads to vascular clogging causing wilting symptoms

and ultimately plant death (Genin, 2010; Peeters, Guidot, et al., 2013).

1.3.4. The RSSC genome

The notable feature of RSSC is its high level of diversity, which could be explained by the
fact that it possesses a state of natural competence to integrate genetic material after horizontal
gene transfer (Bertolla et al., 1999; Guidot et al., 2009). At the genomic level, R. solanacearum
strains consists of two circular replicons called the chromosome (around 3.7 Mb) and the
megaplasmid (around 2.1 Mb) with an average of 67% G+C content. GMI1000 has a natural
competence that favors in vitro transformation by HGT (Bertolla et al., 1999). The high number
of mobile genetic elements and ACURS (Alternative Codon Usage Regions) in both replicons

exemplifies the complexity and the plasticity of the genome. ACURS account for a considerable
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portion of the genome (7%) and they are commonly associated with genes of lower G+C content

and probable pathogenicity genes (Salanoubat et al. 2002; Guidot et al. 2007).

The chromosome encodes all the fundamental mechanisms essential for the bacterial
survival such as the genes required for DNA replication, repair and cell division, transcription and
translation, but it also contains genes involved in virulence. The megaplasmid contains genes that
contribute to the overall fitness and adaptation of the bacteria to various hosts/environmental
conditions, but it also contains housekeeping genes. For example, several metabolically essential
genes and key virulence genes are present in both the chromosome and the megaplasmid (Genin
and Boucher, 2002a; Castillo and Greenberg, 2007; Genin and Denny, 2012; Castillo and Agathos,
2019).

1.3.5. Pathogenicity determinant and regulation

The most important virulence factors of RSSC includes exopolysaccharide biosynthesis
(EPS), type lll secretion system (T3SS), type Il secretion system (T2SS), flagellin and motility
related genes (Genin and Denny, 2012).

RSSC produces large amounts of EPS in planta as well as on plates. This promotes rapid
colonization of the plant stems that lead to completely wilted plants. Mutants lacking eps seldom

cause wilting symptoms even when introduced directly on the plant stem (Schell, 2000).

The T3SS is a major pathogenicity determinant of RSSC. It is common to many plant and
animal pathogenic bacteria. T3SS is a syringe like membrane that injects type 3 effector (T3E)
proteins into the plant cell causing infection in susceptible plants or hypersensitive response (HR)
in resistant plants (Peeters et al., 2013; Wu et al., 2015). The T3SS machinery is known to encode
at least 70 effector proteins in GMI1000 (Peeters et al., 2013). Deletion of a single effector does
not show any major effect, which contemplates the synergetic and redundant characteristics of
type 3 effectors in RSSC. However, there are some exceptions as seen with GALA7 effector. gala7
belongs to a seven-gene family that encodes F-box and leucine rich repeat (LRR) domain T3Es.
Disruption of this T3SS virulence factor affects the pathogenicity of RSSC strain GMI1000 in
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Figure 9 Major virulence regulatory networks in RSSC strains

The model mainly describes the genes and traits controlled both positively and negatively by the
transcriptional regulator, PhcA. The network and the genes that are positively regulated by PhcA, VsrA
and VsrD are given in a. The primary regulation of T3SS and other virulence-associated genes are
depicted in b. Broken lines represent probable indirect regulation. Lines ending with crossbar denote
repression and lines with arrowhead denote activation. EPS — exopolysaccharide; HDF — hrpB-dependent
diffusible factor (3-hydroxy-oxindole); T2SS — type Il secretion system; T3SS — type Ill secretion system.
(Genin and Denny, 2012)

EfpR is the only regulator that is not yet in this network but we know that its regulon is close to the PhcA
regulon according to transcriptomic analyses (Perrier et al., 2016, 2019)
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Medicago truncatula. This implies that GALA7 effector has a direct host specific role in
the colonization of M. truncatula. Interestingly, the virulence of single GALA mutants did not

affect the susceptible Arabidopsis and tomato plants (Angot et al., 2006).

Similar to T3SS, T2SS of RSSC is another salient pathogenicity determinant, which
contributes to the systemic infection of the pathogen in the xylem vessels and in the virulence.
The T2SS secrete approximately 30 substrates, which include several cell wall degrading enzymes
and other proteins such as endoglucanase (Egl), PehA, PehB, PehC, Pme that are all important for
colonization and wilt symptoms (Poueymiro and Genin, 2009; Genin and Denny, 2012; Cianciotto

and White, 2017).

Motility also contributes significantly to the pathogen colonization and disease. Flagellin
and motility related genes that are shown to be involved in swimming/twitching motility, biofilm
formation and root attachment, contributes to virulence on tomato (Peeters et al., 2013). It has
also been shown that motility is needed for the pathogen in the early stages of infection i.e. for
locating and invading the roots; but are non-essential in the later stages of pathogenesis (Genin

and Denny, 2012).

RSSC pathogenesis is regulated by a complex regulatory network. The major regulators
of this network are PhcA, VsrA, VsrD, HrpB, HrpG and EfpR (Figure 9). The global virulence
regulator PhcA has a central role in this network as it controls directly or indirectly many virulence
genes. Levels of functional PhcA are regulated in response to bacterial cell density by a quorum
sensing (QS) mechanism and allows transitions from saprophytic to parasitic forms of the
pathogen (Peyraud et al., 2016). PhcA is a LysR family transcription regulator that differentially
regulates many genes (around 1500 genes) (Perrier et al., 2018). The functions that are regulated
by PhcA include EPS synthesis, plant cell wall degrading enzymes, bacterial motility, T3SS and
type 6 secretion system (T6SS) (Yoshimochi et al., 2009; Khokhani et al., 2017; Perrier et al., 2018)

(Figure 9).

VsrA - VsrD is a two-component response regulator that controls multiple traits and
strongly plays a role in the colonization of RSSC in tomato stems. VsrAD also negatively regulates

swimming and twitching motility (Genin and Denny, 2012; Peeters, Guidot, et al., 2013).
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Yet another major regulatory system in RSSC is the HrpB regulon that mainly controls the
various pathogenicity related genes needed to repress the plant defense responses in order to
survive the initial stages of infection (Genin, 2010). HrpB, an AraC family transcription regulator
affects the expression of more than 180 genes in minimal medium (that mimics the plant xylem).
Importantly, HrpB positively regulates most of the T3SS genes and T3E. HrpG is an OmpR family
response regulator that positively regulates the hrpB expression. It is known that HrpG facilitates
adaptation of the bacteria inside the hosts. Also studies show that hrpB and hrpG mutants are
non-pathogenic (Genin and Denny, 2012). Other important proteins secreted by Hrp secretion
system includes PopA, PopB and PopC of which PopA is shown to have HR like response when
infiltrated in plants at high concentrations, whereas PopB and PopC are involved in the transport

of the nutrients from plants or the effectors to plants (Genin and Boucher, 2002b).

One other major virulence regulator is EfpR, which acts as global catabolic repressor in
RSSC that controls several metabolic pathways. The transcriptome of efpR deleted mutant shows
1031 differentially expressed genes (combined results from Perrier and Capela’s article) (in the
annexure) (Capela et al., 2017; Perrier et al., 2018). Deletion of efpR gene enhances the fitness
of the bacteria during growth in planta and generates phenotypic heterogeneity. Some of the
key genes that were differentially expressed includes the virulence genes such as T3Es, Hrp
proteins, EPS synthesis, flagellar proteins, metabolic functions, motility and chemotaxis related

genes, thus largely overlapping the PhcA regulon (Capela et al., 2017; Perrier et al., 2018).

efpR mutants produce two distinct type of colonies namely the type S (smooth variant,
identical to the WT) and type EV (efpR variant) (Perrier et al., 2019). There is a reduced EPS
production in efpR — EV types and thereby reduced virulence. Swimming and twitching motility
are also enhanced in the efpR variants (Perrier et al., 2016; Capela et al., 2017). Furthermore, the
efpR variants can better catabolize a number of carbon substrates like L-Glutamate, L-Proline, L-
Histidine and GABA when compared to the wild type GMI1000. Additionally, the growth rates
were also significantly higher with these substrates in comparison to GMI1000 (Perrier et al.,

2016, 2019).
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1.3.6 Control measures of bacterial wilt

There are various strategies used to control bacterial wilt of RSSCin the field. This includes
physical, chemical, biological as well as cultural practices. The ideal option is the use of healthy
seeds and clean irrigation water free of RSSC; however, it is difficult to avoid the dissemination
of the pathogen as it can survive for years without a susceptible host. Biological control agents
(BCAs) are effective in terms of potentially self-sustaining and disease suppression for longer
term in an environmental friendly manner. However, BCAs are unreliable due to their
inconsistent colonization and performance in the field (Huet, 2014; Yuliar et al., 2015).

The use of resistant cultivars is therefore a favored strategy to control the bacterial wilt
disease. In tomato, a reference and widely used resistant cultivar is Hawaii 7996 tomato cultivar.
This cultivar was shown to have high level of resistance to several RSSC strains (Lebeau et al.,
2010). Lebeau and associates conducted an experiment to determine the bacterial wilt resistance
in ten variety of tomato, eggplant and pepper plants against a total of ten strains belonging to
diverse phylotypes (except phylotype 1V). The strains chosen were GMI1000, IPO1609, CMR15,
PS107, CFBP2957, PSS4, JT516, CFBP6784, CFBP6783 and CIR02-080. The tomato accessions
included the reference line Hawaii 7996 (=T5) (Table 2). The virulence test of GMI1000 on tomato
Hawaii 7996 showed a wilting percentage of 0% and colonization index of 6.7%. None of the
accession of tomato, pepper and eggplant showed complete resistance against all strains.
Nevertheless, a wide spectrum of high resistance was observed in two accessions of tomato
including Hawaii 7996 (=T5), three accessions of pepper and three accessions of eggplant.
Overall, bacterial wilt resistance was high in eggplant and pepper, but moderate in tomato (Table
2). In tomato, the only accession to provide complete resistance to more than two strains was
Hawaii 7996. In addition, clustering analysis based on the phenotypic scores of the virulence
ranked Hawaii 7996 as the most resistant (Lebeau et al., 2010). This strong resistance capacity of
Hawaii 7996 makes it an interesting host to identify the evolutionary potential of R.

solanacearum to overcome plant resistance during experimental evolution.
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Figure 10 Experimental evolution of Ralstonia solanacearum

Serial passage experiment (SPE) of a single colony of GMI1000 for 300 bacterial generations on
various host plants. The bacteria was recovered from each passage after 5 — 15 days post
inoculation (5 dpi — susceptible host; 15 dpi — resistant host). The derived clones were measured
for in planta fitness and the clones with enhanced fitness were sequenced by whole genome
sequencing and compared to the ancestral GMI1000.

(Adapted from Guidot et al. 2014)
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1.4 GMI1000: The study model

The GMI1000 (Genetique des Microorganismes INRA) strain of R. solanacearum was
among the first plant pathogen to have its whole genome sequenced. The strain was isolated in
1960 from tomato in French Guyana (Salanoubat et al., 2002). GMI1000 belongs to phylotype |
that is known to have a high evolutionary potential and can infect several plant species (Genin
2010; Genin and Denny 2012; Wicker et al. 2012). This strain was selected as a reference strain

in this study.

1.4.1 Experimental evolution of GMI1000

Before my arrival, an experimental evolution approach combined with whole genome
sequencing was opted by Guidot and co-workers at LIPM, INRA with the GMI1000 strain. The goal
was to investigate the genetic basis of adaptation of the pathogen to various host plants

comprising both original (susceptible plant) and distant hosts (tolerant plant).

The experimental evolution was conducted on eight different host plants both original
and distant to GMI1000 R. solanacearum. Three susceptible host plant species: Tomato (Solanum
lycopersicum var. Super Marmande), Eggplant MM61 (S. melongena var. Zebrina) and
Pelargonium (Geranium sanguineum var. Maverick Ecarlate); three tolerant variety: Tomato
Hawaii 7996 (S. lycopersicum), Cabbage (Brassica oleracea var. Bartolo) and Bean (Phaseolus
vulgaris var. Blanc Precoce); and two resistant host species Eggplant MM134 (S. aethiopicum

Aculeatum) and Melon Védrantais (Cucumis melo).

Serial passage experiments (SPE) were performed by inoculating a single clone of the
reference strain GMI1000 in various host plants and serial passages from one plant to another of
the same species in order to maintain the pathogen population for over 300 bacterial generations
into the same plant species (Figure 10). For each plant species, five biological replicates were
conducted thus, generating five parallel lineages/populations of clones derived from the

GMI1000 strain (Guidot et al., 2014).
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1.4.2 Enhanced in planta fitness explained by genomic polymorphisms

Among the 125 investigated experimentally derived clones, 80% of the clones showed a
fitness gain in their experimental host (Tomato var. Marmande, Eggplant var. Zebrina, Cabbage
var. Bartolo, or Bean var. Blanc Précoce) compared to the GMI1000 ancestral clone. Whole
genome sequencing (lllumina sequencing) of 50 adapted clones revealed an average of only 2.5
genomic polymorphisms per evolved clone compared to the ancestor, and between 0 and 9
genomic polymorphism per clone (Figure 11, Guidot, unpublished data). This experiment also
demonstrated the importance of the efpR regulatory gene in adaptation to the host plants. Six
different SNPs in efpR were observed in six independent populations evolved on bean, tomato
Marmande, eggplant Zebrina and melon that conferred fitness in plant (Guidot et al., 2014;
Perrier et al., 2016). The evolved clones carrying these SNPs in the efpR gene behave like the efpR
deleted mutant thus demonstrating that these SNPs were loss of function mutations (Perrier et
al., 2016). Fascinatingly, no polymorphisms were detected in seven of the 50 analyzed clones,
which includes two of the clones evolved on Hawaii 7996 tomato. The hypothesis was that their

fitness gain could be explained by non-genetic modifications such as DNA methylation.
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1.5 Objectives

The global objective of my thesis was to determine the genetic and epigenetic
modifications that confer adaptation of R. solanacearum to various host plants. Using an
experimental evolution approach, clones were generated from GMI1000 by serial passage
experiments (SPE) during 300 bacterial generations in various host plants (Tomato var.
Marmande, Eggplant var. Zebrina, Cabbage var. Bartolo, Bean var. Blanc Précoce) (Guidot et al.,

2014) and in Tomato var. Hawaii 7996 (Gopalan-Nair et al., submitted).

Fitness gain was not previously measured for the clones evolved in Hawaii 7996.
Therefore, in the first part of my thesis project, the fitness of the clones evolved in Hawaii 7996
was calculated using a competitive index (Cl) experiment as previously described (Macho et al.,
2010; Guidot et al., 2014). Based on the Cl experiment results, 10 of the selected evolved clones
were analyzed for genomic polymorphisms and transcriptomic variations in comparison to the
ancestral clone. The impact of these genomic polymorphisms were then tested by two methods:
gene deletion and mutation insertion, to test for the gain of function or loss of function
hypotheses. The methylome diversification was then investigated in 28 experimentally evolved
clones, derived from the GMI1000 strain after SPE during 300 generations in tomato Hawaii 7996,
Eggplant Zebrina and Bean. This analysis was conducted by using the SMRT (single molecule real
time) technology of PacBio sequencing. The transcriptomic profiles of these 28 evolved clones
were also investigated in order to connect any differential methylation marks in gene promoters

with gene expression.
The project was divided into three parts:

1. Adaptation of RSSC to the tolerant tomato plant Hawaii 7996: An overview at the

molecular level

2. Genomic and transcriptomic variations in clones experimentally evolved on three

different host plants

3. Methylome variation in experimentally evolved clones
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Chapter 2. Adaptation of Ralstonia solanacearum
species complex to a tolerant plant: An overview

at the molecular level

2.1 Brief introduction

The first part of my project was to investigate the molecular bases of adaptation of RSSC
to a tolerant tomato plant ‘Hawaii 7996’. The pathogen causes bacterial wilt (BW) and can infect
more than 250 plant species belonging to 54 botanical families (Genin and Boucher, 2002b). The
use of resistant cultivar is the most effective and economical choice to control bacterial wilt.
However, RSSC is a fast evolving bacterial pathogen that has the ability to overcome plant
resistance and can colonize novel hosts owing to its genome plasticity (Guidot et al., 2009; Wicker
et al., 2009; Peeters, Guidot, et al., 2013). Hawaii 7996 is a reference resistant cultivar in tomato
known to have stable resistance against RSSC. Many studies were conducted to identify the
guantitative trait loci (QTLs) associated with resistance against BW. Two major QTLs namely Bwr-
6 and Bwr-12 were found to be associated with stable resistance against BW and are found to
limit the internal bacterial multiplication in the stem (Carmeille et al., 2006; Lebeau et al., 2010;

Wang et al., 2013).

Our laboratory was interested in knowing if RSSC can overcome Hawaii resistance. In
addition, if yes by which molecular mechanisms (genetics and/or epigenetics) the pathogen is
adapted. Therefore, (prior to my arrival) an evolution experiment of GMI1000 was conducted on
Hawaii 7996 plant (unpublished). This experiment was conducted by serial passage experiments
(SPE) of the GMI1000 strain on Hawaii 7996 during 300 bacterial generations. The number of SPE
required to reach 300 generations was higher (35 SPE) for tomato Hawaii in comparison to the

other host plants such as tomato Marmande or eggplant Zebrina, which only required 26 SPE
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(Guidot et al., 2014). Five biological replicates were conducted thus generating five parallel

lineages (populations) of clones experimentally derived from GMI1000.

A first step of my thesis consisted of phenotypic analyses of 25 derived clones (five clones
randomly isolated from each of the five lineages) in comparison to the ancestral GMI1000. The
genome of ten evolved clones were then sequenced to identify the genomic polymorphisms that
occurred during the experimental evolution. The mutations were constructed in the GMI1000
strain in order to investigate their impact in adaptation to Hawaii. We also performed an RNAseq
analysis to characterize the transcriptome of these ten clones in order to identify the

differentially expressed genes between the ancestral clone and the clones adapted to Hawaii.

The article submitted in the MBE journal discusses the evolution experiment of GMI1000,
phenotypic analyses of the evolved clones along with their genomic and transcriptomic profiles

in comparison to the ancestral clone.

2.2 Genetic bases of adaptation of GMI1000 to tomato Hawaii 7996 plant
2.2.1 Article

Convergent rewiring of the virulence regulatory network promotes adaptation

of Ralstonia solanacearum on resistant tomato
2.2.2 Journal
Molecular Biology and Evolution

2.2.3 Summary

The Gram-negative bacteria RSSC that causes bacterial wilt has widely been used as a
model system to study bacterial pathogenicity. The ability of this pathogen to adapt to many host
plants and counteract plant resistance is supported by field observations reporting strains more

aggressive and able to colonize novel hosts. The global objective of this paper was to estimate
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the adaptive potential of Ralstonia solanacearum to overcome the quantitative resistance of the
tomato cultivar Hawaii 7996. An experimental evolution strategy of the RSSC strain GMI1000 on
Hawaii 7996 was used by serial passage experiment (SPE) for 300 bacterial generations. Overall,
300 generations of experimental evolution were not sufficient for the bacteria to induce disease
in Hawaii 7996. However, phenotypic analyses showed that 24 of 25 tested derived clones had
better fitness in planta compared to the ancestral clone. The whole genome sequencing of ten
evolved clones revealed five different mutations but only 0 to 2 mutations per clone. The
mutations reconstructed in the ancestral clone, showed that all five individual mutations were
beneficial. In vitro transcriptome profiles of these evolved clones were analyzed by RNAseq
technology in comparison to the transcriptome profile of the ancestral clone. Some of the key

genes that were differentially expressed in comparison to the ancestral clone include the T3Es,
Hrp genes, efpR, prhP, eps genes, flagellar, and motility related genes. Interestingly, largely
overlapping gene expression profiles suggested a convergence towards a global rewiring of the
virulence regulatory network in the majority of the clones. Several differentially expressed genes
were also detected in the evolved clones with no mutation, thus suggesting a role of non-

genetic/epigenetic modifications in adaptation.

<< article >>
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Convergent Rewiring of the Virulence Regulatory Network
Promotes Adaptation of Ralstonia solanacearum on Resistant
Tomato

Rekha Gopalan-Nair,' Marie-Francoise Jardinaud,' Ludovic Legrand,' David Landry,' Xavier Barlet,’
Céline Lopez-Roques,” Céline Vandecasteele,” Olivier Bouchez,” Stéphane Genin,*' and Alice Guidot*"

"LIPME, Université de Toulouse, INRAE, CNRS, Castanet-Tolosan, France
2GeT-PlaGe, Genotoul, INRAE, US 1426, Castanet-Tolosan, France

*Corresponding authors: E-mails: stephane.genin@inrae.fr; alice.guidot@inrae.fr.
Associate editor: Julian Echave

Abstract

The evolutionary and adaptive potential of a pathogen is a key determinant for successful host colonization and pro-
liferation but remains poorly known for most of the pathogens. Here, we used experimental evolution combined with
phenotyping, genomics, and transcriptomics to estimate the adaptive potential of the bacterial plant pathogen Ralstonia
solanacearum to overcome the quantitative resistance of the tomato cultivar Hawaii 7996. After serial passaging over 300
generations, we observed pathogen adaptation to within-plant environment of the resistant cultivar but no plant
resistance breakdown. Genomic sequence analysis of the adapted clones revealed few genetic alterations, but we provide
evidence that all but one were gain of function mutations. Transcriptomic analyses revealed that even if different
adaptive events occurred in independently evolved clones, there is convergence toward a global rewiring of the virulence
regulatory network as evidenced by largely overlapping gene expression profiles. A subset of four transcription regulators,
including HrpB, the activator of the type 3 secretion system regulon and EfpR, a global regulator of virulence and
metabolic functions, emerged as key nodes of this regulatory network that are frequently targeted to redirect the
pathogen’s physiology and improve its fitness in adverse conditions. Significant transcriptomic variations were also
detected in evolved clones showing no genomic polymorphism, suggesting that epigenetic modifications regulate ex-
pression of some of the virulence network components and play a major role in adaptation as well.

Key words: experimental evolution, adaptive potential, fitness measure, genomic polymorphisms, transcriptomic

variation, bacterial plant pathogen.

Introduction

Plant—pathogen interaction is in constant evolution through
an arms race of pathogen attack and plant defense (Jones and
Dangl 2006). The evolutionary and adaptive potential of a
pathogen is a crucial determinant for successful host coloni-
zation and proliferation. Characterizing the adaptive potential
of a pathogen is therefore important to guide strategies for
durable resistance breeding.

In bacterial plant pathogens, the evolutionary potential
depends on three main factors: 1) their potential for gene
flow between geographically separated populations, 2) gene
exchange between individuals through horizontal gene trans-
fers, and 3) genomic (or epigenomic) modifications
(McDonald and Linde 2002). Several types of genomic mod-
ifications could occur and have a severe impact on the bac-
terial phenotype such as single nucleotide polymorphisms
(SNIPs), insertions, inversions, deletions, translocations, mobile
element insertions, duplications, or large genomic rearrange-
ments. These genomic modifications are specifically impor-
tant for bacterial pathogen evolution because bacterial

pathogens exist as large populations in their host thus en-
hancing the probability to new mutants with higher fitness to
multiply within the population before the mutation is lost
through genetic drift.

An elegant approach to investigate the adaptive poten-
tial of bacteria through genomic modifications is to study
its evolution in real time by conducting an experimental
evolution. In this approach, adaptation of the experimen-
tally evolved isolates occur by natural selection in the ex-
perimental environment by competing bacteria from the
later generation against the ancestral strain (Ebert 1998;
Lenski 2017). Whole-genome sequencing of the experimen-
tally evolved isolates and comparison with the ancestral
strain genomic sequence allows the detection of all geno-
mic modifications that appeared during experimental evo-
lution (Tenaillon et al. 2012; Barrick and Lenski 2013). This
approach has been used to investigate the genomic bases
of adaptation of bacterial plant pathogen to their host
plant (Guidot et al. 2014; Trivedi and Wang 2014;
Meaden and Koskella 2017).
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Variable adaptive strategies could occur according to the
genetic background conferring resistance of the host plant
against pathogens. Plant disease resistance is usually divided
into qualitative and quantitative resistance (Poland et al.
2009). Qualitative resistance is controlled by major resistance
(R) gene(s), whereas quantitative resistance involves multiple
genes or quantitative resistance loci (QRL) with small to mod-
erate effects (Corwin and Kliebenstein 2017). R gene usually
confers complete resistance to a specific pathogen inducing a
hypersensitive cell death response (HR) at the infection site.
However, pathogens can rapidly overcome this resistance
through mutations in effectors recognized by the R genes
or through acquisition of new effectors by horizontal gene
transfers (Jones and Dangl 2006). An experimental evolution
conducted with the bacterial plant pathogen Xanthomonas
citri subsp. citri on a resistant host plant inducing an HR
experimentally demonstrated that the pathogen rapidly over-
come the plant resistance through mutations biased toward
type 3 secretion system (T3SS) effector genes (Trivedi and
Wang 2014). Pathogens also evolve to overcome plant quan-
titative resistance. However, this evolution is more difficult to
detect and is better characterized as a process of “erosion”
rather than a process of breakdown (McDonald and Linde
2002). In this study, we used an experimental evolution ap-
proach to characterize the adaptive potential of a strain from
the Ralstonia solanacearum species complex (RSSC) to over-
come the quantitative resistance of tomato.

Strains of the RSSC are responsible for the bacterial wilt
disease on more than 250 plant species including economi-
cally important crops (Peeters et al. 2013). RSSC strains are
recognized as one of the most lethal plant bacterial pathogens
with a worldwide geographical distribution (Hayward 1991;
Mansfield et al. 2012). Bacteria survive in soil for many years
and spread through water, rhizosphere contact, and farming
(Genin and Boucher 2004; Genin 2010; Song et al. 2018). They
enter the plant through the roots, invades the xylem vessels,
and spreads rapidly to aerial parts of the plant through the
vascular system (Genin 2010). Within a few days of infection,
the bacteria reach high population levels by extensive colo-
nization (up to 10" colony-forming units per gram of fresh
weight) that leads to vascular clogging causing wilting symp-
toms and ultimately plant death (Peeters et al. 2013). The
potential of this pathogen to evolve and adapt to numerous
host plants substantiates the field observations of the emer-
gence of strains that colonize new hosts (Hayward 1997;
Wicker et al. 2007; Wicker et al. 2009). Various strategies
are used to control the bacterial wilt disease such as crop
rotation, chemical and biological controls but the use of re-
sistant cultivars remains the most effective control strategy
(Lebeau et al. 2011). However, resistance breakdown is con-
tinuously observed in the field and breeders have to face the
problem of resistance durability against this pathogen.

In tomato, the reference resistant cultivar against the bac-
terial wilt disease is the cultivar Hawaii 7996 which has the
most stable source of resistance against different RSSC strains
in the field (Lebeau et al. 2011; Wang et al. 2013). Resistance of
Hawaii 7996 to bacterial wilt relies on polygenic traits

(Thoquet et al. 1996; Carmeille et al. 2006) and is expressed
in both root and shoot tissues (Planas-Marques et al. 2020).
Several QRL controlling RSSC bacterial wilt have been identi-
fied (Thoquet et al. 1996; Carmeille et al. 2006; Wang et al.
2013). The products and functions of these QRL are still un-
known but they appear to confine the bacteria to the primary
xylem vessels, even when large amounts of bacteria are
injected into the stem (McGarvey et al. 1999; Nakaho et al.
2004). Structure of the rhizosphere microbiome was also
shown to be a key parameter of Hawaii 7996 resistance
(Kwak et al. 2018). Here, we conducted an evolution exper-
iment with the RSSC strain GMI1000 by serial passages during
300 bacterial generations on the resistant tomato cultivar
Hawaii 7996. Five independent lineages of derived clones
were generated and phenotypic analyses were conducted
on 25 derived clones to measure their fitness gain. The ap-
pearance of bacterial wilt symptoms on Hawaii 7996 was
followed at each passage. The genome and transcriptome
of ten evolved clones were characterized and compared to
that of the ancestral clone. The contribution of the genomic
modifications to the enhanced fitness in Hawaii 7996 was
then functionally investigated.

Results

Experimental Evolution of GMI1000 Strain on the
Resistant Tomato Hawaii 7996

Experimental evolution of RSSC strain GMI1000 was per-
formed by serial passage experiment (SPE) into the stem of
the tomato cultivar Hawaii 7996. SPEs were conducted by
inoculating the bacteria directly into the plant stem in order
to control the number of colony-forming unit (CFU) trans-
ferred from one plant to the other and to maintain a homo-
geneous selective environment during the course of the
experiment. Bacteria were recovered from the plant stem
15days postinoculation by natural diffusion into water and
immediately reinoculated into the stem of a healthy tomato
Hawaii 7996 plant. Five biological SPE replicates were con-
ducted in parallel thus generating five populations (named
“A” “B” “C)” “D,” and “E") of clones derived from the same
GMI1000 ancestral clone.

The average estimated number of bacterial generations at
each SPE was 9 = 3 (mean * SD). A total number of 35 SPE
was then necessary to reach at least 300 bacterial generations
into Hawaii 7996 which corresponded to 525 days of exper-
imental evolution. The low number of generations obtained
by this calculation is undoubtedly underestimated, not taking
into account a probable mortality of some of the bacteria in
the plant. During the course of the experimental evolution,
no wilting symptom were detected and the in planta growth
rate of the GMIT000 strain did not increase by remaining
around 10° CFU/g of fresh weight after 15 days of infection
(supplementary fig. S1, Supplementary Material online). The
inoculated populations reached densities above the quorum-
sensing threshold (estimated around 10" CFU/m; Flavier et al.
1997; Peyraud et al. 2016) which is sufficient to fully induce
virulence gene expression.
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Obtaining Experimentally Derived Clones Showing
Fitness Gain

At the end of the experimental evolution, we compared the
fitness of the derived clones to the fitness of the ancestral
clone into the stem of Hawaii 7996 by conducting competi-
tion experiments. In these experiments, the ancestral clone
(tagged with a gentamycin resistance cassette) was coinocu-
lated with a derived clone at the same proportion into the
stem of a same plant. A competitive index (Cl) was calculated
(see Materials and Methods) and used as a fitness estimator.
The Cl was determined for 25 derived clones representing five
clones randomly isolated from each of the five independent
populations obtained after 35 SPEs. These clones were named
“Haw35” followed by a letter corresponding to the population
they originate from, and a number (e.g, “Haw35a1” is clone
number 1 from population A obtained after 35 SPEs on
Hawaii 7996; Haw35a1 could also be named “a1” to simplify).
As a control, the ancestral clone was coinoculated with the
gentamycin-resistant variant of the ancestral clone.

The Cl obtained for the ancestral clone and each of the 25
tested derived clones are shown in figure 1. During this Cl
experiments, the cell densities for both the tested clone and
the gentamycin-resistant variant were around 10° CFU/g of
fresh weight after 15 days of infection (supplementary table
S1, Supplementary Material online). The Cl for the ancestral
GMI1000 clone was not significantly different from one thus
demonstrating that the gentamycin-resistant cassette did not
affect the in planta fitness of the bacteria, the wild-type (WT)
strain, and its gentamycin-resistant derivative having the
same fitness into Hawaii 7996. The Cl values obtained for
the 25 tested derived clones were all (but one) significantly
superior to one thus demonstrating that all these derived
clones (but the c3 clone) have a better fitness than their
ancestral clone into the stem of Hawaii 7996 (fig. 1).

The mean Cl for these experimentally evolved clones was
496+ 036 (mean = SE). Comparison of the mean Cl for
each of the five populations of experimentally evolved clones
revealed a significantly better adaptation to Hawaii 7996 for
clones of populations A and B than for other clones, the mean
Cl for these two populations being 546+ 0.75 and
9.80 = 1.35 (mean = SE), respectively, whereas the mean Cl
for the populations C, D, and E were 3.28 = 0.52, 3.50 = 0.52,
and 3.19 = 0.41, respectively (table 1). This more rapid adap-
tation observed for A and B clones could be due either to a
more rapid accumulation of adaptive mutations or to the
fixation of different adaptive mutations than in the other
populations.

Genomic Resequencing Reveals That Fittest Bacteria
Carry Few or No Genetic Changes

In order to identify the genomic polymorphisms associated to
fitness gain during experimental evolution, the whole
genomes of ten adapted clones (two per population) were
sequenced using both Illumina and Pacbio sequencing tech-
nologies. The lllumina sequencing technology was used for
the detection of SNPs and small Insertion—Deletion (InDels).
The PacBio sequencing technology was used for the detection
of large genomic rearrangements.

Comparison of the GMI1000 ancestral clone and the
evolved clones genomic sequences revealed between zero
and two genomic polymorphisms per clone (table 2).
Rather surprisingly, despite the use of two efficient and com-
plementary sequencing technologies, no genomic polymor-
phism could be detected in five of the ten adapted clones
studied, including one clone from population A (the
Haw35a4 clone) as well as the four clones from populations
C and D. One mutation was detected in the clones Haw35a1,

Fic. 1. Box plot of the Cl values of the control ancestral GMI1000 clone and the derived clones on tomato Hawaii 7996. All the strains were
competed by GRS540 (GMI1000 carrying a Gm resistance cassette). The Cl was measured for 25 of the clones derived from GMI1000 after
experimental evolution during ~300 bacterial generations into the stem of the Hawaii 7996. These 25 clones represent five clones randomly
isolated from each five independent populations generated by SPE (populations A, B, C, D, and E). A minimum of ten replicates were performed for
each clone. Statistical analyses were performed using Wilcoxon test (***P < 0.001). The Y axis gives exponential values of the Cl. Extreme individual
values (outliers) are represented by empty dots. The black bar inside the box plot indicates the median Cl value.
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Table 1. Comparison of the Mean Cl Values between Populations of Evolved Clones.

Population A Population B Population C Population D Population E
Mean Cl = 5.46 Mean Cl = 9.80 Mean Cl = 3.28 Mean Cl = 3.50 Mean CI = 3.19
SE = 0.75 SE = 1.35 SE = 0.52 SE = 0.52 SE = 0.41

Population B 1.19E—4

Population C 0.02289 5.69E—10

Population D 0.0424 4.71E—11 0.6972

Population E 0.01017 2.44E—11 0.7894 0.4157

Note.—Mean Cl values were compared using a Wilcoxon test and the table gives the obtained P value. The Cl was measured for a total of five clones per population. Significant
differences between mean Cl are highlighted in gray.

Table 2. List of Genomic Polymorphisms between the Ancestral GMI1000 Clone and the Experimentally Evolved Clones.

Gene Clones Evolved on Hawaii7996
ID Name Description al a4 b1 b4 cl c2 d3 ds el e3
Rsc3094 Hypothetical protein G486A
R162R
Rsp0048 soxA1 Sarcosine oxidase alpha subunit T1915C
C639R
Rsp0309 prhP  Phenolic acid decarboxylase regulator (PadR)-like I1Srso9

Rsp1136
Rsp1574

ISrs018 Transposase protein
Transcription regulator protein

-6
C-218A C-218A
G283T G283T
VosL VosL

Note.—For each gene, the genomic polymorphism is indicated. For SNPs, both the nucleotide modification and the protein modification are indicated with the original

nucleotide or amino acid, the position and the new nucleotide or amino acid. ISrso9 indicates an IS insertion and the number indicates the position of the insertion. The

indicates a mutation upstream the start codon of the gene.

Haw35b1, and Haw35e1, and two mutations were identified
in the clones Haw35b4 and Haw35e3 (table 2).

The detected genomic polymorphisms were either SNPs or
Insertion sequence (IS) insertion. Four SNPs were detected,
two were nonsynonymous mutations, one was a synonymous
mutation, and one mutation was detected in an intergenic
region. The first nonsynonymous mutation occurred in one
of the two investigated clones from population A (the
Haw35a1 clone) and affected the RSp0048 gene encoding
the SoxA1 protein (Sarcosine oxidase alpha subunit) (table 2).
The second nonsynonymous mutation was identified in the
two investigated clones from population B (Haw35b1 and
Haw35b4) and affected the RSp1574 gene encoding a tran-
scription regulator of unknown function (table 2). The syn-
onymous mutation was detected in one of the two
investigated clones from population E (Haw35e3) in the
RSc3094 gene encoding a hypothetical protein (table 2).
The mutation in the intergenic region was identified in the
two investigated clones from population E (Haw35e1 and
Haw35e3) and occurred between the RSp1136 gene encoding
an IS transposase protein and the RSp1137 gene encoding a
transmembrane protein (table 2). The IS insertion was
detected six nucleotides before the start codon (and so pre-
sumably in the ribosomal binding site) of the RSp0309 gene
encoding the PrhP protein (phenolic acid decarboxylase reg-
ulator) (Zhang et al. 2019). This IS insertion occurred in one of
the two investigated clones from population B (Haw35b4)
(table 2). All the detected SNPs and IS insertion were con-
firmed by polymerase chain reaction (PCR) amplification of
the mutated region and either Sanger sequencing or gel elec-
trophoresis, respectively.

4

“«n

The Genomic Polymorphisms Detected in the Five
Adapted Clones Are Gain of Function Mutations

In order to investigate the fitness advantage of the genomic
polymorphisms detected in the adapted clones Haw35a1,
Haw35b1, Haw35b4, Haw35e1, and Haw35e3, we created
each mutation in the ancestral clone. Five GMI1000 mutants
were first generated, mAG68 carrying the soxA1“**® SNP,
mMAG69 carrying the RSp1574*°>" SNP, mAG70 carrying the
ISrs09 insertion in the promotor region of the prhP gene
(prhP*®), MAG71 carrying the RSc3094%'*® SNP, and
mMAG72 carrying the SNP in the RSp1136—1137 intergenic
region (RSp1136=2"®4). The fitness advantage of these muta-
tions were measured by conducting competitive experiments
with the GMI1000 WT strain into the stem of Hawaii 7996.
These experiments revealed that all the generated mutants
had a Cl significantly superior to one thus demonstrating that
all the mutants had a better fitness in Hawaii 7996 than the
WT strain (fig. 2).

When comparing the Cl values obtained for each mutant,
we found that the ClI values of the mAG68 and mAG69
mutants carrying the soxA1°***® and RSp1574Y%°" SNPs, re-
spectively, were significantly superior to the Cl values of the
three other mutants (fig. 2). This result suggested that the
soxA1°“® and the RSp1574Y%°" SNPs gave a better fitness
advantage than the other mutations. The Cl values obtained
for the mutants mAG69, mAG71, and mAG72 carrying the
mutations RSp1574"°°", RSp1 13657 and RSc3094" "%, re-
spectively, fully replicated the levels of fitness gain displayed by
the corresponding evolved clones (b1, €3, and e1, respectively;
figs. 1 and 2). However, this was not true for the mutants
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Fic. 2. Box plot of the Cl values of GMI1000 and allelic mutants on tomato Hawaii 7996. mAG68, mAG69, mAG70, mAG71, and mAG72 carry the
mutation soxA1°3?% RSp1574¥°%, prhP'* %, RSc3094" %%, and RSp1136< 2" SNP, respectively. A minimum of ten replicates were performed for
GMI1000 and each allelic mutant. Statistical analyses were performed using Wilcoxon test. Different letters indicate significantly different Cl values

(P < 0.05) (see fig. 1 for legend).

Fic. 3. Box plot of the Cl values of GMI1000 and unmarked deletion
mutants on tomato Hawaii 7996. mAG65, mAG66, and mAG67 cor-
respond to AsoxA1, ARSp1574, and ARSp3094 respectively. A mini-
mum of ten replicates were performed for GMI1000 and each
deletion mutant. Statistical analyses were performed using
Wilcoxon test (***P < 0.001) (see fig. 1 for legend).
mAG68 and mAG70 carrying the mutations soxA1°**® and
prhP™, respectively, for which the Cl values were less than the
Cl values of their corresponding evolved clones (a1 and b4,
respectively; figs. 1 and 2). The second mutation, RSp1574*°",
detected in b4 could explain this difference. However, for a1,
no other mutation was detected, thus suggesting a role of
other epigenetic modification in the fitness gain of al.

In order to test the hypothesis that fitness gain was asso-
ciated with a loss of function mutation for the three SNPs
detected into the coding region of the soxA1, RSp1574, and
RSc3094 genes, we deleted each of these genes in the
GMI1000 strain. Competitive experiments into the stem of
Hawaii 7996 between each of these three deleted mutants
and the WT strain revealed that the mutants were less fit
than the GMI1000 WT strain into this tomato stem. Indeed,
the Cl obtained for these three deleted mutants are signifi-
cantly inferior to one (fig. 3). These analyses demonstrated
that the SNPs that appeared during experimental evolution
did not cause any loss of function of the genes but rather
enhanced the functionalities of the corresponding proteins.

Some Fitness Gains on Resistant Tomato Are
Associated with Increased Growth Rates

To evaluate the metabolic efficiency of the evolved clones, we
determined their growth rates from in vitro cultures, using
minimal medium (MM) supplemented either with glutamine
(the most abundant amino acid in tomato xylem) (Zuluaga
et al. 2013) or proline, a discriminant marker of metabolic
versatility of GMI1000 strain (Perrier et al. 2016; Peyraud et al.
2016). These analyses were conducted for the ten adapted
clones sequenced previously, the three deleted mutants and
the five reconstructed allelic mutants, all compared with the
WT GMI1000 strain. We also used as positive control, the
efpR-deleted mutant, which is characterized by both enlarged
metabolic diversity and enhanced growth rate in the tested
media (Perrier et al. 2016). Four of the ten evolved clones (a1,
b1, b4, and c1) had a growth rate significantly higher than
their WT ancestor in MM -+ glutamine (fig. 4A). In MM +
proline, the growth of the WT is greatly reduced but the same
four clones also acquired an increase in growth rate (fig. 4B).
Two groups of clones were distinguished: a1 and c1, which
had a growth rate in glutamine and proline similar to the one
of the efpR mutants, and b1 and b4 with an intermediate gain
in the growth rate. These results suggested that these four
clones could probably multiply better than the ancestor in
planta, but also indicated that fitness gain was not associated
with apparent increased growth rate in the remaining six
evolved clones.

Concerning the deleted and allelic mutants, only the
mMAG69 allelic mutant, carrying the RSp1574*>°" mutation
detected in both b1 and b4, had a growth rate in glutamine
and proline significantly better than the WT strain (Welch t-
test; P value = 0.0038 on glutamine; P value = 1.03E—6 on
proline). Increase in growth rate was in a range similar to that
of the adapted clones b1 and b4 (fig. 4). This result suggested
that the improved growth rate of these two clones in gluta-
mine- and proline-containing environments depends on the
RSp1574">*" mutation, which thus contributes to the ob-
served fitness gain in planta.
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Fic. 4. In vitro growth rate of evolved clones and engineered mutants in MM supplemented with (A) 20 mM glutamine and (B) 20 mM proline. The
clones were grown at 28 °C under shaking and the ODggonrm, Was measured until 50 h. Growth rate was calculated during the exponential growth
phase. The deleted mutants mAG65, mAG66, and mAG67 correspond to AsoxA1, ARSp1574, and ARSp3094, respectively. The allelic mutants
mAG68, mAG69, mAG70, mAG71, and mAG72 carry the mutation soxA103R RSp1S74V95L, pth'S'G, RSc30947152R and RSp1136C'218A SNP,
respectively. Statistical analysis was performed using Welch t-test. Different letters indicate significantly different growth rates (P < 0.01).

Evidence for Significant Transcriptomic Variations in
Evolved Clones Showing No Genomic Polymorphism
To obtain a broader picture of the physiological changes in
the better-adapted clones isolated from Hawaii 7996, we
studied potential variation of their transcriptomic profile
compared with the ancestral founder. We included in this
analysis several of the clones for which no genetic alteration
could be detected. We thus established the transcriptomes of
the ten adapted clones sequenced previously and the
GMI1000 ancestral clone using an RNA-sequencing (RNA-
seq) approach of strains grown in MM supplemented with
10 mM glutamine.

Analysis of RNA-seq data revealed that all samples ren-
dered between 1.3 and 4.7 million of GMI1000-mapped reads.
Differentially expressed genes (DEGs) between an adapted
clone and the ancestral clone were considered as those pre-
senting an absolute fold change between strain |FC| > 2 and
an false discovery rate (FDR)-adjusted P value (Padj, FDR) <
0.05. Using these cutoff values, we found between 125 and
1,227 DEGs in the ten investigated adapted clones compared
with the ancestral clone (see table 3 for summary and com-
plete lists in supplementary table S2, Supplementary Material
online). It thus appeared that a significant variation from the
WT transcriptomic pattern were recorded in clones in which
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no genetic alteration could be identified, going up to 900
DEGs in clone c1. Remarkably, this c1 clone is characterized
by a significant variation in the expression pattern of major
global/virulence regulators, such as efpR (Perrier et al. 2016)
and hrpB, the T3SS regulon transcriptional activator (Genin
et al. 1992), or the lecM gene that contributes to the quorum-
sensing-dependent virulence signaling pathway (Hayashi et al.
2019) (table 3). In the other clones carrying no genetic poly-
morphism, the number of DEGs is more modest (from 125 to
270 genes) but remains significant. Interestingly, several of
these clones with no genetic change showed an obvious over-
lap in their transcriptomic signatures (see below).

A Convergent Transcriptomic Signature in a Majority
of Independently Evolved Clones

In agreement with the previous observations, the number of
DEGs in each of the investigated evolved clones was not
correlated to the number of mutations detected in the cor-
responding genomes. For example, the highest number of
DEGs (1,227 DEGs) was identified in the a1 clone carrying a
single mutation, whereas the b4 and e3 clones, both carrying
two mutations, had 503 and 212 DEGs, respectively (table 3).

Because the b1 and b4 clones both carried mutations pre-
sumably altering transcriptional regulator functions, we first
sought to identify common regulatory targets or overlap with
known PrhP targets (Zhang et al. 2019). b1 and b4 share 225
common DEGs, but rather surprisingly, when the comparison
includes other clones such as a1 or c1 which do not carry the
RSp1574 mutation, the number of genes specifically shared
between b1 and b4 drops to 22 (supplementary fig. S2,
Supplementary Material online). Seventeen out of these 22
genes are upregulated, which suggests that the RSp1574 mu-
tation conferred gain-of-function for a transcription factor
with enhanced activating abilities. Among these, 17 upregu-
lated genes are found the RSp1575 and RSp1576 genes, just
neighboring RSp1574, and which both encode transporters
for unknown molecules (supplementary fig. S2,
Supplementary Material online). Four additional transporters
belong to this group of upregulated genes, raising the hypoth-
esis that the fitness gain associated to the RSp1574 mutation
is due to an increased uptake of metabolic compounds in
planta.

The prhP regulatory gene appeared downregulated in two
different populations: First, an IS movement was detected in
the b4 clone with insertion of the transposable element just
6 bp upstream of the prhP start codon, thus probably leading
to gene inactivation (table 2). This was confirmed by the
transcriptome analysis of clone b4 where the strongest down-
regulated gene is indeed RSp0309 (prhP) (supplementary ta-
ble S2, Supplementary Material online). Second, we identified
that prhP was also downregulated in the a1 clone (table 3).
When comparing the DEGs from the a1 and b4 clones with
the previously identified prhP-dependent targets (Zhang et al.
2019), relatively few overlap was found. PrhP was shown to
control expression of the T3SS which is also downregulated in
the a1 and b4 clones, but several other PrhP targets (e.g, the
type IV pili and flagellar genes or the phenolic acid degrada-
tion genes) do not follow this pattern in a1 and b4. This
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observation suggested that prhP is probably an important
regulatory node to be downregulated or inactivated, but a
complex rewiring of the global regulatory network must take
place to lead to partial expression of the PrhP regulon.

A wider comparison of DEG repertoires among clones
originating from different populations revealed an indisput-
able overlap in the transcriptomic profiles of adapted clones,
which does not depend solely on common genetic polymor-
phisms. Figure 5 illustrates the DEG repertoire relationship
between five clones originating from four independent
evolved populations and reveals a strong convergence of
the transcriptomic signatures. For example, clone c1 has up
to 85% of its DEGs shared with the four other independently
evolved clones. The average overlap of DEGs for each of the
five clones ranged from 53% to 85%, whether for down- or
upregulated genes. This convergence in terms of transcrip-
tomic response can sometimes be observed with a certain
degree of variation within populations: For example, clone b1
has more DEGs in common with c1, from another popula-
tion, than with clone b4 (the same population), 64% versus
47%, respectively. A similar level of convergence in transcrip-
tomic signatures was also observed when comparing evolved
clones with smaller pool of genes (a4, c2, d3, d5, e1, and e3)
with predominantly overlapping DEG repertoires between
clones (e.g, 87% and 74% of overlap for e3 and d5, respec-
tively). We concluded that the experimental evolution carried
out in parallel on five populations propagated in Hawaii 7996
led to the selection of clones exhibiting little genetic poly-
morphism but with a significant reorganization of gene ex-
pression, which strongly converged between the different
populations.

Remarkably, 29 common DEGs were found in at least eight
of the ten evolved clones (supplementary table S3,
Supplementary Material online). This list included one-third
of proteins of unknown function and one-third of genes be-
longing to the hrpB regulon and associated to the T3SS (fur-
ther detailed below). Among the last third were two histone-
like proteins and an acyl homoserine lactone-synthase, which
are associated in the literature with global reorganization of
gene expression either through action on DNA supercoiling
or through quorum-sensing-dependent gene expression
shifts, respectively (Ali et al. 2014, Hawver et al. 2016).
These latter genes therefore appear as candidates in the im-
plementation of the gene expression changes observed in the
majority of adapted clones.

Expression of the efpR and hrpB Regulons Is
Consistently Downregulated in Fittest Clones Isolated
from Resistant Tomato

In order to uncover the functions involved in adaptive mech-
anisms of the fittest clones on Hawaii 7996, we performed a
Gene Ontology (GO) enrichment analysis on DEGs. This
revealed that 1) several functions (such as chemotaxis, loco-
motion, signaling activity, and metabolic processes) were
commonly upregulated in the a1 and c1 clones and 2) genes
associated to the protein secretion process were significantly
enriched in the downregulated genes of the b1, b4, c1, and 2
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Fic. 5. Grouping of genes differentially expressed (compared with the ancestral clone) of five evolved clones, coming from four independent
evolution lines. Clone haw35a1 originates from population A, haw35b1 and haw35b4 from population B, haw35c1 from population C, and
haw35d5 from population D. The total number of DEGs in each clone appears at the bottom of Venn’s diagram. Genes were considered as
differentially expressed with the following thresholds: absolute fold change between strain |[FC| > 2 and an FDR-adjusted P-value (Padj, FDR) <

0.05.

clones (table 3 and supplementary table S4, Supplementary
Material online).

Associated to a strong reorganization of gene expression
for metabolic functions and increased growth rate compared
with the ancestral strain, clones a1 and c1 are characterized by
a significant downregulation of the efpR gene (table 3).

Because efpR was previously shown to be a master regulatory
gene coordinating expression of multiple virulence and met-
abolic functions and that loss-of-function mutations were
associated to fitness gain in R. solanacearum (Perrier et al.
2016; Capela et al. 2017), we suspected that downregulation
of efpR was a key adaptive event that occurred in aland c1. A

9
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A haw35al haw35c1

______

B GMI1000 haw35b4 haw35cl haw35c2

Fic. 6. Phenotypical characterization of evolved clones in which the
efpR and hrpB genes are downregulated. (A) The haw35al and
haw35c1 evolved clones display phenotypic heterogeneity on plates
similar to an efpR mutant (Perrier et al. 2019). Colonies were grown for
48h on a complete agar medium supplemented with glucose and
triphenyl tetrazolium chloride. (B) The haw35b4, haw35c1, and
haw35c2 evolved clones characterized by a significant downregula-
tion of the hrpB gene show a similar HR response on N. tabacum than
the ancestral GMI1000 clone. Tobacco leaves were infiltrated with
bacterial suspensions at 10° CFU/ml. Pictures were taken 48 h after
the infiltration. The seven other tested experimentally evolved clones
also show a similar HR response on Nicotiana tabacum than the an-
cestral GMI1000 clone (see complete picture in supplementary fig, S6,
Supplementary Material online).

closer examination of the DEGs in a1, c1, and an efpR mutant
(Perrier et al. 2016; Capela et al. 2017) revealed in fact that
only one half of the efpR regulon is shared with a1 and c1,
with a total of 245 DEGs common to the three strains (sup-
plementary fig. S3, Supplementary Material online). This sub-
set of common genes included the chemotaxis and flagellar
genes as well as most of the exopolysaccharide (EPS) genes,
which are associated to main phenotypic features of the efpR
mutant (hypermotile, reduced EPS biosynthesis). We investi-
gated if the a1 and c1 clones also showed phenotypic hetero-
geneity features as described in an efpR mutant (Perrier et al.
2019). We thus compared the morphotypes of the colonies
on plates. Whereas the WT GMI1000 strain produces colonies
with only one morphotype (type S, mucoid), the efpR mutant
produces two morphotypes, the type S and the nonmucoid
type EV (Perrier et al. 2019). The a1 and c1 adapted clones
also produced colonies with both the type S and the type EV
(fig. 6A), thus confirming the strong downregulation of efpR
in these two adapted clones and its consequences on major
phenotypic traits. The increased growth rate of a1 and c1 in
MM supplemented with glutamine or proline similarly as the
efoR mutant (fig. 4) further supports the idea that
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downregulation of efpR is probably a major contribution to
the fitness gain acquired by the a1 and c1 clones in the stem
of Hawaii 7996.

The GO enrichment analysis highlighted four clones with
significant deregulation of protein secretion processes (b1, b4,
c1, and c2), which corresponds to a notable downregulation
of the hrpB regulon in theses clones (supplementary table S4,
Supplementary Material online). In fact, all ten clones except
a4 show a more or less pronounced reduction in expression of
the hrpB regulon. For example, in clones d5, e1, and e3 which
have the lower number of DEGs (150-200), there is a subset
of 27 downregulated genes belonging to the hrpB regulon,
mostly comprising genes coding for extracellular products
(effectors, pilin) or factors modulating secretion (chaperone,
associated helper proteins) (supplementary fig. S4,
Supplementary Material online). In clones a1, c1, and b4,
downregulation of the T3SS and associated effectors reached
up to 40% of the hprB regulon (supplementary fig. S5,
Supplementary Material online). So we wondered if type 3
secretion was only decreased in its capacities or nonfunc-
tional in the evolved clones. We therefore compared the
ability of evolved clones to elicit an HR on resistant plants,
a property that depends on the functionality of the T3SS and
is controlled by hrpB (Genin et al. 1992). The HR test was
conducted for the ten evolved clones sequenced previously
on both Nicotiana tabacum and N. benthamiana leaves. The
test revealed that the ten evolved clones conserved their
ability to elicit an HR on these resistant plants, similarly to
the WT GMI1000 clone (fig. 6B and supplementary fig. S6,
Supplementary Material online).

Discussion

What Did We Learn from Experimental Evolution of
R. solanacearum on a Resistant Host?

We used experimental evolution combined with phenotyp-
ing, genomics, and transcriptomics to analyze the adaptive
potential of the bacterial plant pathogen R. solanacearum to
overcome the quantitative resistance of the tomato cultivar
Hawaii 7996. This breeding line is widely used for manage-
ment of bacterial wilt as it is the most effective source of
resistance against various RSSC strains under different envi-
ronmental conditions (Grimault et al. 1994; Thoquet et al.
1996; Lebeau et al. 2011; Wang et al. 2013). Hawaii 7996 re-
sistance to the RSSC is expressed in both root and shoot
tissues (Planas-Marques et al. 2020). Previous reports indicat-
ing that Hawaii 7996 spatially restricts the bacterial move-
ment in the vasculature (Caldwell et al. 2017) and that the
T3SS is still expressed in xylem vessels to counteract plant
immunity (Monteiro et al. 2012) support the view that
R. solanacearum is still exposed to active plant defense
responses in our experimental system. Here, we used a
stem-inoculation procedure in order to maintain a uniform
selective environment within each replicate. After serial pas-
saging over 300 generations, we observed pathogen adapta-
tion to within-plant environment of the resistant cultivar
Hawaii 7996 but we did not observe any symptom of the
bacterial wilt disease, which suggests that this evolutionary
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time is not enough to overcome the polygenic resistance of
Hawaii 7996 expressed in the shoot tissues. In future work, it
might be interesting to compare this result to natural con-
ditions where the pathogen experiences a complete lifecycle
including survival in soil and root infection.

Pathogen adaptation was characterized by a better bacte-
rial multiplication rate in planta compared with the ancestor,
although this gain was not enough to cause the disease. We
showed that three out of the ten tested evolved clones also
have a better growth rate than the ancestor in MM supple-
mented with glutamine, the most abundant amino acid
found in tomato xylem (Zuluaga et al. 2013), which most
probably explains their better multiplication rate in planta.
For two of these clones from population B, we showed that
this increased growth rate in presence of glutamine depends
on the RSp1574 regulatory gene (fig. 4A). Moreover, the upre-
gulation of transporters in these evolved clones suggests that
enhanced growth rates rely on increased metabolic capacities,
as we previously observed in other regulatory mutant back-
grounds (Perrier et al. 2016; Peyraud et al. 2016). Nevertheless,
our study also showed that the fitness gain on tomato
Hawaii7996 does not only depend on growth gain (i.e, no
significant difference in growth rate between evolved vs. an-
cestral clone), which suggests the involvement of different
mechanism(s) to explain why evolved clones are more com-
petitive than their WT ancestor in planta.

Host Adaptation through Gain of Function Mutations
and Regulatory Network Rewiring

Few genomic mutations were detected in the genome of
experimentally adapted clones (up to two mutations per
clone, half of them having no mutation) after using two dis-
tinct sequencing technologies (lllumina/PacBio). This low
number of genetic changes is in the range of what was found
in a previous evolution experiment of the same
R. solanacearum strain on other hosts (Guidot et al. 2014).
None of the mutations detected in the former experiment
were recovered in this one, but two of the mutated genes
identified in Hawaii 7996-adapted clones (soxA1 and
RSp1136) were previously found in another experimental
evolution aimed to convert R. solanacearum into a plant
symbiont (Clerissi et al. 2018). Furthermore, we were able
to detect an IS movement which leads to inactivation of
prhP, confirming the role played by mobile genetic elements
in bacterial adaptation (Vandecraen et al. 2017).

Using reverse genetic approaches, we demonstrated that
five genetic alterations detected in the adapted clones were
adaptive mutations, providing a competing advantage over
the ancestral strain. With the exception of prhP, all these
mutations lead to a gain of function. Deletion of the corre-
sponding genes induced instead a decrease in competitive-
ness (fig. 3), indicating that the WT alleles already contribute
to R. solanacearum’s fitness in plant. This work uncovered a
previously uncharacterized LysR family regulatory protein,
RSp1574, for which a nonsynonymous mutation is associated
with both better competitiveness, increased growth rate and
upregulation of specific metabolic transporters that we hy-
pothesize are RSp1574 regulatory targets. This evolution

experiment also shed light on prhP, a recently described
R. solanacearum virulence regulatory gene (Zhang et al.
2019). prhP was identified as a positive regulator on detoxi-
fication of phenolic acids, a class of secondary metabolites
produced by plants and acting as broad antimicrobials (Lowe
et al. 2015; Zhang et al. 2019). Interestingly, prhP was also
found to positively control expression of the T3SS genes, but
the mechanism involved remains unclear (Zhang et al. 2019).
The transcriptome analysis of the clone b4 carrying the prhP™
¢ mutation revealed that prhP was indeed strongly down-
regulated but, surprisingly, the DEGs of clone b4 did not
completely reflect the DEGs previously identified in the
prhP deleted mutant (with the notable exception of T3SS
genes). It should be noted, however, that clone b4 also carries
an additional mutation in the regulatory gene RSp1574.
Altogether, these observations lead us to believe that the
adaptive events that occurred in the evolved clones induce
a rewiring of the global regulatory network that results in
novel gene expression patterns associated to fitness gain.
This hypothesis is supported by the finding that this rewiring
occurred after modifications affecting important nodes in the
regulatory network of R. solanacearum (Peyraud et al. 2018)
and that these modifications did not appear randomly. It is
indeed striking to note that the same regulatory genes are
regularly affected by mutations or modifications of expression
during R. solanacearum experimental evolution. Thus, efpR
(downregulated in a1 and c1) had already been identified as
contributing to adaptation to the plant in two previous evo-
lution experiments (Guidot et al. 2014; Capela et al.. 2017),
prhP is inactivated by an IS in b4 and downregulated in a1,
hrpB is also downregulated in three clones, and lecM, a lectin
involved in a feedback loop on the quorum-sensing signaling
(Hayashi et al. 2019), is also downregulated in four of them
(table 3). All these genes have been associated, more or less
directly, with metabolic or virulence functions (Peyraud et al.
2018).

The rewiring of the regulatory network that occur in
evolved clones is certainly complex as illustrated by the di-
vergent expression patterns of the regulatory genes hrpB
(downregulated in three evolved clones) and prhl (upregu-
lated in two evolved clones), previously known to belong to
the same signaling pathway (table 3). However, it is striking to
observe that although the regulatory network rewiring results
from different adaptive events and leads to large scale
changes in expression profiling (hundreds of genes), it appears
to converge toward largely overlapping transcriptomic or
phenotypic responses. For example, clone b4 shares 62% of
its DEGs (310 genes) with the independently evolved clone c1
although they do not carry any mutation in common.

Variations exist in the magnitude of the mean Cl between
the five populations that evolved independently on Hawaii
7996, suggesting either different evolutionary trajectories or a
more rapid accumulation of adaptive genomic changes in
populations with the highest Cl values (Clerissi et al. 2018;
Garoff et al. 2020). It is also interesting to note that the ma-
jority of clones with the highest Cl values are associated with
deregulation or mutation of several transcriptional regulators
(EfpR, HrpB, PrhP, and RSp1574) which are presumably key

1
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nodes of the regulatory network. Their deregulation should
efficiently reorientate the RSSC strain GMI1000 physiology to
better adapt to the Hawaii 7996 xylem environment.

efpR and hrpB Are Major Regulatory Nodes for
Bacterial Adaptation to Resistant Tomato

EfpR appeared to be a central node in the control of bacterial
physiology and a target for mutation during R. solanacearum
experimental evolution (Guidot et al. 2014; Perrier et al. 2016;
Capela et al. 2017). Here, we did not detect mutations in the
efpR gene but significant downregulation of this gene in two
evolved clones. Transcriptomic analysis revealed that only
one half of the known efpR regulon (Perrier et al. 2016,
2019; Capela et al. 2017) was shared with these two clones
so we suspected that other genetic or epigenetic modifica-
tions probably superimpose to the downregulation of efpR. In
one of the two clones, we detected mutation in the soxA1
gene. However, recreating the soxAT“*® mutation in the WT
strain did not enhance the growth rate in glutamine and
proline as observed for an efpR mutant (fig. 4), suggesting
that the soxAT“*® mutation is not linked to the downregu-
lation of the efpR gene. To support this hypothesis, we also
found that recreating the soxA1“**® mutation in the WT
strain was not enough to replicate the level of fitness gain
of the evolved clone, thus suggesting again a probable role of
other genetic or epigenetic modifications.

HrpB, the primary activator of T3SS expression and se-
creted effectors, was significantly downregulated in three
clones, but the majority of them showed a reduced expres-
sion of several genes belonging to the HrpB regulon. At first
glance, this finding seems counterintuitive because T3SS
genes are essential for the multiplication of bacteria in the
xylem (Vasse et al. 2000) and remains expressed throughout
the infection (Jacobs et al. 2012; Monteiro et al. 2012). We
showed that all the ten evolved clones conserved their ability
to elicit an HR on resistant plants similarly to the WT ances-
tor, indicating that the T3SS is still functional despite the
reduced expression. Two hypotheses can be raised from
this result: Either the evolved clones optimized the expression
of T3SS in resistant tomatoes by minimizing the cost of its
biosynthesis while keeping it functional or/and only a subpart
of the HrpB regulon is downregulated to specifically avoid
recognition of the plant immune system. This latter hypoth-
esis is raised by the intriguing observation that in several
clones, a majority of the HrpB regulon genes found down-
regulated are not genes directly involved in the biosynthesis
of T3SS but mostly effectors or extracellular components of
the secretory machinery (Hrp pilin, T3SS chaperones, and
helper proteins). For example, effectors, such as RipAA,
PopP2, or the harpin RipX, which all elicit an immune re-
sponse on diverse hosts (Arlat et al. 1994; Deslandes et al.
2003; Poueymiro et al. 2009), had their expression significantly
reduced in almost all the evolved clones. One can therefore
wonder whether the polygenic resistance of Hawaii 7996
could be attenuated if the ability to recognize effectors by
plant receptors is itself reduced due to dampened (or selec-
tive) expression of these effectors by bacteria. It is in any case
striking to see that the deregulation of part of the hrpB
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regulon (this work) as well as that of efpR regulon (Perrier
et al. 2016; Capela et al. 2017, this work) is a signature which
seems recurrent in a majority of clones having better fitness.

Adaptation Also Probably Relies on Epigenetic
Modifications

In this evolution experiment on a resistant tomato, no mu-
tation were detected in several bacterial clones after 300
generations of evolution and extensive resequencing. In con-
trast, up to 900 DEGs were identified when comparing the
transcriptome of clone c1 (with no genetic alteration
detected) and the ancestor. We therefore hypothesized
that epigenetic modifications could be the cause of such
transcriptomic variations and could play a major role in ad-
aptation. Epigenetic modifications, such as DNA methylation,
are known to impact gene expression in bacteria (Casadesus
and Low 2006; Sanchez-Romero and Casadesus 2019;
Vandenbussche et al. 2020). DNA methylation was described
in RSSC strains (Erill et al. 2017), thus suggesting that variation
of the DNA methylation profile could impact virulence of
R. solanacearum, as recently reported for the insect pathogen
Photorhabdus luminescens (Payelleville et al. 2017, 2018). By
highlighting the probable role of epigenetic variation in host
adaptation, this study encourage future works to consider
both genetic and epigenetic mutations in bacterial pathogen
adaptive evolution.

Materials and Methods

Bacterial Strains, Plant Material, and Growth
Conditions

The evolution experiment was performed with the model
R. pseudosolanacearum strain GMI1000 (Salanoubat et al.
2002). The list of GMI1000 derivatives used in this work is
given in table 4. The bacterial strains were grown at 28 °C
(under agitation at 180 rpm for liquid cultures) either in BG
complete medium or in MP MM (Plener et al. 2010). The pH
of the MP medium was adjusted to 6.5 with KOH. For agar
plates, BG medium was supplemented with o-Glucose (5 g/I)
and triphenyltetrazolium chloride (0.05 g/l). MP medium was
supplemented with L-glutamine (10 mM) and oligoelements
(1000 mg/I). Gentamycin (final concentration of 10 mg/I) was
added to the media when required.

Table 4. List of GMI1000 Derivatives Used in This Study.

Strain Genotype References
GRS540 GMI1000, Gm® Guidot et al. (2014)
GRS704 GMI1000, AefpR, Sp® Guidot et al. (2014)
mAG65 GMI1000, ARSp0048 This study

mAGG6 GMI1000, ARSp1574 This study

mAG67 GMI1000, ARSc3094 This study

mAG68 GMI1000, soxA1°%**R GmR® This study

mAG69 GMI1000, RSp1574"°°", Gm"® This study

mAG70 GMI1000, pth's'G, GmR This study

mAG71 GMI1000, RSp3094°'62%, Gm® This study

mAG72 GMI1000, RSp1136“2"34, Gm® This study

NOTE.—SpR and Gm"® indicate resistance to spectinomycin and gentamycin,
respectively.
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Four to five-week-old resistant tomato (Solanum lycoper-
sicum) cultivar Hawaii 7996 plants were used for the exper-
imental evolution and the in planta bacterial competition
assays. Six-week-old N. tabacum cv. Bottom Special plants
and 4-week-old N. benthamiana plants were used for the
HR tests. All plants were grown in a greenhouse. Plant experi-
ments were conducted in a growth chamber under the fol-
lowing conditions: 75% humidity, 12 h light at 28°Cand 12 h
darkness at 27 °C.

Experimental Evolution

The evolution experiment of GMI1000 strain was performed
on the resistant tomato cultivar Hawaii 7996 using the pro-
tocol described in Guidot et al. (2014). Overnight culture in
liquid complete BG medium from a single colony of GMI1000
was diluted to 10° CFU/ml and 10 pl was injected into the
plant stem 0.5 cm above the cotyledons using a microsyringe.
SPEs were then conducted as follows. At each SPE, the bac-
terial population was recovered from the plant stem 15 days
postinoculation. For that purpose, the whole stem and
petioles were cut at 1cm above the inoculation point, trun-
cated into 1-cm segments, and incubated in 3 ml sterile water
at room temperature for 30 min to allow the bacteria to
diffuse from stem and petiole to water. Ten microliters of
the recovered bacterial suspension diluted 100x was directly
injected into the stem of a healthy plant and 1 ml was stored
in glycerol at —80°C. In order to estimate the number of
bacterial generations at each SPE, the effective number of
bacterial cells injected into the healthy plant at SPE, was
compared with the effective number of cells recovered
from the infected plant at SPE, ;. The effective number of
bacterial cells recovered from the infected plant and injected
into the healthy plant was estimated by plating serial dilutions
of the recovered bacterial suspension onto BG complete me-
dium, incubation at 28°C for 48 h and enumeration of the
CFU. Five biological replicates were conducted thus generat-
ing five parallel lineages (populations) of clones experimen-
tally derived from GMI1000.

Bacterial Competition Assay

The bacterial competition assay was carried out to determine
the in planta fitness of the derived clones and mutants as
described previously (Macho et al. 2010; Guidot et al. 2014;
Perrier et al. 2016). The assay was performed using a mixed
inoculum, consisting of equivalent CFU of a derived clone or
mutant and the GMI1000 WT strain or gentamycin-resistant
GMI1000 derivative (GRS540 strain). The GMI1000 WT strain
was coinoculated with the gentamycin-resistant mutants,
and the GRS540 strain was coinoculated with the derived
clones and other gentamycin sensitive mutants. As a control,
GMI1000 was coinoculated with GRS540. The inoculation
dose is an important factor conditioning potential interfer-
ence between coinoculated strains (complementation and/or
dominant negative). Interference takes place when using a
high dose of inoculum, whereas lower doses completely avoid
this interference (Macho et al. 2007). Here, we injected 10
1l of the mixed inoculum at a 10° CFU/ml concentration into
the stem of Hawaii 7996 plant as previously used (Guidot

et al. 2014). Bacteria were recovered from the plant stem after
15 days, serial diluted and plated on BG complete medium
with and without gentamycin. A Cl was calculated as the ratio
of derived clone (or mutant)/GRS540 (or GMI1000) strain
obtained from the plant stem (output) divided by the ratio
in the inoculum (input). A minimum of ten replicates were
performed for each derived clone and each mutant
Differences between mean Cl values were tested using a
Wilcoxon test performed in the R statistical software.

In Vitro Growth Analysis

The growth rates of the derived clones and mutants were
compared with the growth rate of the ancestral GMI1000
strain in cultures growing in MP MM supplemented with (-
glutamine or L-proline at a 10mM final concentration.
Overnight cultures grown at 28 °C and 180 rpm shaking in
MP MM supplemented with 1-glutamine 10 mM were used
to inoculate 200 ul of fresh MP MM supplemented with (-
glutamine or L-proline 10 MM with an initial ODgygnr, at 0.05.
Bacterial growth was performed in 96-well microplates incu-
bated at 28°C, 700 rpm shaking and monitored using a
microplate spectrophotometer (FLUOstar Omega, BMG
Labtech, Offenburg, Germany). ODgognm Was measured every
5min during 50h. Three technical and three biological
repeats were performed. Differences between in vitro growth
rates were tested using a Student t-test with the R statistical
software.

HR Assays

For HR assays, the bacterial strains were grown overnight in
liquid BG complete medium at 28 °C. A bacterial suspension
at 10° CFU/ml was infiltrated both in the leaves of 6-week-old
N. tabacum plants and in the leaves of 4-week-old
N. benthamiana plants with a 1-ml needless syringe. HR assays
were performed in a controlled environment room (75% hu-
midity, 12 h light/12 h dark, 28/27 °C). The cell death was
checked 48 h after infiltrations.

Genome Sequencing

Based on Cl experiment results, ten evolved clones (two from
each of the five populations) were selected for genomic se-
quence analysis. A single colony of each of the ten evolved
clones and the ancestral GMI1000 clone were grown over-
night in 50 ml MP MM supplemented with 10 mM L-gluta-
mine at 28 °C and 180 rpm shaking. The morning, ODgy, was
adjusted to 0.075 in a final volume of 50 ml MP MM supple-
mented with glutamine and incubated again at 28 °C and
180 rpm shaking during 8 h. ODg(, was then adjusted to 0.001
in a final volume of 100 ml for overnight culture. The next
morning, bacterial growth was monitored by measuring the
ODggo every 60 min until the bacterial culture reaches mid
exponential growth phase, then ODgy, was monitored every
15min until the bacterial culture reaches the stationary
phase. Twenty milliliters of bacterial culture was collected
at the beginning of stationary phase and centrifuged at
5,000 rpm for 10 min. The pellet was washed with ultrapure
water, centrifuged again, and stored at —80 °C until DNA
extraction.
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DNA extraction was performed as previously described for
high molecular weight genomic DNA (Mayjonade et al. 2016;
Erill et al. 2017). DNA concentration and quality were mea-
sured by spectrometry using the nanodrop (Thermo Fisher
Scientific) and fluorometry using the Qubit dsDNA HS Assay
Kit (Life Technologies).

The genomic DNAs were first sequenced using the
lllumina technology in order to detect any potential SNPs
or small InDels between the derived and ancestral clones.
DNA sequencing (DNAseq) was performed at the GeT-
PlaGe core facility, INRAE Toulouse, France. DNAseq libraries
were prepared according to Biooscientific's protocol using the
Biooscientific PCR free Library Prep Kit (Perkin-Elmer). Briefly,
DNA was fragmented by sonication, size selection was per-
formed using CLEAN CleanPCR beads, and adaptators were
ligated to be sequenced. Library quality was assessed using an
Advanced Analytical Fragment Analyzer and libraries were
quantified by qPCR using the Kapa Library Quantification
Kit (Kapa). DNA-seq experiments were performed on an
lllumina Miseq using a paired-end read length of 2 x 150
bp with the lllumina Miseq Reagents micro V2 kits (lllumina).
More than 12 million paired-end reads (2 x 150 bp) were
generated leading to an ~100x total coverage of the refer-
ence genome.

All genomic DNAs were also sequenced using the single
molecule, real time (SMRT) DNA sequencing technology in
order to detect any potential large genomic rearrangements
between the derived and ancestral clones. Library preparation
was performed at GeT-PlaGe core facility, INRAE Toulouse,
France and SMRT sequencing at Gentyane core facility,
INRAE Clermont-Ferrand, France. Two libraries of five multi-
plex samples were performed according to the manufac-
turer’s instructions “Procedure-Checklist-Preparing-
Multiplexed-Microbial-SMRTbell-Libraries-for-the-PacBio-
Sequel-System.” At each step, DNA was quantified using the
Qubit dsDNA HS Assay Kit (Life Technologies) and DNA
purity was tested using the nanodrop (Thermo Fisher
Scientific). Size distribution and degradation were assessed
using the Fragment analyzer (AATI) and High Sensitivity
Large Fragment 50 kb Analysis Kit (Agilent). Purification steps
were performed using AMPure PB beads (PacBio). The ten
individual samples (2 pig) were purified, then sheared at 10 kb
using the Megaruptor1 system (Diagenode). Using SMRTBell
template Prep Kit 1.0 (PacBio), samples (1 g) were Exo VII-
treated before independently going through DNA Damage
Repair and End-Repair. Then, barcoded adapters were ligated
to each sample separately. Following ligation, 2 x 5 samples
were pooled, then digested with Exo Ill and Exo VII. The two
libraries of five samples were purified tree times. The two
SMRTbell libraries were sequenced on two SMRTcell on
Sequel1 instrument at 6pM with 120-min preextension and
10-h movies using Sequencing Primer V4, polymerase V3,
diffusion loading. Using these conditions, the mean reference
genome coverage obtained was 320.

Detection of Genomic Modifications
The BWA v0.7.15-r1140 software was used to map lllumina
reads on R. pseudosolanacearum GMI1000 genome with
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BWA-MEM algorithm (bwa mem -M) (Li and Durbin
2010). Mapping results was filtered with samtools v1.3.1 to
keep only properly paired reads with mapq >1 and remove
PCR duplicates (Li et al. 2009). SNP variants were called with
samtools mpileup and VarScan v2.4.3 mpileup2snp (-min-
coverage 33, -min-read2 15, -min-var-freq 0.4, —min-avg-
qual 20) and InDel variants were called with mpileup2indel
algorithm and the same parameters as SNP calling (Koboldt
et al. 2012).

For Structural Variant (SV) calling we used the PacBio
tools  (https://github.com/PacificBiosciences/pbbioconda).
The first step was to build Circular Consensus Sequencing
(CCS) contigs with pbccs v4.1.0 in order to have high-quality
contigs for the following steps. Then, the CCS contigs were
mapped with pbmm?2 v1.1.0v on R. pseudosolanacearum
GMI1000 genome with these parameters —min-length 1000
and —preset CCS. Finally, the SV calling was performed with
pbsv v2.2.2 and output Variant Call Format (VCF) was filtered
to remove artifacts caused by circular genome.

All detected genomic modifications were checked by PCR
amplification and sequencing with the Sanger technology
using the primers reported in supplementary table S5,
Supplementary Material online.

RNA Extraction, Depletion of rRNA, and RNA-Seq
The ten evolved clones selected for genomic sequence anal-
ysis were also investigated for transcriptomic analysis. These
transcriptomic analyses were conducted from the same bac-
terial cultures prepared for DNA extraction grown overnight
in 50ml MP MM supplemented with 10 mM L-glutamine.
This condition was preferred to the in planta environment
to avoid biases associated with bacteria extraction and se-
quencing, and because glutamine is by far the most abundant
amino acid in tomato xylem (Zuluaga et al. 2013). Briefly, 20
ml of the bacterial culture was collected at the beginning of
stationary phase for RNA extraction. Three biological repli-
cates were conducted for each of the ten clones and the
GMI1000 strain. The bacterial cultures were stopped growing
by the addition of 1ml ethanol/phenol (95:5) to the 20 ml
culture and mixed well by vortexing 1 min. The mixture was
then centrifuged at 10,000 rpm for 20 min at 4°C and the
pellets were stored at —80°C until RNA extraction. Total
RNA was extracted and ribosomal RNAs were depleted as
previously described (Perrier et al. 2016). In order to optimize
ribosomal RNA depletion specifically targeting RSSC rRNAs,
three novel oligonucleotides were added to the oligonucleo-
tide set used for the ribosomal RNA depletion, 10Sa-75 5'-
ATTPATTAACPAGPTGACGPGTC-3, 10Sa-294 5-
TCAGTLATTTPATTTAALCGPCG-3/, and 2351668 5'-
GTACLAATTTPCCPAGTTLCTTC-3". The two first primers
target 10Sa RNA (tmRNA) and the last the 23S rRNA. The
concentration and quality of the RNA samples were mea-
sured by spectrometry using the nanodrop (Thermo Fisher
Scientific) and fluorometry using the Qubit (Life
Technologies).

Oriented paired-end RNA-seq was performed at the GeT-
PlaGe core facility, INRAE Toulouse, France. RNAseq 30 librar-
ies were prepared according to lllumina’s protocols using the
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lllumina TruSeq Stranded mRNA sample prep kit (lllumina)
to analyze mRNA. Briefly, mRNA was selected using poly-T
beads. Then, RNA was fragmented to generate double-
stranded cDNA, and adaptators were ligated to be sequenced.
A total of 11 cycles of PCR were applied to amplify libraries.
Library quality was assessed using a Fragment Analyser and
libraries were quantified by quantitative PCR using the Kapa
Library Quantification Kit (Kapa). RNA-seq experiments were
performed on two lanes of an lllumina HiSeq3000 using a
paired-end read length of 2 x 150 bp with the lllumina
HiSeq3000 sequencing kits (Illumina).

Mapping and Analysis of RNA-seq Data

RNA-seq read pairs were mapped on R. pseudosolanacearum
GMI1000 genome using the Glint v1.0 rc12 software (https://
forge-dgajouy.inrafr/projects/glint) with parameters set as
follows: matches >75 nucleotides, <4 mismatches, no gap
allowed, only best-scoring hits taken into account.
Ambiguous matches (the same best score) were removed.

DEGs were detected with EdgeR Bioconductor package
version 3.30.3 (Robinson and Smyth 2008). Genes with no
counts across all libraries were discarded prior to further anal-
ysis. Normalization was performed using trimmed mean of M
values method (Robinson and Oshlack 2010). Quality control
plots of normalized data sets and reproducibility of biological
repeats were generated by principal component analysis us-
ing Ade4 version 1.7-15 package (Dray and Dufour 2007).
Correlation between biological repeats was estimated by cal-
culating the correlation coefficient of Spearman. differences
and similarities in gene expression between clones were
tested by calculating the Euclidean distance and shown on
heatmaps. Heatmaps were obtained with the package pheat-
map version 1.0.12 (https://CRAN.R-project.org/package=-
pheatmap) on sample-to-sample Euclidean distances.

Fitted generalized linear models (GLM) with a design ma-
trix multiple factor (biological repeat and factor of interest)
were designed for further analyses. The Cox-Reid profile-ad-
justed likelihood method in estimating dispersions was then
used. DEGs were called using the GLM likelihood ratio test
using an FDR (Benjamini and Yekutieli 2001) adjusted P value
<0.05. Clustering on filtered DEGs (P value <0.05 in at least
one biological condition) was generated with heatmap.2
function as available in the gplots Bioconductor package ver-
sion 3.0.1. (https://CRANRproject.org/package=gplots) using
Ward’s minimum variance clustering method on Euclidean
(Murtagh and Legendre 2014). Enrichment analysis consider-
ing GO was then conducted using the topGO package ver-
sion 240.0 (Alexa et al. 2006). The Venn diagrams were
constructed using the jvenn tool (Bardou et al. 2014).

Construction of Mutants

All mutants were constructed in GMI1000 using the multi-
plex genome editing by natural transformation protocol
(MuGENT) as described (Dalia et al. 2014). Primers were
designed to amplify 3—-3.5 kb arms of homology from either
side of the SNPs. PCR was performed on the genomic DNA of
the evolved clones. The purified PCR products act as the
unselected products, whereas an insertional plasmid cAG10

linearized by Scal acts as the selected product. Natural trans-
formation of R. solanacearum was achieved using 300 ng of
selected product and 1pg of unselected marker with the
addition of 50 ul competent cells. The transformants were
selected on selective medium (rich medium supplemented
with gentamycin 10 mg/l) and were validated by PCR ampli-
fication and Sanger sequencing using the respective primers
(supplementary table S5, Supplementary Material online).
The mutants were named mAG68, MAGG69, mAG70,
mAG71, and mAG72 corresponding to soxAT“™®
Rsp1574*%%, Rsp0309™" ", Rsp3094"'°%, and Rsp1136-37
respectively.

Gene deletion was performed on GMI1000 for each SNPs
(soxA1, Rsp1574, and Rsc3094) using pK18 plasmid. The plas-
mid has an sacB gene and antibiotic marker (kanamycin) for
selection with restriction sites EcoRl and Hindlll. Two border
fragments of each gene (700 bp—1kb) were PCR amplified
separately as follows: 1) downstream fragment with flanking
regions—EcoRI on the left end and Nhel on the right end and
2) upstream fragment with flanking regions—Nhel on the
right end and Hindlll on the left end. The up and downstream
fragments were restriction digested using appropriate
enzymes and the pK18 plasmid was restriction digested using
EcoRl and Hindlll. The digested plasmid pK18, upstream, and
downstream fragments were ligated overnight using T4ADNA
ligase. The ligated vector was transformed into competent
DH5a Escherichia coli cells followed by blue/white selection
and the ligation was verified by sequencing. The plasmid DNA
was isolated from the transformants and transformed into
competent GMI1000 cells. Selection was performed on su-
crose medium, since pK18 plasmid has sacB gene that hinders
their growth on sucrose. This was followed by recombination
where the crossover occurs resulting in AsoxAT1, ARsp1574,
and ARsp3094 mutants.

The mutants were tested for in planta fitness using the Cl
method as described above. The insertion mutants competed
with the control ancestral GMI1000 clone, whereas the dele-
tion mutants competed with the control Gm® GRS540 clone
in the stem of tomato Hawaii 7996. Bacterial recovery was
performed at 15 dpi and the Cl was calculated.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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Chapter 3. Two-fold profiling of the experimentally

evolved clones: genomic and transcriptomic level

3.1. Introduction

The previous chapter specifically studied the clones evolved on Hawaii tomato. The
present chapter focuses on the clones evolved on other hosts such as Eggplant var ‘Zebrina’ and
Bean var blanc ‘precoce’ of which Zebrina is susceptible to GMI1000 (original host) and Bean is
tolerant to the bacterium (distant host). The experimental evolution of GMI1000 was previously
performed on various host plants including Zebrina and Bean by serial passage experiment (SPE)
for over 300 bacterial generations. A total of 26 SPE was required for the bacteria to reach 300
generations in both the host plants Zebrina and Bean. Five biological replicates were conducted
thus generating five independent lineages (population) of clones experimentally derived from
GMI1000 (named A, B, C, D and E). From each population five clones were randomly chosen for
further experiments (such as al, a2, a3...e4, e5) and their corresponding Cl (competitive index)
were already measured (Guidot et al., 2014). This earlier study analyzed 125 clones evolved from
various hosts including Zebrina (Zeb) and Bean showed that 80% of the clones had a better fitness
in their experimental host. The whole genome sequencing of 50 adapted clones revealed an
average of 2.3 genomic polymorphisms per evolved clone in comparison to the ancestral clone.
Importantly, the study identified mutations in multiple independently evolved populations in the
regulatory gene, efpR and its association with fitness gain in the experimental host (Guidot et al.,
2014; Perrier et al., 2016). Therefore, in the present study we decided to choose other clones
(evolved from Zeb and Bean) for which the genomic and transcriptomic information were not

available, in order to identify new possible mechanisms and genes involved in adaptation.
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Zebrina Hawaii

Cl p-value Student t-test
MeantSE 2.27+0.333 5.86+0.942
Bean 5.77+0.281 7.91E-06 0.9329
Hawaii 5.86+0.942 0.00572

Table 5 Statistical analyses of the mean Cl obtained from the clones of various

experimental host

The statistical analysis to compare the mean Cl from each experimental host were

performed using student t-test. The underlined value denotes that the mean Cl was

not significantly different.
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3.2 Materials and methods

3.2.1 Selection of clones

The following number of evolved clones were chosen from each host plant: eight clones
from eggplant Zebrina and six clones from Bean var Bartolo. Clones evolved on Eggplant Zebrina
included those that (i) had no or few mutations (ii) had fitness gain with no mutation and (iii) two
clones showing no significant fitness gain compared to the ancestral clone that will act as
negative control. Majority of the clones evolved on Bean were chosen with no efpR mutation,
since the importance of this gene has been studied previously in the team (Perrier et al., 2016,
2018, 2019). The list of the clones chosen along with their Cl and genomic polymorphisms is given

in Table 3 and Table 4.

3.2.2 Bacterial growth conditions

The bacterial strains were grown at 28°C (under agitation at 180 rpm for liquid cultures)
either in BG complete medium or in MP minimal medium. The pH of the MP medium was
adjusted to 6.5 with KOH. For agar plates, BG medium was supplemented with D-Glucose (5 g/I)
and triphenyltetrazolium chloride (0.05 g/l). The MP medium was supplemented with L-

Glutamine (10 mM) and oligo elements (1000 mg/l).

3.2.3 Genomic DNA preparation

The DNA samples for genomic analysis were prepared as described previously (Gopalan-
Nair et al., submitted). Briefly, each of the evolved clones and the ancestral clone GMI1000 were
grown in MP medium with 10mM glutamine. Samples were collected at the beginning of
stationary phase for both DNA and RNA preparation. For whole genome sequencing, 20 ml of the
bacterial culture was centrifuged at 5000g for 10 minutes followed by washing the pellets with
water and centrifuged again. The pellets were stored at -80°C until DNA extraction. The DNA
were prepared based on the protocol described for high molecular weight genomic DNA

(Mayjonade et al., 2017).
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3.2.4 Detection of genomic polymorphisms

The chosen 14 evolved clones and GMI1000 were sequenced using both lllumina and
PacBio sequencing technologies. lllumina technology was used to identify SNPs (Single
Nucleotide Polymorphism) and small InDels (Insertion-Deletion), whereas PacBio technology was

used to identify large InDels.

3.2.5 Ribosome depletion and RNA sequencing

The samples for RNA sequencing were collected from the same bacterial culture as it was
for the DNA genomic analysis. There were three biological replicates per clone. The growth of
bacterial cultures were stopped by the addition of 1ml ethanol/phenol (95:5) to 20ml culture and
mixed well. The mixture was centrifuged at 10000g for 20 min at 4°C and the pellets were stored
at -80°C until extraction. Total RNA was extracted and ribosomal RNAs were depleted as
previously described (Perrier et al. 2018; Gopalan-Nair et el., submitted). The quality and quantity

of the RNA samples were analyzed using Agilent RNA 6000 Nano and Qubit high sensitivity assay.

3.3 Results

3.3.1 Genomic sequencing analysis divulged between 0 and 2 polymorphisms

per clone

The whole genome of the 14 clones evolved on Zebrina and Bean plants were sequenced
using both lllumina and Pacbio sequencing technologies to identify the genomic polymorphisms

that occurred during experimental evolution.

The comparison of the genomic sequences of the ancestral clone GMI1000 and the eight
Zebrina clones unveiled between 0 and 1 polymorphism per clone (Table 3). Both sequencing

methods did not detect any polymorphism in four clones of which, two clones showed a fitnhess
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gain compared to the ancestral clone (clones Zeb b5 and Zeb el having a Cl value significantly
more than 1; Table 3); and two clones showed no fitness gain (Zeb d1 and Zeb e3 with a Cl value
not significantly different from 1; Table 3). In Zeb b1, an IS insertion of around 1 kb was detected
downstream of the RSp0083 gene, which encodes a hypothetical protein. This insertion mutation
was validated by PCR and Sanger sequencing. Clones Zeb c2 and Zeb c3 possessed the same non-
synonymous mutation in the RSp0127 gene which encodes an ISRSol-transposase protein. In
clone Zeb c4, another non-synonymous mutation was detected on the RSc2264 gene, which
encodes the DId protein (a putative D-lactate dehydrogenase (cytochrome) oxidoreductase
protein). These two mutations on RSp0127 (Zeb c1 and c2) and RSc2664 (Zeb c3) were confirmed

by PCR and Sanger sequencing.

The comparison of GMI1000 and the Bean evolved clones showed between 1 and 2
mutations per clone (Table 4). The detected genomic polymorphisms were either a frameshift
mutation or nonsynonymous mutation. One of the frameshift mutation affected the gene
RSc2508, encoding a HipA domain protein and was detected in all the investigated bean clones
except Bean cl. In clone Bean a4, an additional non-synonymous mutation was observed in the
RSc3034 gene, which encodes the RpoB protein (DNA-directed RNA polymerase subunit beta).
Genomic sequencing was previously performed in Bean c1 (Guidot et al., 2014). The same two
mutations were detected in the resequencing using PacBio technology in the present work, in
the RSc1097 gene encoding EfpR and in the upstream region (-88 bp) of the RSc1976 gene which
encodes the PurF protein (amidophosphoribosyltransferase PurF protein). These two mutations

were validated in the previous work using PCR and Sanger sequencing.

The next steps of this work involve identifying the impact of the observed mutations in
the fitness by constructing each mutation individually in the ancestral clone and conducting

competitive index (Cl) experiment of the mutants with the ancestral clone.
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3.3.2 Transcriptomic analyses of the clones obtained from Zebrina and Bean

Comparative transcriptomic analyses performed on Hawaii tomato adapted clones and
the ancestral clone revealed significant variations even in clones with no genomic polymorphisms
(Gopalan-Nair et al., submitted). A similar approach was used here to identify the differential
transcriptomic profiles of the clones obtained from Zebrina and Bean in comparison to the
ancestral clone. The RNA-sequencing was performed on samples grown in minimal media

supplemented with 10mM glutamine.

3.3.2.1 Identification of the best cutoffs for DEGs analysis

In order to identify the best cutoffs for the log FC and FDR-adjusted p-value for DEGs
analysis, an analysis with gradient log FC and FDR-adjusted p-value (pvalue, FDR) was performed.
Table 6 consists of the different cutoffs tested and the respective DEGs for each evolved clone.
For Zebrina clones we used the same cutoffs as for the Hawaii clones (-1 < logFC > 1; pvalue
FDR<0.05). However, for Bean clones due to high number of DEGs, the logFC was increased (-1.5

< logFC > 1.5; pvalue FDR<0.05).

3.3.2.2 Transcriptomic variations in the Zebrina evolved clones

The DEGs between the Zebrina evolved clones and the ancestral clone were analyzed
using the aforementioned cutoff (-1 < logFC > 1; pvalue FDR<0.05). The number of DEGs varied
significantly between the Zebrina clones: between 6 and 1193 genes were differentially
expressed. A comparison of downregulated genes of the clones b1, b5, c3, el and e3 (clones
having a significant number of DEGS) revealed that only 1 gene (RSc0152 — lipoprotein) was
common (Figure 12). Comparison of the upregulated genes of Zeb b1, b5, c3, el and e3 also
revealed only 1 gene (RSp0724 — hypothetical protein) that was common among the clones

(Figure 13).

The numbers of DEGs could not be correlated to the Cl value or to the number of genomic
polymorphisms. For example, the highest number of DEGs (1193 DEGs) was observed in clone

Zeb e3 having a Cl value of 1.4 (not significantly different from ancestral clone) and no genomic
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Figure 12 Downregulated genes in Zebrina clones

Venn diagram representing the genes
downregulated in Zeb b1, b5, ¢3, el and e3. The
graph represents the number of genes in each
list. Clones Zeb c2, c4 and d1 were not included
in this analysis because the number of down-
regulated genes was not significant.

Figure 13 Upregulated genes in Zebrina clones

Venn diagram representing the genes
upregulated in Zeb b1, b5, c3, el and e3. The
graph represents the number of genes in each
list. Clones Zeb c2, c4 and d1 were not included
in this analysis because the number of up-
regulated genes was not significant.
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polymorphism. While the lowest number of DEGs (6 DEGs) was detected in two clones from
population C (Zeb c2 and c4) having both a Cl value of 2.1 (significantly different from the
ancestral clone) and one nonsynonymous mutation (Table 3). The clone Zeb c4 carried a
nonsynonymous mutation in the dld gene, which did not affect the d/d gene expression (Table 3).
A hypothesis is that the mutation enhanced the DId protein activity without affecting the dld
gene expression nor other gene expression. However, experiments still need to be conducted to
know if this mutation is an adaptive mutation. The clone Zeb c2 shared the same nonsynonymous
mutation in the RSp0127 gene (ISRsol transposase protein) with the clone Zeb c3. However, Zeb
c2 possessed only 6 DEGs while Zeb ¢3 possessed 169 DEGs (Table 3). Other non-genetic
modifications in Zeb c3 could affect gene expression. Interestingly in Zeb c3, the hrpB gene was
significantly down-regulated with a logFC = -1.08 (Table 3). However, only 20% of the HrpB
regulon could be detected among the Zeb c3 DEGs. The same result has been observed for
Hawaii clones and a hypothesis of a dampening of the hrpB activity that control the T3SS, through

genetic or epigenetic mechanisms, was suggested.

The two clones from population B, Zeb bl and b5 showed a significant fitness gain
compared to the ancestor with a mean Cl of 2.7 and 3.7, respectively, and a significant number
of DEGs (88 and 151, respectively) (Table 3). However, the two clones shared only 21 DEGs. In
clone b1, the mutation in the RSp0083 gene did not affect its expression. Again, a hypothesis is
that the mutation could enhanced the activity of the hypothetical protein RSp0083 without
affecting the RSp0083 gene expression. However, similarly to the d/d gene, experiments still need
to be conducted to know if this mutation is an adaptive mutation. In clone b5, no mutations could
be detected thus suggested a probable role of non-genetic modifications in transcriptomic
variation. Interestingly, in this clone, the efpR gene was significantly down-regulated with a logFC
= -1.3 (Table 3). Among the 151 DEGs detected in b5, 49 genes (32%) belonged to the EfpR
regulon. However, these 49 genes only represented 7% of the EfpR regulon. Again, a hypothesis

was that non-genetic modifications could have induced a dampening effect of the EfpR activity.

The clone Zeb d1 with no fitness gain in planta had only 19 DEGs compared to the

ancestral clone, including the genes hrpX, hrpK and ripBJ that were downregulated. However,
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before drawing conclusions, the down-regulation of these three important genes needs to be

validated using a RT-gqPCR approach.

High number of genes were differentially expressed in both clones from population E, Zeb
el and e3 (932 and 1193 DEGs respectively) in which no mutations were detected. A hypothesis
is that non-genetic modifications occurred in these clones and affected gene expression.
However, surprisingly, Zeb e3 showed no significantly fitness gain compared to the ancestor, and
despite the fact that the clones were from the same population, the list of genes differentially
expressed were quite different (only 47 downregulated genes and 67 upregulated genes were
shared by the two clones ; Figure 12 and Figure 13). In addition, when analyzing the lists of DEGs,
no clear pattern could be extracted. For example, in Zeb el, three important genes involved in
virulence (phcS, phcR, phcB) were downregulated while, phcS was upregulated in Zeb e3, and
phcR and phcB were not differentially expressed. Some of the type Ill secretion proteins (ripA5
and ripQ), prhR were upregulated in Zeb el while the same genes were downregulated in Zeb
e3.InZeb e3, the genes associated with the EPS production (EpsB and EpsR) were downregulated
and the genes were not found to be differentially expressed in Zeb el. While few flagellar
proteins (FIhC, FIhD and FliK) and pilus protein (PilB) were downregulated in Zeb el, the flagellar
proteins (FIgC, FIhA, FliG, FIiL, FliM, FliQ and FIiS) and the pilus proteins (PilA, PilB, PilC, PilH, Pil)
and PilQ) were upregulated in Zeb e3. These very surprising data needs to be validated by

conducting additional biological repeats.

67 |Page



Figure 14 Common downregulated genes in the clones evolved on Bean

The comparison includes the downregulated genes of all six investigated bean
clones (a4, a5, b1, b3, b4 and c1). The graph represents the number of genes
in each list.
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Figure 15 Common downregulated genes in five clones evolved of Bean

The comparison includes the downregulated genes of five of the six investigated
bean clones (a4, a5, b1, b3 and b4). Excluding c1 (efpR mutated clone) increased
the common DEGs shared among the clones. The graph represents the number
of genes in each list.
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Table 7 List of genes downregulated in all the studied Bean clones

The list of genes includes description of the genes with their ID and their functional classification.
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Figure 16 Common upregulated genes in the clones evolved on Bean

The comparison includes the upregulated genes of all six investigated bean
clones (a4, a5, b1, b3, b4 and cl1). The graph represents the number of
genes in each list.
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Figure 17 Common upregulated genes in five clones evolved of Bean

The comparison includes the upregulated genes of five of the six investigated
bean clones (a4, a5, bl, b3 and b4). Excluding c1 (efpR mutated clone)
increased the common DEGs shared among the clones. The graph represents
the number of genes in each list.
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Table 8 List of genes upregulated in all the studied Bean clones

The list of genes includes description of the genes with their ID and their functional classification.
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Table 9 List of downregulated genes specific to the studied Bean clones except c1

The list of genes includes description of the genes with their ID and their functional classification. Cell
processes” - Chaperoning; Cell processes® - Osmotic adaptation; Cell processes* - Transport of small
molecules
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Table 10 List of upregulated genes specific to the studied Bean clones except c1

The list of genes includes description of the genes with their ID and their functional classification. Cell
processes’ - Detoxification
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3.3.2.3 Transcriptome variations in the Bean evolved clones

Owing to its high number of DEGs in all the clones evolved on Bean, the fold change cutoff
of the genes to be assessed as differential expression in comparison to the ancestral clone
GMI1000 was increased (-1.5 < logFC > 1.5; pvalue FDR<0.05). The analysis with these cutoffs
perceived between 379 and 1146 DEGs in the examined six Bean clones in comparison to the

ancestral clone GMI1000 (Table 4).

Comparison of the downregulated genes from the six Bean clones found 53 genes that
were shared among all the clones (Figure 14). A major proportion of these genes were associated
with metabolic functions and unknown function (38% and 42% respectively) while a few genes
were associated with virulence (2 genes) and transport (3 genes) (Table 7). It was interesting to
see that Bean c1 did not share many genes among the clones and had the most clone specific
downregulated genes (42%). Therefore, another analysis of the bean clones excluding bean c1
was performed and indeed, the genes shared among the five bean clones increased to 155 genes
(Figure 15) and the genes that were specific to only these five bean clones were 102
downregulated genes (Table 9). Majority of the genes encoded for unknown function (38 genes),
small molecule metabolism (33 genes) while eight genes were involved in macromolecule
metabolism (including eg/ known for its involvement in virulence) and regulators (not classified)
each. A significant proportion of the genes were involved in cell processes (13%) such as transport

of small molecules, osmotic adaptation and chaperoning (Table 9).

A parallel comparison of the upregulated genes of the six bean clones showed that 28
genes were shared among the clones (Figure 16). Again, majority of the upregulated genes were
also associated with metabolic functions and unknown functions (49% each) (Table 8). The same
analysis excluding Bean c1 clone increased the common genes shared among Bean a4, a5, b1, b3
and b4 clones to 70 genes (Figure 17). The number of genes specific to this group were 42
upregulated genes and the classification majorly composed of genes encoding small molecule

metabolism and structural elements (Table 10).
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The frameshift mutation detected in the HipA domain protein (RSc2508) of five of the
Bean clones did not affect the gene expression in any of the bean clones (Table 4). However,

experiments still need to be conducted to analyze its importance in adaptation.

A parallelism between the bean clones was observed in expression modification of the
rpoB, and purF genes that were mutated in at least one of the clones. The gene rpoB (RNA
polymerase subunit beta) was mutated in clone Bean a4 and was found to be upregulated in all
the investigated Bean clones except c1 (Table 4; Table 10). The gene purF (amidophosphoribosyl
transferase protein) was mutated in clone Bean c1, but surprisingly, was not affected in gene
expression in this clone but was upregulated in Bean a4, a5 and b1l in which the gene was not
mutated (Table 4). Gene expression of the purF gene has to be validated in the Bean c1 clone
using a RT-gPCR approach. Interestingly, the prhP gene that was mutated in a Hawaii clone was
down regulated in all Bean clones but c1 (Table 4). These results thus suggested a parallelism in
the genes that are targeted by either genetic or non-genetic modifications, affecting gene

expression and probably involved in bacterial adaptation.

3.3.2.4 DEGs of the evolved clones and the expression of important (global)

regulators of R. solanacearum GMI1000

As a rule of thumb, the list of genes differentially expressed were looked for the virulence
genes and global regulators that are known to mediate adaptation of the pathogen: the genes
that were particularly considered were vsrA, efpR, phcA, phcS, prhP, epsR, hrpG and hrpB (Genin
and Denny, 2012; Perrier et al., 2016). The expression of the global regulatory genes phcA, vsrA
and hrpG was never found to be affected in neither of the investigated evolved clones. The efpR
gene was downregulated in one of the clones from Zebrina (Zeb b5). In the Bean clones, efpR was
downregulated only in clone Bean c1 in which the gene was mutated. However, in the other
investigated Bean clones (except Bean b3) the log FC for the efpR gene was close to the -1.5
cutoff. The phcS gene was downregulated in Zeb el (logFC = -1.339) and the same gene was
upregulated in Zeb e3 (logFC = 1.090) but this has to be confirmed using a RT-qPCR approach.

The transcription regulator PrhP was found to be downregulated in all the Bean clones except
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Bean c1 and in none of the clones evolved on Zebrina. The negative regulator of
exopolysaccharide production protein (EpsR) was upregulated only in Zeb e3. The regulatory
transcription protein (HrpB) was found to be downregulated in Zeb c3 and in Bean b4. These
results highlight the importance of de-regulation of the prhP, hrpB and efpR genes in pathogen

adaptation to various host plants.

3.3.2.5 Study of all the differentially expressed genes to understand the globally

affected genes from each host

An analysis of the globally affected genes from each host was conducted by combining all
the differentially expressed genes from each host to obtain an extensive list of DEGs (same cutoff
as before for each host). This strategy allowed comparing and studying the complete list of genes
that were differentially expressed in a particular host. The comparison included the DEGs of
clones evolved on Hawaii (Gopalan-Nair et al., submitted), in addition to Zebrina and Bean to

observe the pattern in the genes that were differentially expressed on varying host.

A comparison of all the DEGs observed on the three evolved clones revealed that a
significant number of genes (668 genes) were common among the clones in spite of the varying
experimental host (Figure 18). This number represented 34%, 32% and 40% of all the DEGs from

Hawaii, Zebrina and Bean clones, respectively.

The distribution of the host specific DEGs (excluding the genes regulated by HrpB and
EfpR) based on their classification for both Zebrina (420 genes) and Bean (158 genes) clones are
given in donut plots (Figure 19). In Zebrina evolved clones, a major proportion (42%) of genes
differentially expressed belonged to metabolic functions while 23% of the genes were
hypothetical proteins with unknown functions. Approximately 1/10t" of the DEGs belonged to
unclassified regulator genes and transport genes. A small portion of DEGs were involved in

cellular
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Figure 18 Comparison of all DEGs from Hawaii, Zebrina and Bean
clones

The graph represents the number of genes in each list.
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B Metabolic function

B Unknown function

B Transport of molecules

= Not classified regulator

M Cell processes

M Structural elements

B Elements of external origin

M Virulence

B Unknown function

B Metabolic function

W Transport

7 Elements of external origin
B Not classified regulator

H Cell processes

W Virulence

W Structural elements

Figure 19 Functional distribution of host specific DEGs in Zebrina and Bean

(a) Host specific differentially expressed genes in Zebrina evolved clones
(b) Host specific differentially expressed genes in Bean evolved clones
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Figure 20 Comparison of downregulated DEGs from the evolved clones (Hawaii, Zebrina, and
Bean) to the downregulated gens of hrpB regulon

The graph represents the number of genes in each list.
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Table 11 Common downregulated genes of HrpB cluster shared among the downregulated
genes of all Zebrina, Bean and Hawaii clones

The list of genes includes description of the genes with their gene ID.

82| Page



Figure 21 Comparison of DEGs from the evolved clones (Hawaii, Zebrina, and
Bean) to the efpR regulon

The graph represents the number of genes in each list.
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processes (such as cell division, detoxification, mobility chemotaxis, protection responses) (6%)
and virulence (1%). In Bean evolved clones, majority of the DEGs (40%) belonged to hypothetical
proteins with unknown functions, the second major DEGs encoded metabolic functions (38%)
and 10% involved in transport of molecules (Figure 19). The distribution of host specific DEGs in
Hawaii evolved clones were quite similar with a major portion of genes with unknown function
and involved in metabolic functions (Annexure 2). Among these host specific genes, very few

were virulence determinants.

The HrpB regulatory cascade represents one of the key regulators that are essential for
the pathogenicity of R. solanacearum (Genin and Boucher, 2002a; Castillo and Greenberg, 2007,
Genin and Denny, 2012; Castillo and Agathos, 2019). A comparison of the downregulated genes
from HrpB regulon (190 genes) with the downregulated DEGs of evolved clones from all three
hosts revealed a significant proportion (57 genes) of the overlap (Figure 20) (Table 11). The
results were similar to that of Hawaii clones, which shared a significant proportion of the
downregulated DEGs with the hrpB regulon (Gopalan-Nair et al., submitted). This significant
overlap of the genes from the HrpB regulon despite the varying hosts indicate a prominent
association with the adaptation process. Around 9% of the downregulated genes from the clones
evolved on Hawaii and Zebrina belonged to the Hrp regulon while the proportion was slightly

higher in Bean clones (14%).

A comparison of the extensive list of DEGs of the evolved clones with the 1031 genes of
the EfpR regulon (Perrier et al., 2016; Capela et al., 2017) revealed that around 50% of the EfpR
regulon was found in the DEGs of the evolved clones 492 (48%), 463 (45%) and 565 (55%) genes
in the Zebrina, Bean and Hawaii DEGs, respectively (Figure 21). This result highlights again the
importance of the downregulation of the efpR gene in R. solanacearum adaptation to the host
plants. A total of 219 genes were common to all evolved clones (Figure 21). These 219 genes
represent more than 20% of the EfpR regulon. The list of common genes between the EfpR

regulon and the evolved clones is given in Annexure 3.
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3.4 Discussion

The current study aimed to evaluate the molecular determinants of adaptation of the
clones experimentally evolved on Eggplant ‘Zebrina’ (original host) and Bean ‘blanc précoce’
(distant host). The former work established that a majority of the clones evolved from GMI1000
had better fitness in planta (Guidot et al., 2014). Here, we analyzed both the genomic and
transcriptomic variations in the experimentally evolved clones. Two clones with no fitness gain
were also included in our study as controls. Whole genome sequencing of the 14 analyzed clones
disclosed between 0 and 1 genomic polymorphism in Zebrina clones and between 1 and 2
mutations in Bean clones. This numbers were in coherence with the numbers obtained for Hawaii

clones (Hawaii tomato 7996) (Gopalan-Nair et al., submitted).

Overall, the level of fitness gain was significantly higher in the Bean and Hawaii clones
compared to Zebrina clones (Table 5). In addition, mutation detected in the Zeb clones affected
three genes, which did not affect their expression and the analysis of the transcriptomes revealed
high variation in the number of DEGs between Zeb clones and no clear pattern when the number
of DEGs were high. A hypothesis was that such results were obtained because Eggplant Zebrina
is a susceptible host and the genomic and transcriptomic variations that occurred in the
experimentally evolved clones could only be the result of genetic drive. The adaptive advantage
of the mutation detected in the Zebrina clones still have to be evaluated to test this hypothesis.
Interestingly however, two Zeb clones (b5 and el) with the highest fitness gain had no mutation
but a significant number of DEGs (151 and 932, respectively). The hypothesis was that epigenetic
modifications such as DNA methylation occurred in these two clones and affected gene

expression and improved the fitness of these clones.

In Bean clones, the mutations were detected in 5 different genes, including 3 transcription
regulators. Mutation of genes encoding transcription regulatory hubs have been previously
observed in the multiple laboratory evolution experiments of bacteria (Herring et al., 2006;
Conrad et al., 2009; Marchetti et al., 2010; Guidot et al., 2014). Consequently, the mutation

observed in the gene rpoB (RNA polymerase subunit B) on Bean b1 resulted in the change of
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amino acid from aspartic acid to tyrosine. While the effect of the mutation in the fitness gain is
not yet known in this study, the gene is significantly upregulated in all the Bean clones except
Bean cl. Various studies suggest that the gene rpoB is ubiquitous in the bacterial kingdom (Ogier
et al., 2019) and more interestingly, the gene might be involved in the adaptation of the bacteria
to extreme environments. Studies conducted on Mpycobacterium tuberculosis found that
mutations in the rpoB gene elicited a stress response and thereby increased the bacterial
adaptation conferring antibiotic resistance (Bergval et al., 2007). Mutations in rpoB gene was also
identified for its adaptive potential in the experimental evolution of E. coli in minimal medium

(Herring et al., 2006).

Interestingly, in Bean clones, a parallelism was observed in the de-regulation of five genes
(rpoB, purF, prhP and efpR). These genes were either directly targeted by genetic mutation or
indirectly through genetic or non-genetic modification affecting their expression. The efpR gene
has been previously identified as an important gene for RSSC adaptation to the host plant (Guidot
etal., 2014; Perrier et al., 2016; Capela et al., 2017). Here, four other genes (rpoB, prhP and purF)

were identified as potential new candidates important for RSSC adaptation to new host plants.

Despite the experimental evolution of GMI1000 on different hosts (original and distant),
the evolved clones always seem to incline to the similar set of genes that are differentially
expressed in the adapted clones. This was similar to the Hawaii evolved clones were convergence
of transcriptomic profiles with overlapping DEGs were observed (Gopalan-Nair et al., submitted).
The pattern was more consistent with the Bean clones than for the Zebrina. Comparative
analyses of all the DEGs from the clones of each host with the regulon of the HrpB and EfpR
regulators showed that a significant proportion of these two regulons (up to 50% for the EfpR
regulon) was among the DEGs of the evolved clones. These results highlight the importance of

de-regulation of the hrpB and efpR genes in RSSC adaptation to various host plants.
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Chapter 4. Methylome analyses of the evolved

clones

4.1 Brief introduction

The undeniable role of DNA methylation in the bacterial defense mechanisms and host
adaptation is now well-studied in various pathogens (Oliveira and Fang, 2020; Oliveira et al.,
2020; Sanchez-Romero and Casadesus, 2020). Methylome analysis by SMRT sequencing is the
first step toward understanding the biology and functions of DNA methylation in bacteria.
Previous analysis using REBASE identified seven putative DNA MTases in the GMI1000 reference
strain of RSSC, of which six were present on the chromosome and one on the megaplasmid (Table
1 Table lin the general introduction). With the advent of SMRT sequencing technology, it was
identified that RSc1982 methylates the adenine base in the GTWWAC motif (Erill et al., 2017).
The analysis revealed a total of 783 GTWWAC in the GMI1000 genome, of which 518 sites were
present on the chromosome and the remaining 265 sites were present on the megaplasmid. The

study highlights that 99% of the GTWWAC motifs are methylated in the GMI1000 genome.

In chapters 2 and 3, it was highlighted that most of the clones had better fitness in their
respective host plants after the experimental evolution. Further analyses of the adapted clones
revealed various genomic polymorphisms and several differentially expressed genes (DEGs) in
comparison to the ancestral clone that could explain the fitness gain. Interestingly, we identified
adapted clones with no genomic polymorphism but, a significant number of DEGs. The hypothesis
was that the fitness gain could be explained by epigenetic modifications such as DNA

methylation.

Therefore, the objective of this chapter was to test the hypothesis that the DNA
methylation profile could vary during experimental evolution and could influence gene
expression that aids the bacterial adaptation. Firstly, the GTWWAC methylome profile of the

clones evolved from Hawaii tomato (10 clones), Zebrina (8 clones) and Bean (6 clones) were

88| Page



(s"nQ@) suoidada palejAyisw

Aj|e1auBJa}Ip 4O Jaqwinu 3y3 pue (paxiwgns “|e 13 JieN-uejedon) suo|d PaA|OAS Yoed
10 s53Q 9y1 ‘uoinsod 419yl ‘(s)uorieinw 2119uas ‘sanjeA [J ueaw ayi sapn|dul a|qel ay L

SIsAjpub awojAyraw Jof sauoja panjona opwol IIDMBH Jo 1sI7 ZT 3|qbL

81 81 st o 8T a3 81 6T 1z 81 Tz SHING 40 "ON
2wy ae sve 692 st we 206 €05 8y 181 Vizas 93040 "ou
98' 6T g€ Ty s 00w Ty &er 59 4] 098 anjen |3 ueaiy
uzaryP60EISY ogduid
Lo varzod EFTASY ygrp 9ETTASY eV ZSTASY 1o b2STASY yeeay TVXOS uoneInpy
€o 12 sp €p 2 = ¥4 4 ve Te
ueay
SAUO[D PAA|OAS 966/ 0IEWO)L lIEMEH

89 |Page



(50°0 < @n|eA-d 3533 UOXOD|IAN) UO|D |BJ1SRIUE BY] UeY] SS3| Ajauediiusis | sjuasaldal
|D pauldapun 3yl ‘(sYNQ@) suoiSau palejAylaw Ajjeiaualagip 4o Jaquinu ay3 pue (eiep paysigndun)
dUO[D PAAJOAD YaeDd JO sHI( 3y} ‘uonisod 419y ‘(s)uorreinw 2132uag ‘sanjea [J uesaw ayi sapnjoul 3|gel ayL

SIsAjpub awojAyiaw Jof Sauo[a panjord buligaz o 1sI7 €T 3|qbL

81 8T €T €1 T oz i1 44 i1 SHIAIC J0 "ON

443 €6TT 756 6T 9 69T 9 18T 88 $D3Q Jo "oN

€T v 9'¢ 60 12 91 a4 e A4 anjen |J ueay

50 ssensPIP 116, TOSYSI 116, TOSHSI o) £800dSY uoneny
uealy ) 12 P 2 £ &) sq 19

S3UO|2 PIA|OAD BULIGIZ

0 |Page



(sy¥INQ@) suoi8aJ parejAyiaw AjjeizuaJaip 40 Joquinu ay3 pue (eiep paysijgndun)
3UO|2 PAAJOAS Yoea O $HIQ Y3 ‘uoiisod Jiay3 ‘(s)uoireinw 213auas ‘sanjeA [ ueaw ay3 Sapn|oul 3|gel Ayl

sIsA|pup awojAyiaw Jof Sauoja panjona unag fo 1s17 T 3/qo1

9c 0¢ T4 T4 14 GE 9z SHINQ Jo 'ON

vel 6L€ LBE ]y 9r1T SPTT 648 $O3qd J0 'ON

LL'S 9'9 S's £'s 9'v S'9 19 °onjeA |J ueay
a5-1<-044Nd sserag0odd

0S'T DeeatdId 265'9<-vo809CISH  z6e'0<-voB0GTISY  z6e'0<-wvoB0GCISY  z6e0<-voB0SECISH  z6e'0--wvoB0SCISH uoljeinin

ueay 12 vq €q 9 qe e

$3UO0|J PAA|OAS Ueag

91| Page



compared to the GTWWAC methylome profile of the ancestral clone. In the second part, the
potential impact of the differentially methylated motifs on gene expression was investigated by

a comparative analysis of the methylome and transcriptome variations of the evolved clones.

4.1 Material and methods

4.1.1 Bacterial strains and growth conditions

The list of the clones for which the methylome was investigated is given in Table 12, Table
13 and Table 14. The evolved clones were obtained from the experimental evolution of GMI1000
on tomato Hawaii 7996 (Gopalan-Nair et al., submitted), eggplant Zebrina and Bean ‘blanc
precoce’ during 300 bacterial generations (Guidot et al., 2014). The bacterial growth conditions
were the same as for the transcriptome analysis. Each of the evolved clones were grown in
minimal media supplemented with glutamine (10 mM). Bacteria were grown until the beginning

of stationary phase for DNA extraction. No biological replicate was performed.
4.1.2 Single-molecule, real-time (SMRT) sequencing

Genomic DNA was prepared from the bacterial cells grown in minimal media with
glutamine collected at the beginning of stationary phase in order to limit the number of cells in
division and avoid a bias towards hemimethylated marks. The bacterial samples were collected
simultaneously for DNA as done for RNA (Gopalan-Nair et al., submitted). 20 ml of the bacterial
culture was centrifuged at 5000g for 10 minutes followed by washing the pellets with water and

centrifuged again. The pellets were stored at -80°C until DNA extraction.

The DNA were prepared based on the protocol described for high molecular weight
genomic DNA (Mayjonade et al., 2017). Briefly, the pellet was resuspended in 1800 pl of
preheated lysis buffer (72 °C) followed by the addition of 6 pl of RNase A (100 mg/ml). The lysis
buffer prepared on the day of experiment contains the following components given as final

concentration and the respective quantity/volume for a final volume of 10 ml in bracket. 1 %
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sodium metabisulfite (0.1 g), 0.5 M NaCl (0.29 g), 100 mM Tris HCI (1 ml of 1M Trsi HCI, pH 8.0),
50 mM EDTA (1 ml of 0.5 M EDTA, pH 8.0) and 1.25% SDS (625 pl of 20 % SDS) adjusted to a final
volume of 10 ml using molecular biology grade water. The lysate was incubated at 55 °C for 30
minutes and mixed by inverting the tube every 10 minutes. These steps were carried out in the

specific area allocated for quarantine bacteria (L2 in LIPM).

A volume of 600 pl (1/3 volume of lysis buffer) of cold (4 °C) 5M potassium acetate was
added to the lysis buffer and mixed to obtain a homogenous solution by vigorous pipetting using
P1000 pipette tip cut at 0.5 cm from the extremity (to avoid DNA shearing). The potassium
acetate precipitates the protein and polysaccharides and forms a complex with SDS (sodium
dodecyl sulfate) which will be removed by centrifugation. The mixture was centrifuged at 5000 g

for 10 min at 4 °C.

The supernatant (550 — 600 pl) was then carefully transferred to a 2 ml Eppendorf tube
followed by centrifuging again at 5000 g for 10 min at 4 °C. 500 pl of the clear supernatant was
transferred to a new 2ml tube followed by equal volume (500 ul) of binding buffer. Binding buffer
contains 2 g PEG8000 and 1.75 g of NaCl adjusted to a final volume of 10 ml molecular biology
grade water, which was prepared on the day of experiment. PEG8000 was well dissolved until
the solution becomes clear as it can affect the yield. 30 ul of Serapure beads (1:18 (V:V) was
added and mixed well by inverting the tubes 20 times. Serapure beads solutions contains 2 %
Sera-Mag SeedBead magnetic carboxylate modified particles (washed 4 times with H20 to
remove sodium azide), 18 % PEG8000, 1M NaCl, 10mM Tris HCI (pH 8.0), 1 M EDTA (pH 8.0). The
suspension was incubated for 30 min at room temperature with gentle agitation on a rocker
platform. Followed by incubation the tube was spin down for 1 sec and placed on magnetic rack
for 3 min (or until the solution becomes clear). The supernatant was removed without disturbing

the magnetic beads pellet.

Subsequently the beads pellet were washed quadruple times in total with wash solution
(70 % EtOH). For this, the tube was removed from the magnetic rack, mixed with 1 ml of wash
solution by inverting the tube 20 times. The tube was spin down for 1 sec and then placed on the

magnetic rack for 3 min (or until the solution becomes clear) to remove the supernatant without
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disturbing the beads pellet. This washing step was repeated three additional times to reach a
total of quadruple wash. The tube was spin down for 1 sec, placed on the magnetic rack to
remove any remaining wash solution using P10 pipette tips, and the beads were air dried for 1
min with the lid open. It is crucial not to let the beads dry longer than a minute, as it will
significantly reduce the elution efficiency. The genomic DNA (gDNA) was eluted using 80 pl of
elution buffer (Qiagen EB elution buffer) preheated to 55 °C. The beads were resuspended by
flicking the tube to ensure that the beads are not aggregated. The tube was spin down for 1 sec
and placed on the magnetic rack for 10 min or until the solution becomes clear. Higher DNA
concentrations can increase the elution duration and it is therefore recommended to let the tube
on magnetic rack for 2 hours (or overnight) and/or addition of more elution buffer. Finally, the

clear gDNA solution was transferred to a new tube followed by quantity and quality check.

The concentration of the gDNA was measured using spectrophotometer (Nanodrop 2000,
Thermofischer, USA). A260/280 ratio must be between 1.8 and 2 whereas the A260/230 ratio
must be between 2 and 2.2. A higher ratio in either could be an indication of RNA contamination.
Additional quantification was performed using Qubit 4 Fluorometer (Thermofischer, USA). The

samples were then sent for the high throughput sequencing at GeT-Plage, Toulouse.
4.1.3 Analysis of methylation profile of GTWWAC

All methylation analyses were performed with public GMI1000 genome and annotation.
Motif  and methylation detection were performed using  the pipeline
"pbsmrtpipe.pipelines.ds_modification_motif_analysis" from PacBio SMRTLink 6.0. The default
settings were used except: compute methyl fraction set as true, minimum required alignment
concordance >= 80 and minimum required alignment length >= 1000 (all these analyses were

performed by bioinformatician, Ludovic Legrand).

Followed by the bioinformatics analyses of the data obtained from SMRT sequencing,
methylome profiles of the ten evolved clones were compared to the ancestral clone individually.
The analysis showed the methylation profile for GTWWAC motif with a score, coverage, IPD ratio,

and fraction for each sample (Annexure 10 - Annexure 33). A score above 30 is considered
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significant and coverage represents the sequencing depth (higher the better). IPD ratio or
interpulse duration ratio is the time required for the consequent nucleotide to bind, where the
presence of methylated base increases the time required for the nucleotide addition (higher IPD
ratio means a higher probability of methylation). The fraction represents the percentage of
methylated bases in the genome pool at that particular position. In this experiment, the
methylation or hemimethylation of a particular position is considered significant when the
fraction is greater than or equal to 0.50 (represents at least 50% of the sequences are methylated

at that particular position in the whole genome pool) in addition to the score above 30.

4.2 Results

4.2.1. SMRT sequencing technology for the analysis of GTWWAC methylation

Here, we used SMRT sequencing technology to compare the methylation profiles of the
ancestral GMI1000 clone and the experimentally evolved clones generated by SPE on Hawaii
7996, Zebrina and Bean during 300 generations. Genomic DNA for methylome analysis was
extracted from in vitro bacterial cultures. The bacterial samples were collected at the beginning
of stationary phase, assuming the fact that the methylome pattern remains stable during the
growth curve as seen in E. coli and P. luminescens strains (Payelleville et al., 2017). Genomic DNA
extraction of the ancestral GMI1000 clone and the evolved clones using the protocol described
for high molecular weight genomic DNA (Mayjonade et al., 2017) vyielded sufficient
concentrations of DNA suitable for SMRT sequencing. The concentration of DNA ranged between
75 ng/ul and 500 ng/ul. The concentration of DNA and their respective purity ratio for each of

the analyzed sample is given in Annexure 4 and Annexure 5.

The bioinformatic pipeline used in the present work found that 778 out of the 783 (99%)
GTWWAC motifs were methylated (m6A modification) in the ancestral clone GMI1000. The genes
targeted by a GTWWAC motif non-methylated in the GMI1000 ancestral clone are described in
Table 15. Three of these motifs were present on the gene body, which includes RSc2612, RSc3393
and RSp1329. The remaining two motifs were detected on the promotor regions of RSc0102-03
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and RSp1674-75. Three of these genes corresponds to transposase proteins (RSc0103, RSc3393
and RSp1675) and the two other genes encodes hypothetical transmembrane protein based on
STRING database (RSc2612 and RSp1329). The motif on RSp1329 could also be probable
promotor of RSp1330. A schematic representation of these five positions is given in figures 26,

27,28, 29 and 30.

4.2.2. Detection of differential methylation marks between the ancestral clone

and the evolved clones

The putative differential methylation marks of the GTWWAC motif between the ancestral

clone and the various evolved clones were divided into two major categories as follows:

(i) Full methylation (methylation on both DNA strands in the evolved clones whereas
both strands are not methylated in the ancestral clone) (Table 15)
(ii) Hemimethylation
Type 1: methylation on one DNA strand in the ancestral clone, but nonmethylated
in the evolved clone (Table 16)
Type 2: methylation on one DNA strand in the evolved clones, but nonmethylated

in the ancestral clone (Table 17)

The analysis revealed between 12 and 35 differential methylation regions (DMRs) in the
evolved clones in comparison to the ancestral clone (Tables 12, 13 and 14). The raw data of the
differential methylation for each of the analyzed evolved clones is given in Annexure 10 -
Annexure 33. The total number of differentially methylated motifs in each evolved clone
including both fully methylated and hemimethylated sites are depicted as barplot in Figure 22,
Figure 23 and Figure 24. There was a significant difference in the mean number of DMRs observed
in the clones evolved on Bean and Zebrina (student t-test, p-value = 0.008); and between Bean

and Hawaii evolved clones (student t-test, p-value = 0.006). However, there was no statistical
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difference in the number of DMRs between the clones evolved on Hawaii and Zebrina (student

t-test, p-value = 0.695) (Table 18).

The highest number of DMRs was observed in clone Bean a5 with 35 GTWWAC sites
differentially methylated compared to the ancestral clone; of which 5 sites were fully methylated
(methylated on both +/- strands) and 30 sites were hemimethylated of which 16 were methylated
on the evolved clone and the remaining 14 sites were methylated on the ancestral clone. The
lowest number of DMRs was observed in clone Haw c2 with 13 GTWWAC sites differentially
methylated compared to the ancestral clone; including zero sites fully methylated on the evolved
clone and 13 sites hemimethylated of which 11 sites in haw c2 and 2 remaining sites were

methylated in GMI1000.

Majority of the differentially methylated motifs (60% in Hawaii and Bean; 63% in Zeb)
were detected in the upstream region of the genes. This observation is in agreement with the
previous study on GMI1000 that found that 38% of the total GTWWAC motif were annotated to
the upstream region of genes (Erill et al., 2017). Overall, one-fifth of the DMRs observed in Hawaii
and Bean clones, and one-fourth of the DMRs from Zeb clones belonged to transposase protein.
This could be interesting because methylation in the transposases are known to affect the gene

expression of itself or the neighboring genes (Roberts et al., 1985; Nagy and Chandler, 2004).

4.2.3 Fully methylated differential motifs were observed only on the evolved

clones

Fully methylated differential motifs were observed in 19 out of the 24 evolved clones
analyzed (at least 1 DMR and max 5 DMRs (Table 15). A schematic representation of these five
differential methylation marks is given in figures 26, 27, 28, 29 and 30. In Hawaii clones, the
observed number of DMRs (fully methylated) were between 0 and 3; between 1 and 3 in Zebrina

clones and in Bean clones there were 2 to 5 DMRs (Table 15).
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(a)

Zebrina Hawaii

All DMRs p-value Student t-test
MeaniSE 18+1.102 18+0.801
Bean 26+1.817 0.008306 0.00605

Hawaii 18+0.801  0.6945

(b)

Zebrina Hawaii
metil:::ll«':ltion p-value Student t-test
MeantSE  410.306  40.330
Bean 4+0.471 0.009946 0.00065

Hawaii 1+0.330 0.03514

Table 18 Statistical analysis of differentially fully methylated positions between clones
evolved on various host plants

Student t-test was used to compare the clones and the table includes mean and SE. p-
value less than 0.05 is considered significant and non-significant p-values are
underlined. (a) All DMRs and (b) Differential full methylation
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Of the five motifs that were found to be differentially methylated in comparison to
ancestral clone, the motif on the gene RSp1329, which encodes hypothetical protein was
observed in 18 out of the 24 evolved clones analyzed (Table 15). The motif on the gene RSc2612
was differentially fully methylated in 5 clones and differentially hemimethylated in 15 clones. The
GTWWAC motif upstream RSp1675 possessed only one clone that was similar to GMI1000
(nonmethylated), while the motif on other clones were either fully methylated (7 clones) or
hemimethylated (15 clones). The motif upstream RSc0102 and RSc3393 had 10 clones with

differential fully methylation and 11 clones with hemimethylated differential motifs.

Overall, the data reveals that there was a statistically significant difference between the
numbers of fully methylated differential regions observed on the clones evolved on Hawaii,

Zebrina and Bean (student t-test, p < 0.05) (Table 18).

4.2.4 Hemimethylation

Differential hemimethylation concerns only one strand of the DNA sequence methylated
either in the ancestral clone and not in the evolved clone or vice versa. Hemimethylated state of
the DNA can mostly be transient owing to its regulatory role during cell division and transcription
(Marinus and Casadesus, no date; Casadesus and Low, 2006; Low and Casadesus, 2008;
Casadesus, 2016; Oliveira and Fang, 2020; Sanchez-Romero and Casadesus, 2020). However,
hemimethylation can also be inherited (stable) as seen in some bacteria such as E. coli (refer
General introduction, section 1.2.3) (Wion and Casadesus, 2006) and thereby making it an
interesting objective to explore the probable importance of hemimethylation in host adaptation

of the RSSC strain GMI1000.

The type 1 hemimethylation where only one of the strand methylated in the ancestral
clone is nonmethylated in the evolved clones was observed in 21 of the 24 evolved clones (Table
16). The highest number of hemimethylated motif was observed on Bean a5 with 14 DMRs
(hemimethylation). The type 2 hemimethylation where one of the strand is methylated in the

evolved clone in comparison to the ancestral clone was observed for all the 24 evolved clones.
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The highest number of DMRs was observed in three clones from the same population evolved on
Bean (b1, b3 and b4) with 19 hemimethylated motifs. The least number of DMRs was observed

in Haw c2 and Zeb d1 with 10 hemimethylated motifs.

(i) Hawaii evolved clones

In Hawaii clones, a total of 13 positions were found methylated in GMI1000 (on one
strand) and nonmethylated in the evolved clones (on one strand) (Table 16). The highest number
of DMRs (hemimethylation) was observed in Haw d5 and the least number was in Haw b1, el
and e3 with 1 DMR. Of the 13 motifs, the motif on RSc2654 (serine protease protein) was
differentially methylated in six out of the ten clones (al, a4, b4, c1, d3 and d5). In parallel, a total
of 25 positions were found nonmethylated in GMI1000 and methylated in the evolved clones (on
one strand) (Table 17). The highest number of DMRs were detected in Haw b1 with 17 DMRs,
while the lowest number was on c2 with 10 DMRs. Six of the motifs were differentially
hemimethylated in all of the ten Hawaii clones. The motifs were present upstream RSc2094-95
(transcription regulator protein; xdhA, putative xanthine dehydrogenase (subunit A)
oxidoreductase protein), upstream RSc2176 (transposase protein), on RSc3249 (putative signal
peptide protein), upstream RSp0116 (putative lipoprotein), upstream RSp1343 (hypothetical
protein) and RSp1404 (chemotaxis protein). The motif upstream RSc0608 (RipAA) was

differentially hemimethylated in nine out of the ten clones.
(ii) Zebrina evolved clones

A total of 12 positions were found methylated in GMI1000 (on one strand) and
nonmethylated in the evolved clones (on one strand) (Table 16). The highest number of this
category of differential methylation was in Zeb e3 with six DMRs and the least number was
observed in Zeb b1, c2 and c4 with zero DMRs. In parallel, a total of 22 positions were found
nonmethylated in GMI1000 and methylated in the Zebrina evolved clones (on one strand) (Table
16). Five differentially hemimethylated motifs were present in all the eight Zebrina clones
analyzed and they are as follows: RSc0608 (ripAA), upstream RSc0636 (transposase protein),
RSc3249 (putative signal peptide protein), upstream RSp0116 (putative lipoprotein) and RSp1404

(chemotaxis protein).
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(iii) Bean evolved clones

A total of 21 positions were found methylated in GMI1000 (on either strand) and
nonmethylated in the evolved clones (on either strand) (Table 16). The highest number of
differentially hemimethylated motifs (methylated ancestral clone) out of all the clones analyzed
from various hosts was observed in Bean a5 clone with 14 DMRs (Table 16). The motif on RSc2654
(serine protease protein) was observed in all the Bean clones except cl. In parallel, a total of 22
positions were found nonmethylated in GMI11000 and methylated in the Bean evolved clones (on
one strand) (Table 16). Seven differentially hemimethylated motifs were present in all the six
analyzed bean clones. The motifs were present upstream RSc0109-10 (transposase protein;
thiazole synthase), upstream RSc0608 (ripAA), upstream RSc0637 (transposase protein),
upstream RSc2094-95 (transcription regulator protein; xdhA, putative xanthine dehydrogenase
(subunit A) oxidoreductase protein), upstream RSc2176 (transposase protein), upstream

RSp1152 (transposase protein) and RSp1404 (chemotaxis protein).
(iv)  Host specific DMRs

Overall, clone evolved on Bean had the highest number of host specific type 1
hemimethylated motifs at 14 positions, while Zebrina and Hawaii clones had 4 and 6
hemimethylated positions each (Table 16 and Table 17). Of the six positions in Hawaii clones, 2
differential motifs were shared among 5 Hawaii clones. On the other hand, there was only one
host specific differential type 2 hemimethylation on clones evolved from each host and most of
the differential positions were shared amongst the evolved clones regardless of their
experimental host. The motif on RSp1404 (chemotaxis protein) related to virulence was
hemimethylated on all the 24 analyzed clones; while 3 positions were differentially
hemimethylated in 23 out of the 24 clones. The positions were upstream RSp0608 (RipAA),
upstream RSc2094-95 (transcription regulator protein; XdhA, putative xanthine dehydrogenase
(subunit A) oxidoreductase protein) and upstream RSp0116 (putative lipoprotein). RipAA
secreted by the T3SS has a known functional role in virulence and makes it one of the interesting

candidate DMR for further studies.
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Figure 25 Circos plot of the distribution of differential methylation among the
experimentally evolved clones in comparison to the ancestral clone

The circus plot contains both the chromosome and the megaplasmid in the
same figure. The colored circles represent the clones evolved from each host. It
includes the differentially hypomethylated regions in blue dot and the
differentially hypermethylated regions in red dot. The genomic polymorphisms
are highlighted in black line. Hypermethylation — presence of methylation on
the evolved clone. Hypomethylation — absence of methylation on the evolved

clone
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4.2.5 DEGs vs DMRs

The aim of the second part of the methylome analysis was to compare the differentially
expressed genes (DEGs) of the evolved clones with the differentially methylation regions (DMRs)
of the evolved clones. The DEGs were obtained from the transcriptome analysis of the 24 evolved
clones and ancestral clone GMI1000 when grown under the same conditions as for the
methylome analyses (Gopalan-Nair et al., submitted). In fact, the samples for methylome and
transcriptome analyses were collected at the same time from same culture for a fair comparison.
The objective of the comparison was to find a probable correlation between the differential
methylation marks and the differential expression of the corresponding genes. The presence of
methylation on the mobile elements such as in the transposase proteins and in the
promotor/upstream regions of the gene can affect the expression of the genes (Nagy and
Chandler, 2004; Casadesus and Low, 2006; Casadesus, 2016). The gene expression is integrated
in tables 15, 16 and 17, where the up-regulated genes are highlighted in orange whereas the
down-regulated genes are highlighted in green. Presence of the same motif on both the list of
hemimethylation (sense and anti-sense strand) is highlighted in red font. The motif on or
upstream of transposase proteins are highlighted in blue font in the fully methylated differential
motifs. For this analysis, the DEGs were those having a FDR p-value < 0.05 regardless of the logFC
value to include maximum genes differentially expressed (Figure 25,Error! Reference source not

found.,Figure 26).

Of the five (fully) differentially methylated regions observed in the evolved clones from
all three hosts, two of the corresponding genes had a differential expression in at least one of the
evolved clone. In total, there were four DMRs that correlated with the DEGs. The putative
differential methylation mark on the promotor region of both RSc0102 (putative calcium binding
hemolysin protein) and RSc0103 (ISRSo5 — transposase protein) might have influenced the gene
expression of RSc0102, which was upregulated in Haw al, Haw b4 and Bean c1. On contrary, the
clone Haw e3 was hemimethylated at the same motif and the gene was downregulated. The

transcriptome analysis revealed that the gene RSp1675 was down-regulated Bean b1, which also
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Figure 26 Number of differentially methylated regions (DMRs) between evolved clones and the
ancestral clones.

The number of hypomethylated regions are given in blue bar the number of hypermethylated
regions in orange.
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coincidently has differential methylation mark (fully methylated) in comparison to the ancestral
clone. The putative calcium binding hemolysin protein is a structural element and an interesting
candidate to explore further. However, these analyses are all putative, until the differential
methylation positions are experimentally validated. There were no differential expression in any
of the Zebrina clones in correspondence to the DMRs. Association of differential
hemimethylation and differential expression of genes from all the evolved clones yielded a 15%
presumable correlation in general. Specifically, the association was higher in Hawaii evolved
clones (48%) in comparison to the Zebrina (23%) and Bean (28%) evolved clones. At two
differential hemimethylated positions, in seven and nine out of the ten Hawaii clones differential
expression of the genes RipAA and RSc2176 (transposase protein) were detected, respectively
(Table 17). The same observation was not made on Zebrina and Bean clones. However, as a
complementary approach to the RNAseq analyses, RT-qPCR (Quantitative reverse transcription
PCR) will be performed in order to confirm the presence or absence of the differential expression
of the genes. For instance, a potential candidate such as RSc2094 will be subjected to RT-qPCR
because the gene is upregulated in Hawaii clones and interestingly in Bean clones, the gene is

downregulated.

4.3 Discussion

Changes in DNA methylation can impact gene expression levels by changing the binding
affinities of regulatory proteins. On the contrary, DNA binding proteins can block the MTase
binding to the specific DNA sequences resulting in non-methylation and alteration of the gene
expression levels (Casadesus and Low, 2006). Our study perceived that more than half of the
differentially methylated motifs were on the promotor/upstream region of the gene
(approximately 60%). The infamous pap operon and ag43 of E. coli are some of the examples that
highlights the impact of methylation patterns on the respective gene expression (Blyn et al.,
1990; Haagmans and Van Der Woude, 2000). Another example is the methylation of the traJ gene
of the Salmonella virulence plasmid resulting in transcriptional activation. The expression of traJ

gene, a transcriptional factor, contains one GATC site upstream in the promotor region and is
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controlled by multiple cell factors including Lrp. Methylation of the GATC blocks the Lrp binding
and prevents traJ activation. With the replication initiation, as the GATC site is hemimethylated
the Lrp binding activates the traJ transcription in one of the daughter plasmid (Camacho and
Casadesus, 2005; Casadesus, 2016). It is important to note that these methylation marks were all
on the promotor region of the respective genes and that the regulation happens by differential

recognition of fully methylated or hemimethylated DNA (Low and Casadesus, 2008).

Conversely, other studies did not find a similar correspondence with differential gene
expression and the methylation pattern. The study performed on Shewanella sp. concluded that
there were no large and direct role of DNA methylation pattern in regulating the gene expression
(Bendall et al., 2013). Another interesting study on P. luminescens with overexpressing dam
observed no change in the virulence gene(s) expression, despite a significantly weakened
virulence (Payelleville et al., 2017). Our study found no differential methylation motifs on any of
the genes with genomic polymorphisms detected on the evolved clones. However, we found
some correlation between the differentially expressed genes and the putative differentially
methylated regions. High proportion of genes (50%) with differentially methylated regions were
also differentially expressed in clones evolved on Hawaii tomato compared to the clones evolved
on other hosts (Zeb and Bean). Fully methylated motifs could be experimentally verified by
methylation sensitive restriction enzyme (MSRE) and PCR (Krygier et al., 2016). However,
because the presence of most hemimethylated DNA is transient the presence of
hemimethylation is difficult to experimentally validate (Casadesus, 2016). Nevertheless, the
differential expression of the gene with differential hemimethylated motifs could be verified by

RT-qPCR.

DNA methylation has been implicated in the regulation of transposase expression and the
transposition activity of several TE (transposable elements). Fascinatingly, usually the insertion
sequence elements (such as IS10 and IS50) possesses DAM methylation site close to or overlaps
the transposase promotors and it has been validated that when fully methylated, the promotor
is inefficient (Nagy and Chandler, 2004). As the motif will be transiently hemimethylated
subsequently after passage of replication fork, this setup favors the transposon to pass the

replication fork before its transposition. Transcriptional activity of IS10 and IS50 transposase
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gene has been shown to operate as mentioned above. Furthermore, it was shown that
hemimethylation of IS10 increased transposition (Roberts et al., 1985; Yin et al., 1988). The
present study also observed that a considerable proportion (approximately 20%) of the DMRs
belonged to the promotor region of the transposase family of proteins. In the fully methylated
differential motifs, three motifs belonged to transposase protein, of which only one transposase
protein was downregulated. The ISRso5 gene RSp1675 had two differential methylated motifs

and the gene was downregulated in clones Haw c1, d5, e3 and Bean a4, b1.

In perspective of this work, the differential methylation marks detected by SMRT
sequencing in the evolved clones must be verified using another approach, the MSRE approach
(methylation sensitive restriction enzyme) followed by PCR or gPCR (Krygier et al., 2016;
Payelleville et al., 2019). The method uses methylation sensitive restriction enzymes to cut the
motif followed by PCR and gel electrophoresis to verify the band length of control and the
evolved clone. The last part of this project would be to validate the contribution of an individual
methylation marks to a phenotypic trait which would be achieved by site-directed strategy. Non-
methylated base will be generated by site-directed substitution while keeping the codon identity.
This substitution will be performed using PCR and introduced into GMI1000 by natural
transformation using the gene replacement strategy as described (Perrier et al., 2016). A similar
approach was performed in Salmonella to understand the phase variation controlling the
expression of lipopolysaccharide modification genes (Broadbent et al.,, 2010). In addition,
complete deletion of the candidate genes will also be performed as a complementary approach
that might induce loss of function. This will be accomplished using sacB protocol as described
(Gopalan-Nair et al., submitted). Finally, the impact of these mutations in planta will be observed

using competition experiments (Cl) with the ancestral GMI1000 clone (Guidot et al., 2014).

The list of DMRs presented in this work only concerned the GTWWAC motif targeted by
the RSc1982 MTase. However, 6 other MTase were detected in GMI1000 genome. Unfortunately,
a new motif could be detected for only 1 of these 6 MTases, the YGCCGGCR motif targeted by
the RSc3438 MTase. A total of 3533 YGCCGGCR motifs were detected on the GMI1000
chromosome and 1923 motifs on the GMI1000 megaplasmid (unpublished data). Methylation of

this motif is a 5mC modification. However, SMRT sequencing technology is not well suited to
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detect 5mC modification. Therefore, the 5mC modifications must be detected using the bisulfite
treatment followed by sequencing (Li and Tollefsbol, 2011). However, the Ralstonia genome is
GC rich and this hinder the efficiency of conversion from unmethylated cytosines to uracil and
the consequent amplification. Therefore, the protocol needs to be optimized specifically for
Ralstonia. Then we could suspect that there will be a higher number of differential methylation

marks between the ancestral clone and the evolved clones.
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/ Putative calcium binding hemolysin protein ISRso5 transposase proteir\
117936

R5c0102 7T RSc0103 -

oo \

Evolved clone 5 ...GTGTCCTGTTCCGTTGTTAACTGGTCTAAGTTTACAT... 3’
3’... CACAGGACAAGGCAACAATTGACCAGATTCAAATGTA....5’

CHs

Ancestral clone 5 ..GTGTCCTGTTCCGTTGTTAACTGGTCTAAGTTTACAT... 37
3’... CACAGGACAAGGCAACAATTGACCAGATTCAAATGTA....S /

Figure 28 Differentially methylated motif at RSc2612 on R. solanacearum

RSc2612 encodes hypothetical protein (STRING database — putative transmembrane protein). The
position of the motif on the chromosome is highlighted in blue font. The presence of methylated base is

highlighted in red font as a comparison to the ancestral clone (GMI1000).

Hypothetical protein 2813720 \

RSc2612 1

VRN

‘ CHs “

Evolved clone 5 .. TAATTTCTGGGACAAGGTAAACAACGTGTACGCCCAGC...3’
3'..ATTAAAG ACCCTGTTCC?TI’TGTI'GCACATGCGGGTCG...S'

CH3

Ancestral clone 5. TAATTTCTGGGACAAGGTAAACAACGTGTACGCCCAGC...3'
\ 'LATTAAAGACCCTGTTCCATTTGTTGCACATGCGGGTCG...5’ /

w

Figure 29 Differentially methylated motif upstream RSc0102-03 on R. solanacearum

RSc0102 encodes putative calcium binding protein and RSc0103 encodes transposase protein. The
position of the motif on the chromosome is highlighted in blue font. The presence of methylated base is

highlighted in red font as a comparison to the ancestral clone (GMI1000).
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/ Hypothetical protein Hypothetical protein \

1680220

RSp1329 Y RSp1330 -

/ CHs \\

Evolved 5'..GGGGCAGTGCCACAACGTATACGAGCTTTGGTCTGTCG...3'
clone 3..CCCCGTCACGGTGTTGCATATGCTCGAAACCAGACAGC. .5’

CHs

Ancestral 5'..GGGGCAGTGCCACAACGTATACGAGCTTTGGTCTGTCG...3’
\Llune 3'...CCCCGTCACGGTGTTGCATATGCTCGAAACCAGACAGC...S’ /

Figure 30 Differentially methylated motif upstream RSp1329-30 on R. solanacearum

RSp1329 encodes hypothetical protein (STRING database — putative transmembrane protein) and
RSp1330 encodes hypothetical protein. The position of the motif on the chromosome is highlighted in
blue font. The presence of methylated base is highlighted in red font as a comparison to the ancestral

clone (GMI1000).
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Evolved
clone

Ancestral
clone

ISRso5 transposase protein

3660528

~

RSc3393

5. ATGTAAACTTAGACCAGTTAACAACGGAACAGGACACT. .3’
3. TACATTTGAATCTGGTCAATTGTTGCCTTGTCCTGTGA..5’

CHsz

5. ATGTAAACTTAGACCAGTTAACAACGGAACAGGACACT...3’
3 TACATTTGAATCTGGTCAATTGTTGCCTTGTCCTGTGA..5’ /

Figure 31 Differentially methylated motif at RSc3393 on R. solanacearum

RSc3393 encodes transposase protein. The position of the motif on the chromosome is highlighted in

blue font. The presence of methylated base is highlighted in red font as a comparison to the ancestral

clone (GMI1000).
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/ Hypothetical protein ISRso5 transposase protein
2087332

— RSp1674 yin RSp1675

/ CHa\

’ | N
Evolved 5 . AGTGTCCTGTTCCGTTGTTAACTGGTCTAAGTTT...3’
clone 3'..TCACAGGACAAGGCAACAATTGACCAGATTCAAA...5

CHs

Ancestral 5 .. AGTGTCCTGTTCCGTTGTTAACTGGTCTAAGTTT...3’
K clone 3'..TCACAGGACAAGGCAACAATTGACCAGATTCAAA..5

/

Figure 32 Differentially methylated motif upstream RSp1674-75 on R. solanacearum

RSp1674 encodes hypothetical protein and RSp1675 encodes transposase protein. The position of the

motif on the megaplasmid is highlighted in blue font. The presence of methylated base is highlighted in

red font as a comparison to the ancestral clone (GMI1000).
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Chapter 5. Conclusion and Perspectives

Plant pathogens represent a huge problem to vegetation worldwide that has led to
significant impact on both economy and environment (Strange and Scott, 2005). It is vital to
improve the disease management approaches of the agricultural crops in particular, for global
food security (Martins et al., 2018). An important parameter to consider in order to guide
strategies for improvement of disease management approaches is that plant-pathogen
interaction is in constant evolution through an arms race of pathogen attack and plant defense
(Jones and Dangl, 2006). In order to overcome plant pathogens, it is thus crucial to understand
the molecular mechanisms that govern host adaptation. This project focuses on one of the most
destructive plant pathogen, the Ralstonia solanacearum species complex (RSSC) that affects
more than 250 plant species belonging to both monocots and dicots (Mansfield et al., 2012). This
multihost pathogen is known for rapid adaptation to new plant species and new environments
(Wicker et al., 2007, 2009; van der Gaag et al., 2019). My thesis project was part of a global
project aiming at deciphering the genetic and epigenetic bases of RSSC adaptation to new host

plants.

The specific objectives of my thesis were (1) to decipher the genetic bases of adaptation
of a RSSC strain to a resistant tomato cultivar, (2) to investigate the potential role of epigenetic
modifications in host adaptation and (3) to analyze to impact of the plant species on genetic,
transcriptomic and epigenetic modifications in RSSC adapted clones. This study was conducted
on clones generated by experimental evolution of GMI1000 RSSC strain after 300 generations of
serial passages on the resistant tomato ‘Hawaii 7996’ plant, the susceptible eggplant ‘Zebrina’

and the tolerant plant Bean ‘Blanc precoce’.
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What did we learn from experimental evolution of R. solanacearum on a resistant

tomato cultivar?

Before my thesis, Guidot and coworkers conducted several analyses on clones
experimentally evolved on susceptible hosts (tomato, eggplant and Pelargonium) and distant
hosts (bean and cabbage) (Guidot et al., 2014; Perrier et al., 2016, 2019). However, the clones

evolved on the resistant tomato cultivar Hawaii 7996 were never investigated.

The Hawaii 7996 tomato is a reference resistant cultivar, as it has a stable resistance
against RSSC. Several studies demonstrated the association of resistance against several strains
of RSSC and identified multiple QTLs identified in Hawaii 7996 (Carmeille et al., 2006; Lebeau et
al., 2010; Wang et al., 2013). The experimental evolution of R. solanacearum on Hawaii 7996
revealed that over 300 generations were not sufficient for the pathogen to overcome the
polygenic resistance of Hawaii 7996. Indeed, no disease symptoms were observed during the
course of the experimental evolution. However, competition assays with the ancestral clone
demonstrated adaptation of the evolved clones for growth into the Hawaii 7996 plant stem
(Gopalan-Nair et al., submitted). The ClI of the clones evolved on Hawaii was statistically higher
than the Cl of clones evolved on susceptible host (Zebrina), but not significantly different from Cl
of clones evolved in distant host (Bean). This is consistent with the previous work on the
experimentally evolved clones where higher fitness were observed in clones evolved in distant
hosts such as Bean and Cabbage in comparison to the clones evolved in original hosts like

Marmande, Zebrina and Pelargonium (Guidot et al., 2014).

Genome sequencing of the Hawaii evolved clones showed no more than 2 mutations per
evolved clone. This was in coherence with the low number of genomic polymorphisms observed
in the clones evolved in other host plants (Guidot et al.,, 2014). However, in half of the
investigated Hawaii clones, no genomic polymorphism could be detected by both lllumina and
Pacbio sequencing technologies. In these evolved clones, the efpR gene was not mutated
whereas it was mutated in clones evolved in Bean, tomato Marmande and Eggplant (Guidot et
al., 2014; Perrier et al., 2016, 2019). Here, mutations were detected in two other regulators, prhP

and RSp1574. PrhP is known for its importance in RSSC infection and adaptation in planta (Zhang
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et al., 2019) and RSp1574 is a regulator of unknown function. These two regulators represent

new candidate genes important for RSSC adaptation to the host plant.

Reverse genetic approaches validated that all five genomic modifications observed in the
Hawaii evolved clones were adaptive mutations. In addition, we demonstrated that all five

mutations resulted in adaptation through gain of function mutation.

What did we learn from transcriptome analysis of the experimentally evolved

clones?

The transcriptomes of the clones evolved on various host plants (Hawaii, Zebrina and
Bean) were analyzed in comparison to the ancestral clone GMI1000 for the first time and two
important observations were made. Firstly, key regulators such as EfpR, PrhP and HrpB were
downregulated in clones evolved on various hosts. The global catabolic repressor and virulence
regulator EfpR was downregulated in parallel populations of Hawaii clones while the gene was
not mutated. Similarly, the gene was downregulated with no mutation in one of the Zebrina
clones. The efpR gene was also significantly downregulated in one of the Bean clone carrying a
nonsynonymous mutation in efpR. The recently reported virulence regulator PrhP was
downregulated in two clones evolved on Hawaii and in five clones evolved on Bean. Interestingly,
the down-regulation of the prhP gene could be associated to a genetic mutation of the gene in
only one of these seven clones. Prevalence of prhP downregulation in clones evolved on distant
experimental hosts (Hawaii and Bean) exhibits PrhP as a novel candidate critical for adaptation
of RSSC to new host plants. The HrpB regulator of the T3SS was also found to be down-regulated
in three clones evolved on Hawaii, one clone evolved on Zebrina and one clone evolved on Bean.
These results highlight the EfpR, PrhP and HrpB regulators as important key nodes of the
virulence regulatory network that were frequently downregulated by either genomic or

epigenomic modification during RSSC adaptation.

Secondly, regardless of the experimental host there was a significant overlap in the

differentially expressed genes among the clones (Hawaii, Zebrina and Bean). Comparative
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analyses of the differentially regulated genes from each evolved clones showed that more than
half of the HrpB regulon and half of the EfpR regulon were present in the lists of DEGs. These
findings show that the adaptive events that occurred during experimental evolution induce a

global rewiring of the virulence regulatory network (Gopalan-Nair et al, submitted).

What did we learn from methylome analysis of the experimentally evolved

clones?

This work was the first to demonstrate modification of the methylation profile during
experimental evolution and foremost an attempt to understand the importance of DNA
methylation in adaptation of the plant pathogen, RSSC. The potential impact of differential
methylation is supported by the transcriptomic variation in clones with no mutation and the

correlation of some of the differentially methylated regions (DMRs) with some DEGs.

Of the seven MTases identified using REBASE platform in the RSSC strain GMI1000, the
MTase RSc1982 methylates adenine base with the motif GTWWAC. The methylation profile
comparison of the motif GTWWAC between the ancestral clone and the evolved clones (Hawaii,
Zebrina and Bean) revealed between 10 and 35 DMRs. No impact of the Cl nor the genomic
polymorphisms on the number of DMRs was detected. The number of DMRs detected in clones
evolved on Bean was significantly higher than the number of DMRs detected in clones evolved

on Hawaii or on Zebrina.

Interestingly, more than half of the DMRs were present in the promotor/upstream region
of genes. These potential differentially methylated upstream regions could impact gene
expression (Casadesus and Low, 2006). The potential impact of differential methylation mark on
gene expression was detected for transposase genes, and genes involved in virulence,

chemotaxis and structural stability.

In the perspective of this work, the potential DMRs must be validated. For that purpose,
an enzymatic approach could be used, the MSRE (Methylation sensitive restriction enzyme) PCR

or gPCR (Krygier et al., 2016; Payelleville et al., 2019). In a second step, the functional
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characterization of the validated DMRs could be achieved using a site-directed approach. Non-
methylated base generated by site-directed substitution while keeping the codon identity using
PCR will be introduced into GMI1000 strain by natural transformation using the gene
replacement strategy as previously described (Broadbent et al., 2010; Perrier et al., 2016).
Complementary to this approach, gene deletion using sacB method will be used, which could
induce loss of function (Gopalan-Nair et al., submitted). Ultimately, the mutants obtained by both
methods will be subjected to competitive assays in their experimental host to identify their

fitness potential.

The methylation profile presented in this work depicts only the GTWWAC motif
methylated by the RSc1982 gene. However, there are other MTases in the RSSC genome, which
suggests more methylation and probably more differential methylation marks that might have

occurred during experimental evolution.
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Annexure

Annexure 1 Genes regulated by the efpR regulon obtained from Perrier et al., 2018 and Capela et al.,
2017.
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Annexure 1 contd.,
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B Unknown function

B Metabolic function

® Transport of molecules

™ Not classified regulator

B Transposon

M Structural elements

M Cell processes

H Elements of external origin

H Virulence

Annexure 2 Functional distribution of host specific DEGs in Hawaii
evolved clones
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Annexure 3 List of common DEGs in efpR and evolved clones (Hawaii, Zebrina and Bean)

The list of genes includes description of the genes with their gene ID.
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Qubit

Nanodrop readings readings
Collection Sample Conc
number name (ng/ul) A260/280 A260/230 (ng/ul)
AG32 Zeh26bl 265.6 1.88 2.01 268
AG36 Zebh26b5 320.9 1.89 2.06 312
AG38 Zeb26c2 352.6 191 2.14 470
AG39 Zeb26c3 195.5 1.90 2.06 66.6
AG40 Zeb26c4 55.7 1.81 2.04 58.4
AG42 Zeb26dl 115.6 1.94 2.21 98.2
AG47 Zebh26el 136.6 1.87 2.09 384
AG4S Zeb26e3 148.3 1.95 2.05 150

Annexure 4 Concentration of DNA of Zebrina evolved clones
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Annexure 5 Concentration of DNA of Hawaii evolved clones

Qubit
Nanodrop readings readings
Collection Sample  Conc
number name (ng/ul) A260/280 A260/230 (ng/ul)
AG80 Bean26a4 326.4 1.92 2.04 274
AG81 Bean26a5 225.4 1.93 2.13 332
AG82 Bean26bl 312.6 1.97 2.11 262
AG84 Bean26b3 458.1 1.87 2.08 55.8
AG85 Bean26b4 167.4 1.92 2.14 182
AG87 Bean26cl 150.5 1.88 2.01 172
AGl1 GMI1000 384.8 1.88 2.01 578

Annexure 6 Concentration of DNA of Bean evolved clones and
ancestral clone GMI1000
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Annexure 7 Concentration of RNA of Hawaii evolved clones for RNAseq
analyses
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Annexure 8 Concentration of RNA of Zebrina evolved clones for RNAseq
analyses
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Replicate Agilentreadings Qubitreadings
Collection Sample
number name (ng/ul) RNAarea {ng/ul)
AGBD Bean26a4d A 182 191.5 87.6
B 180 189.2 81
C 212 223 99
AGB1 Bean26a5 A 215 227 97
B 182 191.5 88
C 189 199.5 20
AG82 Bean26bl A 245 257.9 99
B 124 130.3 67.6
C 177 186.2 86
AG84 Bean26b3 A 132 138.9 68.8
B 127 130.5 71
C 178 183.8 84.8
AG85 Bean26b4 A 112 115.5 62.8
B 190 97.7 88.4
C 124 63.7 74.2
AGB7 Bean26cl A 212 218.6 91.8
B 106 109 61.6
C 229 105.7 73.6
AG1  GMI1000 A 221 196.5 96.8
B 179 159 79.4
C 192 170.8 83.6

Annexure 9 Concentration of RNA of Bean evolved clones and ancestral
clone GMI1000 for RNAseq analyses
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Summary

Author: Rekha Gopalan-Nair
Email: rekha.gopalan-nair@inrae.fr
Address: LIPM, INRAE

The Ralstonia solanacearum species complex (RSSC) is a destructive plant pathogen that infects
more than 250-plant species including tomato, potato, pelargonium, ginger and banana. In addition, this
multihost pathogen is known for rapid adaptation to new plant species and new environments. In order
to overcome this pathogen, it is important to understand the molecular mechanisms that govern host
adaptation. The objectives of this thesis were (1) to decipher the genetic bases of adaptation of a RSSC
strain to a resistant cultivar, (2) to investigate the potential role of epigenetic modifications in host
adaptation and (3) to analyze to impact of the plant species on genetic, transcriptomic and epigenetic
modifications in RSSC adapted clones. This study was conducted on clones generated by experimental
evolution of GMI1000 RSSC strain after 300 generation of serial passages on the resistant tomato ‘Hawaii
7996’ plant, the susceptible eggplant ‘Zebrina’ and the tolerant plant Bean ‘Blanc precoce’. Competitive
experiments with the GMI1000 ancestral clone demonstrated that 95% of the clones evolved on Hawaii
7996 were better adapted to the growth into this tomato plant than the ancestral clone. Genomic
sequence analysis of these adapted clones found between 0 and 2 mutations per clone and we
demonstrated that they were adaptive mutations. Transcriptome analysis of the Hawaii, Zebrina and Bean
evolved clones revealed a convergence towards a global rewiring of the virulence regulatory network as
evidenced by largely overlapping gene expression profiles. Three transcription regulators, HrpB, the
activator of the type 3 secretion system regulon, EfpR, a global regulator of virulence and metabolic
functions, and PrhP, involved in virulence and adaptation, emerged as key nodes of this regulatory
network that were frequently targeted by either genetic or potential epigenetic modification affecting
their expression. Significant transcriptomic variations were also detected in evolved clones showing no
mutation, suggesting a potential role of epigenetic modifications in adaptation. Comparison of the DNA
methylation profiles between the evolved clones and the ancestral clone revealed between 13 and 35
differentially methylated regions (DMRs). No clear impact of the host plant on the list of DMRs appeared.
Some of these DMRs targeted genes that were identified to be differentially expressed between the
evolved clones and the ancestral clone. This result supported the hypothesis that epigenetic modifications
regulate gene expression and could play a major role in RSSC adaptation to new host plants.

Keywords: Phytopathogenic bacteria; RSSC; experimental evolution; host adaptation; adaptive
mutations; DNA methylation
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