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1.1 MOLECULAR MECHANISMS OF BACTERIAL PHYTOPATHOGENS
Biology of plant pathogenic bacteria

A plethora of bacterial species are beneficial, not only for the proper maintenance of the
nutrient cycle, but also through symbiotic relationships with plants and animals. However, there
are some species that cause diseases and have been — or are still — a threat to humans, either by
directly affecting health or food production. Bacterial phytopathogens as a whole are responsible
for a great proportion of food supply damages at a global level, resulting in important economic
losses and nutritional limitations in many countries (Oerke and Dehne 2004). According to the
Food and Agriculture Organization of the United Nations (FAQ), the world’s most important
staple crops are affected by severe diseases caused by various bacterial pathogen species, such
as Erwinia stewartii (maize), Xanthomonas oryzae (rice), Xanthomonas translucens pv undulosa
(wheat), Ralstonia solanacearum (potato) and X. axonopodis pv manihotis (cassava) (Strange
and Scott 2005). Recently, a list of the 10 most devastating bacterial plant pathogens included
Pseudomonas syringae, Ralstonia solanacearum, Erwinia amylovora and several Xanthomonas
spp (Mansfield et al. 2012) (Table 1, Figure 1).

These distinct bacterial genera have evolved different strategies to successfully colonize and
multiply in such a broad-range of plant species and tissues. Bacteria can enter into the plant
through natural openings —stomata or hydathodes- or wounds, and must be able to survive and
proliferate in the plant to become pathogenic. Therefore, some pathogens have developed the
ability to colonise the apoplast- or intercellular spaces-, which is a nutrient-rich environment. On
the other hand, some other species possess the ability to multiply within the xylem vessels, which
is assumed to be nutrient-limited. There are also bacterial species that have become epiphytes,
and survive on plant surfaces, such as the rhizosphere or the phyllosphere, while others are
saprophyte and survive from dead matter in the soil.

In addition to the capacity of colonizing different plant tissues, pathogens can exploit the plant’s
nutrients according to the following lifestyles: biotrophy — the pathogen extracts nutrients from
living cells-, necrotrophy — nutrients are acquired by killing host cells-, or hemibiotrophy —the
pathogen maintains the host cells alive until it switches to a necrotrophic stage. However, this
terminology was traditionally used to classify pathogenic fungi according to certain histological
features during the infection process (Lo Presti et al. 2015). With very few exceptions, fungal
pathogens that stay within extracellular compartments and, thus, do not affect host cell viability,
are considered biotrophs. On the contrary, necrotrophic pathogens penetrate inside the host cells
and kill them. Conversely, bacterial phytopathogens remain extracellular in all cases and during
all stages of the infection process. With the exception of Agrobacterium tumefaciens, which is
considered a clear biotroph, difficulties in assigning one or the other lifestyle to the different
bacterial plant pathogens resulted in a massive classification of bacterial phytopathogens as




hemibiotrophs (Kraepiel and Barny 2016). Especially striking is the case of R. solanacearum, which
has been equally classified as biotroph and necrotroph in the literature (Ahn et al. 2011; Jacobs
et al. 2013). New classification systems taking into account other features, such as the virulence
mechanisms deployed, might be more suitable to better group bacterial phytopathogens
according to their lifestyle.

Table 1. Most devastative plant pathogenic bacterial species*.

Rank Pathogen (Main) Affected crops
1 Pseudomonas syringae pathovars Tomato, bean, olive tree, oats,
2 Ralstonia solanacearum Most solanaceous: Potato, tomato, eggplant,
3 Agrobacterium tumefaciens Grapevines, nut trees, stone fruits
4 Xanthomonas oryzae pv. oryzae Rice
5 Xanthomonas campestris pathovars Pepper, tomato and all cultivated brassicas
6 Xanthomonas axonopodis pv. manihotis | Cassava
7 Erwinia amylovora Most rosaceous: apple, pear, raspberry...
8 Xylella fastidiosa Grapevines, coffee, Prunus spp, Citrus spp
9 Dickeya dadantii and solani Potato
10 Pectobacterium carotovorum and atro- Potato

septicum
*Adapted from (Mansfield et al. 2012).

Figure 1. Major bacterial plant diseases affecting crops.

1) Pseudomonas syringae—tomato leaf, 2) Ralstonia solanacearum—tomato plant, 3) Agrobacterium
tumefaciens — blueberry plant, 4) Xanthomonas oryzae pv. oryzae — rice leaves. 5) X. campestris — cabbage
leaf, 6) X. axonopodis pv. manihotis — cassava leaf, 7) Erwinia amylovora — apple leaves and flowers, 8) Xylella
fastidiosa — plum leaf, 9) Dickeya dadantii — potato tuber, 10) Pectobacterium carotovorum — potato tuber.
Picture 1is from K. Loeffler and A. Collmer, picture 2 is original from this work, picture 3 (Kado 2002), picture
4 (Sun et al. 2016), pictures 5, 6, 7 and 9 are adapted (Mansfield et al. 2012), picture 8 (Alves and Setter
2004) and picture 10 (Huang et al. 2012).



General virulence determinants

Bacteria need to activate and deploy a wide array of virulence mechanisms to overcome the
plant cell’s protection layers. These pathogenic factors help bacteria to invade the host, to evade
its defenses and to cause disease (Mole et al. 2007; Wu et al. 2008). A battery of virulence
mechanisms are shared among animal and plant bacterial pathogens and include: adhesion
and biofilm formation, secretion systems, toxin production and modulation of plant hormone
homeostasis. Besides, many bacterial phytopathogens also make use of cell wall degrading
enzymes to degrade the plant cell wall, which is missing in animal cells (Wu et al. 2008; Melotto
and Kunkel 2013).

Bacterial adhesion to host cells is an essential step for further colonization. Hence bacteria
have evolved adherence mechanisms, such as adhesins or lectins, which are highly specific
carbohydrate-binding proteins and confer host cell recognition and binding (Romantschuk 1992).
The XadM and LecM from Xanthomonas oryzae pv. oryzae and R. solanacearum, respectively,
have been reported to play a role in attachment, biofilm formation and virulence (Pradhan et
al. 2012; Meng 2013). In addition to lectins, bacterial also bear pili and fimbriae, which are
filamentous appendages that protrude outside bacterial cells. For instance, type IV pili mediate
attachment, biofilm formation and virulence in a great number of bacterial plant pathogens,
such as Xanthomonas citri, Acidovorax avenae, Ralstonia solanacearum, Xylella fastidiosa and
Pseudomonas syringae (Bahar et al. 2009; Nguyen et al. 2012; Wairuri et al. 2012; Petrocelli et al.
2016; Shiand Lin 2018).

Biofilm formation is, in fact, one of the most beneficial adaptations for pathogenic bacteria.
Biofilms are cellular aggregates on surfaces that give bacteria several advantages: tolerance to
high concentrations of antimicrobial compounds, unrecognition of bacterial infection by host
cells and activation of bacterial quorum sensing pathways (Caserta et al. 2010; Bjarnsholt 2013).
Biofilms contribute to bacterial epiphytic survival and attachment to host cells in the intercellular
spaces or to the xylem vessels (Buttner and Bonas 2010). Usually, attachment and aggregation
on the host surface is the first step to colonization (Danhorn and Fuqua 2007). Biofilm formation
depends on the secretion of exopolysaccharide (EPS) and lectins, which act as a bond between
EPS and the bacterial surface (Flemming and Wingender 2010). Furthermore, in some bacterial
phytopathogens such as R. solanacearum and X. campestris, the EPS is a major virulence factor, as
its accumulation leads to the plant vasculature collapse (Buttner and Bonas 2010).

Pathogenic bacteria also hijack plant hormone homeostasis and signaling pathways, either
to suppress plant stress responses or to manipulate plant growth for nutrient acquisition (Ma
and Ma 2016). For instance, Agrobacterium tumefaciens expresses cytokinins (Akiyoshi et al.
1984) and Pseudomonas syringae pv savastanoi synthesizes auxins (Smidt and Kosuge 1978) to
induce plant overgrowth and increase gall size. Furthermore, some bacterial species produce




phytotoxins that interfere with different hormone pathways. This is the case of P. syringae,
which synthesizes several well-studied toxins in different pathovars (Bender et al. 1999). Some
of them are: coronatine, an analogue of Jasmonic Acid, which induces re-opening of stomata
and enhances bacterial entrance (Melotto et al. 2006) and syringolin A, which generates Salicylic
Acid-insensitive cells at the infection site and surrounding tissues to avoid plant stress responses
(Misas-Villamil et al. 2013).

To introduce toxins, enzymes, other effector proteins or DNA into the host cell, bacteria use
six different secretion systems (TSS). A summary of their main features is presented in Table 2.
Interestingly, most of them have been reported to play a role in pathogenesis in different species,
placing them as one of the main virulence factors in pathogenic bacteria (Tseng et al. 2009).

Table 2. Secretion systems in Gram-negative phytopathogenic bacteria.

System type Mechanism Molecules secreted Bacterial phytopathogens
T1SS ABC transporters Toxins, enzymes P. carotovorum, D. dadantii
T2SS Sec-mediated Toxins, enzymes P. carotovorum, D. dadantii
T3SS Injectisome Effector proteins Most pathogenic species
T4SS Injectisome DNA, proteins A. tumefaciens
T5SS Tat-mediated Adhesins, toxins, enzymes R. solanacearum, D. dadantii
T6SS Injectisome Effector proteins R. solanacearum, P. atrosepticum

Type I and type Il secretion systems (T1SS and T2SS) are mainly involved in secretion of toxins and
extracellular enzymes, such as proteases, pectinases, cellulases and glycanases. These enzymes
are commonly known as plant cell-wall degrading enzymes (CWDE) and, although their role is
important in many bacterial pathogens, they are mostly relevant in rot producing pathogens like
Pectobacterium carotovorum and Dickeya dadantii (Collmer and Keen 1986).

The type lll secretion system (T3SS) is by far the main virulence determinant in bacterial
pathogens. It consists of a highly conserved injectisome-like apparatus that delivers effector
proteins directly into the host cell cytoplasm to modulate its normal functioning and physiology,
including the inhibition and alteration of the plant cell defense responses (Cornelis and Van
Gijsegem 2000). The T3SS and its effectors have been extensively studied in a number of species
within the genera Pseudomonas, Xanthomonas and Ralstonia, among others (Alfano and Collmer
2004).

Structurally similar to the T3SS, the type IV secretion system (T4SS) is composed of a pilus-like
structure that translocates not only proteins but also nucleic acids within the host cell cytoplasm.



A. tumefaciens has been the model species to study the transference of T-DNA and virulence
proteins to alter growth of plant cells (Shirasu and Kado 1993; Christie et al. 2005). However,
the T4SS has been shown to be involved in other processes, such as natural transformation in
R. solanacearum (Kang et al. 2002) or bacteriolytic activity in competing bacteria such as X. citri
(Souza et al. 2015).

The type V secretion system (T5SS) machinery resembles to that of the T2SS, as both are
dependent on universal secretion pathways known as Tat (two-arginine) and Sec (general
secretion), respectively. T5SS mainly secretes adhesins, proteases and toxins, and has been
described to be involved in bacterial attachment to leaf surfaces in D. dadantii (Rojas et al. 2002)
and in R. solanacearum virulence (Gonzalez et al. 2007).

Finally, the type VI secretion system (T6SS) is the most recently discovered secretion system. It is
considered an analogue of the T3SS and T4SS-injectisome structures and has a role in virulence in
phytopathogenic bacteria. It has been studied in A. tumefaciens (Wu et al. 2008), P. atrosepticum
(Liu et al. 2008) and more recently in R. solanacearum (Zhang et al. 2012).

The proper and coordinate expression of these pathogenic determinants is essential for disease
establishment and progression. Different disease stages may require the activation of specific
molecular machineries. Therefore, unravelling novel virulence factors, understanding their
function and defining their genetic expression profile is crucial for the development of new tools
to combat bacterial plant diseases.

Pathogen recognition and plant defense mechanisms

Plants are constantly threatened by pathogens with very dissimilar colonization abilities and
virulence machineries, and yet diseaseisnotacommon event. Infact, disease has been traditionally
described as a combination of three factors: the pathogen —virulence and abundance-, the host
— susceptibility and growth stage-, and the environment — temperature and moisture (Agrios
2005). Altogether, these components contribute to the host predisposition of a certain biotic
stress by specific environmental conditions. When the three factors are favorable, a successful
plant-pathogen interaction that leads to disease takes place.

To protect themselves, plants have developed physical and chemical barriers to prevent
pathogen entrance. These passive barriers include the leaf cuticle, the plant cell wall and secretion
of defense enzymes or antimicrobial compounds (Gohre and Robatzek 2008).

However, many pathogens can overcome this first defense barrier, and thus, plants have
evolved pathogen recognition systems to induce a set of immune responses. Two forms of active
defense strategies involving different types of receptors have been described: the PAMP- or the




Effector-triggered immunity (PTI or ETI, respectively). The first type of receptors are localized
at the Plasma Membrane and recognize Pathogen- (or Microbe-) Associated Molecular Patterns
(PAMPs/MAMPs). These are typically structural molecules found in many microorganisms, such
as flagellin and lipopolysaccharide in gram-negative bacteria, or xylanases and chitin in fungi,
and are detected by plant Pattern Recognition Receptors (PRRs) (Nurnberger et al. 2004; Nicaise
et al. 2009). Upon microbial recognition, a series of defense responses corresponding to the PTI
is induced. Briefly, an increase of cytosolic Ca?* triggers an oxidative burst and induction of PR
(Pathogenesis Related) gene transcription for callose deposition and lignification (Boller and Felix
2009; Segonzac and Zipfel 2011).

According to the so-called zigzag model (Jones and Dangl 2006), evolution has pushed the
acquisition of microbial effectors that are directly injected to the plant cell cytoplasm to bypass
the PTI response. For instance, P. syringae effectors AvrRpm1 and AvrRpt2 are known to directly
interact with the PAMP-signaling regulator RIN4 to inhibit PTI in A. thaliana (Kim et al. 2005),
while XopN and XopX1 from X. campestris suppress the callose deposition response (Cui et al.
2009). However, plants are also endowed with (NB)-LRR receptors (Nuclotide-Binding Leucine-
Rich Repeat), a second type of receptors located in the plant cell cytosol that intercept specific
bacterial effector proteins (Boller and Felix 2009). Effector recognition triggers a fast and amplified
immune response known as Effector-Triggered Immunity (ETI), which is associated to a systemic
acquired resistance (SAR) and to the Hypersensitive Response (HR), a programmed cell death
reaction confined at the site of pathogen attack to avoid pathogen growth (Huysmans et al. 2017).

Although PTI and ETI were regarded as the first and second forms of immunity respectively,
recent studies suggest that there is actually no separation between PTI and ETI, but they rather
happen simultaneously (Thomma et al. 2011). For instance flagellin, which is considered one
of the major PAMPs in phytopathogenic bacteria, has been demonstrated to induce HR in
Arabidopsis thaliana (Naito et al. 2007). Furthermore, a role for bacterial flagella in virulence has
been reported in many species, such as R. solanacearum or Pectobacterium carotovorum (Tans-
Kersten et al. 2004; Hossain et al. 2005), therefore becoming no longer a PAMP but an effector.
New models that explain more accurately plant-pathogen interactions are thus being proposed.
One example is Pritchard&Birch’s model (Pritchard and Birch 2014), which explains how callose
deposition is induced during the PTI while it reduces the rate of effector translocation, implying
that PTI and ETI can be active at the same time. Still, current models only take into consideration
two sides of the triangle: hosts and pathogens. The lack of models that integrate environmental
factors poses a need for the development of new models to elucidate the interplay of the three
elements in plant-pathogen interactions.



1.2 RALSTONIA SOLANACEARUM AND BACTERIAL WILT

The R. solanacearum species complex and its threat to crop production

Ralstonia solanacearum is a devastative plant pathogenic bacterium responsible for the bacterial
wilt disease. It was initially described in 1896 by E. F. Smith as Bacillus solanacearum (Smith
1896), later classified as Pseudomonas solanacearum (Smith 1914), Burkholderia solanacearum
(Yabuuchi et al. 1992), and, since 1995, as Ralstonia solanacearum (Yabuuchi et al. 1995). R.
solanacearum is a soil-borne gram-negative B-proteobacterium capable of infecting an enormous
range of plant species. From economically important crops- potato, tomato, eggplant or banana-
to ornamental plants —geranium or petunia- and model plant species in research — Arabidopsis
thaliana or tobacco-, R. solanacearum can affect over 200 different plant species from 50
botanical families (Hayward 1991). It is worldwide spread but is especially endemic from the
tropical and subtropical regions of the globe as its optimal growth temperature is around 302C. R.
solanacearum accounts for considerable yield losses varying from 0 to 91% in tomato, 33 to 90%
in potato, 10 to 30% in tobacco and 80 to 100% in banana (Yuliar et al. 2015).

Due to its extreme phenotypic and genotypic diversity, R. solanacearum is regarded as a species
complex (RSSC) which includes two related species, R. syzygii and the Blood Disease Bacterium
(BDB) (Fegan and Prior 2005). The RSSC has been divided into different categories according to
distinct phenotypic traits. The species have been classified at the subspecies level into five races
defining the host range (Buddenhagen 1962; He et al. 1983), into five biovars based on their
ability to metabolize specific sugars and alcohol carbohydrates (Hayward 1964; Hayward 1994),
and into four phylotypes (I-1IV) and 23 sequevars depending on their endoglucanase sequence
comparison (Fegan and Prior 2005) (Table 3). The latter classification also correlates with the
geographical origin of isolates and allows their arrangement into a phylogenetic tree (Figure 2).
Briefly, phylotype | strains originated in Asia, phylotype Il in America, phylotype Il were original
from Africa and surrounding islands in the Indic Ocean, and phylotype IV is distributed across
Australia, Indonesia and Japan. Table 3 summarizes the different classification systems and their
main features.

Although R. solanacearum’s natural environments comprise all warm regions of the globe, race
3 biovar 2 strains — now included in phylotype IIB sequevarl (IIB-1) (Fegan and Prior 2005)- are
the causative agents of potato brown rot and represent a major risk in more temperate areas
since they grow optimally at cooler temperatures. This group of R. solanacearum strains were
actually responsible for European and North American potato brown rot outbreaks in the late
80s and early 90s. The dispersal of the pathogen was most probably mediated by importation
of contaminated material (Elphinstone 1996; Janse et al. 2004). At that time, the European
Plant Protection Organization (EPPO) reviewed the geographical distribution of the bacterium
and reported its presence in some EPPO countries (Denmark, The Netherlands and Germany)




(available at www.eppo.int/). Since 1992, R. solanacearum is included in the EPPO A2 quarantine
pest list for Europe and serious phytosanitary measures are taken to avoid pathogen spread and
maximize its eradication. With the current worldwide presence of the phytopathogen (Figure
3), phylotype 1IB-1 strains are considered the major risk of bacterial wilt outbreaks in Europe

(Champoiseau et al. 2009). Some of the most well studied strains belonging to phylotype 11B-1
are: IPO1609, UY031 and UW551.

Table 3. Main classification systems of the R. solanacearum species complex.
RACE CLASSIFICATION

Race Host range Geographical distribution
1 Wide: tobacco, tomato, potato, eggplant, and Tropical and subtropical Asia,
many other solanaceous crops and weeds America and Australia
) Banana. almost exclusivel Central and South America, and
’ Y Southeast Asia
Mostly potato and tomato; latent infections in: Higher altitudes in tropical and
3 S. dulcamara, S. nigrum, S. cinereum, Pelargoni- ::,ubtroput:al areas (lower optimal
um hortorum, Melampodium perfoliatum emperature)
4 Ginger Philippines
5 Mulberry China
BIOVAR CLASSIFICATION
Biovar
Metabolisation of
1 2 3 4 5
Cellobiose - + + - +
Lactose - + + - +
Maltose - + + - +
Dulcitol - - + + -
Mannitol - - + + +
Sorbitol - - + + -
PHYLOTYPE CLASSIFICATION
Phylotype Ge_o_graphncal Main features Strains
origin
| Asia Includes all strains belonging to biovars 3, 4, and 5 GI\O/IIIE110(1)O
A America Includes strains from biovars 1 and 2; and exclu- K60,
sively race 2 strains CFBP2957
B America Includes strains from biovars 1 and 2; and exclu- UWS551,
sively race 3 strains uYo31
[} Africa Includes strains from biovars 1 and 2 CMR15
Indonesia, Includes strains from biovars 1 and 2; and related
v . A . . PSIO7
Japan, Australia species R. syzygii and R. celebensis.
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Figure 2. Phylogenetic tree of the Ralstonia solanacearum species complex.

The tree was constructed using the conserved rpoA sequence with the online tool www.phylogeny.fr

applying the following pipeline: DNA sequences were aligned using MUSCLE and curated with GBlocks,
and phylogeny was performed with PhyML (Dereeper et al. 2008; Dereeper et al. 2010). R. pickettii strain
ATCC27511 was used as outgroup. Strains belonging to each of the four eg/-based phylotypes are highlighted

in colors: yellow (phylotype 1), light blue (phylotype II1A), blue (phylotype 1IB), green (phylotype Ill) and red
(phylotype IV).

Figure 3. Geographical distribution of the R. solanacearum species complex.

Presence of the different R. solanacearum phylotypes where the pathogen is endemic. Colors indicate the

prevalent phylotype in each region: yellow (phylotype 1), light blue (phylotype IIA), blue (phylotype 1IB),
green (phylotype Ill) and red (phylotype IV).
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R. solanacearum life cycle

R. solanacearum can survive as saprophyte in soil and waterways for long periods (van
Elsas et al. 2000; Alvarez et al. 2007) by activating a survival mechanism known as the viable
but nonculturable (VNC) state. The VNC state allows the bacterium to become quiescent and
overcome starvation, although it is reversible and bacteria resuscitate and become pathogenic
again when they encounter a plant (Grey and Steck 2001).

R. solanacearum must specifically recognize the host plants in the rhizosphere. It was proposed
that the pathogen is attracted preferentially to tomato root exudates than to rice exudates, which
is not a natural host for R. solanacearum (Yao and Allen 2006). After surface colonization, bacterial
invasion starts by root penetration through the elongation zone, root wounds or secondary root
emerging points (Vasse et al. 1995). Shortly after, the pathogen progresses through the cortex by
invading the cortical apoplastic spaces, and very few days after infection bacteria already colonize
the vascular cylinder and the xylem vessels (Digonnet et al. 2012). A role for cell wall-degrading
enzymes at these colonization stages has been suggested (Tans-Kersten et al. 1998; Huang and
Allen 2000). Once in the vascular system, the pathogen can massively multiply, reaching bacterial
densities up to 10* CFU/ml (approximately 10° CFU/g tissue) (Vasse et al. 1995; Jacobs et al.
2012). At such high densities, bacteria produces enormous amounts of exopolysaccharide (EPS),
which ultimately obstruct the plant vasculature and lead to plant death due to improper water
flow (Figure 4). When the plant dies, bacteria can return to the soil to complete the cycle and
spread around through irrigation water and waterways (Hong et al. 2008) (Figure 5).

Besides surviving in water, the pathogen can remain in soil for many years —as deep as 75 cm
in soil contaminated with wilted plant debris, as well as in seed tubers (Graham et al. 1979).
This is specially a problem for phylotype 1IB-1 strains, which survive at lower temperatures and
spread throughout Europe via contaminated potato tubers (Graham et al. 1979; Elphinstone et
al. 1998; Caruso et al. 2005). Another feature associated to pathogen persistence, is the fact that
R. solanacearum can asymptomatically colonize weeds at very high densities (Hayward 1991).
Some of these reservoir weeds, such as Solanum dulcamara, S. nigrum or Urtica dioica, grow in
river edges and become a latent source of inoculum that can contaminate rivers and spread the
bacteria to nearby and distant fields (Caruso et al. 2005) (Figure 5).

Figure 4. Bacterial wilt in potato plants.

Healthy (left) or R. solanacearum UY031
(right) inoculated potato plants at 10 dpi.
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Figure 5. R. solanacearum life cycle.

R. solanacearum survives for long periods in soil and waterways until environmental conditions are
favorable for plant infection. At this point, bacteria enter the roots through secondary root emerging points
or root wounds. First, they colonize the apoplast, which is the intercellular space present between the
root cortex and the parenchymatic cells. Then, bacteria reach the xylem vessels and colonize the vascular
system throughout the entire plant. Within the vascular system, bacteria multiply extensively and massive
production of exopolysaccharide occludes the xylem vessels. Collapse of some vessels results in the first
visible wilting symptoms. Occlusion of the whole vasculature ends with complete plant wilting and death,
and finally bacteria from dead plants are released back to the soil. The cycle concludes with an outer branch
corresponding to latent infections. In this case, R. solanacearum is able to colonize the root system and, to
some extent, the stem xylem vessels, without causing wilting symptoms. The exact mechanisms by which
R. solanacearum is unable to cause disease in some weed reservoirs remains still unknown, although the
pathogen might use this system to overwinter and survive to unfavorable environmental conditions.

Since these plants also provide the bacterium with shelter against unfavorable environmental
conditions, it was proposed that R. solanacearum overwinters by using some of these reservoir

species (Wenneker et al. 1999).
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Virulence determinants in R. solanacearum

The virulent phenotype of R. solanacearum has been traditionally associated to the mucoid
morphology of colonies grown on solid medium (Kelman 1954). However, non-mucoid

hypopathogenic colonies also showed alterations not only in motility and chemotaxis (Kelman
and Hruschka 1973), but also in lipopolysaccharide composition and indole-3-acetic acid
synthesis (Buddenhagen and Kelman 1964; Whatley et al. 1980), revealing the interconnectivity
and complexity of pathogenicity factors in R. solanacearum. Advances in the development of new
molecular genetic tools, allowed the identification of many genes and molecular mechanisms key
for bacterial virulence. The main pathogenicity factors described in R. solanacearum are indicated

in Table 4 and described below.

Table 4. Main virulence determinants described in R. solanacearum*.

FUNCTION

GENES / PRODUCTS

ROLE IN VIRULENCE

REFERENCES

T3SS and T3Es

T2SS and cell
wall degrading
enzymes

T5SS

T6SS

Exopolyssacharide
(EPS)

Protection
enzymes

Motility and host
attachment

Efflux pumps

Metabolic
adaptation

Phytohormones

hrp genes, T3Es and hpa
genes

gsp genes and Egl, Pme,
PglA, PehBC, CbhA

tat gene cluster, Tat-
secreted proteins

tss genes, VgrR and Hep

eps gene operon
Catalases, peroxidases,
superoxide dismutases

Flagellum, type IV pili,
(lectins) chemotaxis

acrA, dinF

Hdf, ralfuranones, metER,
EfpR, sucrose and nitrogen
assimilation

Ethylene, auxin, trans-
zeatin

Host specificity, suppression
of host defenses,

Degradation of host
substrates

Mutants with reduced
virulence

Mutants with reduced
virulence, motility and biofilm
formation

Occlusion of the plant
vascular system

Plant phenolic compound and
ROS detoxification

Adherence to host cells, host
selectivity

Resistance to antimicrobials

Metabolic versatility and
bacterial fitness in planta

Unknown role ; production
controlled by HrpG

(Boucher C.A. 1985;
Boucher et al. 1987)

(Kang et al. 1994; Liu
et al. 2005)

(Gonzalez et al.
2007)

(Zhang et al. 2012;
Zhang et al. 2014)

(Denny and Baek
1991)

(Flores-Cruz and
Allen 2009)

(Tans-Kersten et al.
2001)
(Brown et al. 2007)

(Genin 2010)

(Valls et al. 2006)

*Modified from (Genin 2010)
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The Type Il Secretion System and its associated Effectors

The first large-scale attempt to identify virulence-related genes in R. solanacearum was carried
out in 1985 by random mutagenesis using the Tn5-B20 transposon (Boucher C.A. 1985). A library
of 8,250 insertion mutants was screened for their loss of virulence or hypersensitive response
elicitation in tomato and tobacco, respectively. The screening led to the identification of the
hrp (hypersensitive response and pathogenicity) genes, which were simultaneously reported
in Pseudomonas syringae (Lindgren et al. 1986), and afterwards identified in many other plant
pathogenic bacteria (Barny et al. 1990; Arlat et al. 1991; Bonas et al. 1991). This cluster, comprising
more than 20 genes, shared homology with the virulence determinants Yop and Ipa secretion
systems from Yersinia pestis and Shigella flexneri (Gough et al. 1992; Van Gijsegem et al. 1993). As
deletions in any hrp gene render bacteria completely avirulent and unable to elicit HR (Boucher
etal. 1987), the T3SS is since then considered the main virulence determinant in most pathogenic
bacterial species.

Type Il effector proteins, which are translocated into the host cell cytoplasm by the T3SS
injectisome, are of special interest due to their wide array of functions and targets (Galan 2009;
Macho and Zipfel 2015). Approximately 100 different T3Es have been already identified in R.
solanacearum (Peeters et al. 2013) with each strain carrying a specific and distinct set of effectors.
In fact, the number of T3Es present in different R. solanacearum strains is strikingly higher than in
other plant pathogenic bacterial species (Genin and Denny 2012). Some effectors, such as RipG7
(GALA7) in Medicago truncatula (Angot et al. 2006), were found to be involved in host specificity,
while RipAA (AvrA) and RipP2 were involved in host restriction. It was therefore tempting to
speculate that the effector repertoire in a given strain could be responsible for its host range.
However, in very few cases disruption of a single effector results in a delay or loss of virulence.
Some of the few T3E whose deletion have been proved to affect virulence are: RipA2 (AWR2), RipD
(brg8) (Cunnac et al. 2004), RipF1_1 (PopF1) (Meyer et al. 2006) and RipR (PopS) (Jacobs et al.
2013). New hypotheses suggest, though, that effectors evolved as polyvalent proteins functional
in multiple hosts (Deslandes and Genin 2014). Still, most of the T3Es are poorly understood and
are difficult to study due to their redundant contribution to pathogenicity, HR elicitation or toxic
effects to the host (Coll and Valls 2013).

Type Il Secretion System and Cell Wall Degrading Enzymes

R. solanacearum possesses a functional type Il secretion system (T2SS) encoded by the sec and
gsp gene clusters. A T2SS-deficient mutant strain showed a dramatic loss of virulence in tomato
plants, demonstrating an important role of the T2SS in pathogenicity (Kang et al. 1994). The Gsp-
dependent T2SS is responsible for the secretion of at least 36 extracellular proteins (Zuleta 2007).
6 of the total T2SS-secreted proteins function as cell wall degrading enzymes (CWDE) and each
of them have been shown to contribute to pathogenicity: the polygalacturonases PglA, PehB and

15




PehC (Schell et al. 1988; Huang and Allen 1997; Gonzalez and Allen 2003), the Egl endoglucanase
(Roberts et al. 1988), the Pme pectin methylesterase (Tans-Kersten et al. 1998) and the CbhA
cellobiohydrolase (Liu et al. 2005). However, not only CWDE but other yet unknown extracellular
proteins secreted via T2SS might play an important role in pathogenicity, since a pyramiding
mutant lacking the 6 CWDE genes was still more virulent than the complete T2SS mutant from
Kang, et al, 1994 (Liu et al. 2005).

Type V and VI Secretion Systems (T5SS and T6SS)

By screening the first genome sequence of R. solanacearum GMI1000 strain (Salanoubat et al.
2002), a cluster of genes corresponding to the Tat-secretory pathway (or T5SS) was identified
(Gonzalez et al. 2007). Mutation of the tatC gene revealed that the T5SS was involved in tomato
virulence. However, the Tat secretome includes genes involved in different activities, and might be
the reason why the mutant showed a pleiotropic effect with reduced polygalacturonase activity,
ability to metabolize nitrate in O,-limiting conditions, in planta growth and increased sensitivity
to detergents.

The T6SS is, compared to the rest of the described virulence factors, the newest pathogenicity
determinant identified in R. solanacearum. An analysis attempting to find T6SS orthologue genes
from known T6SS components in V. cholerae, P. aeruginosa and B. mallei, identified 14 conserved
genes in R. solanacearum and other pathogenic bacterial species (Shrivastava and Mande
2008). The main T6SS-translocated effectors include the VgrG puncturing device, similar to the
bacteriophage T4 tail spike, and the Hcp hexameric ring for macromolecule transport (Mougous
et al. 2006; Pukatzki et al. 2007). The first validation of a functional T6SS in R. solanacearum,
demonstrated that deletion of tssM affected secretion of 38 proteins (Zhang et al. 2012).
Furthermore, deletion of either of the structural genes tssM or tssB rendered bacteria less
pathogenic in soil-inoculated tomato plants (Zhang et al. 2012; Zhang et al. 2014). These studies
also demonstrate the existence of a link between the T6SS and biofilm formation and motility,
two of the main virulence factors in R. solanacearum.

Exopolyssacharide secretion

The exopolyssacharide (EPS) is an acidic secreted polymer composed of three major
units:  N-acetylgalactosamine,  2-N-acetyl-2-deoxy-galacturonic  and  2-N-acetyl-4-N-(3-
hydrozxybutanoyl)-2,4,6,-tri-deoxy-D-glucose (Orgambide et al. 1991). This high molecular
weight compound is encoded in the eps operon, which contains more than 12 genes, under
control of a single promoter (Huang and Schell 1995). EPS accounts for more than 90% of the
total exopolysaccharides present in the mucoid colonies and its structure is conserved among
the R. solanacearum species complex (McGarvey et al. 1999). As non-mucoid mutants were
strongly affected in virulence, the presence of mucus was associated to a virulent phenotype in R.
solanacearum in the 50s (Kelman 1954). Later studies showed, however, that mutants in the eps
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synthesis gene operon are not completely avirulent and can develop delayed wilting symptoms in
tomato plants after soil-drench or petiole-inoculation (Kao et al. 1992; Saile et al. 1997).

To better understand its biological role, EPS localization was analyzed in colonies grown
on plates showing that, although a great proportion of EPS is secreted to the extracellular
environment, approximately 20% remains cell-bound and is not released (McGarvey et al. 1998).
This observation suggested that free extracellular EPS might cause wilting symptoms by direct
obstruction of xylem vessels or by vascular cell rupture due to the high hydrostatic pressure
(Denny et al. 1990; Schell 2000). In contrast, cell-bound EPS remains attached to bacterial cells
forming a capsule (McGarvey et al. 1998). Although no direct evidence confirmed this hypothesis
yet, it has been suggested that cell-bound EPS might mask surface structures, protecting bacterial
cells from plant defenses (McGarvey et al. 1998; Schell 2000).

Motility and host attachment

Different types of motility have been described in R. solanacearum. The first one is dependent on
polar flagella and is responsible for either bacterial swarming (coordinated collective movement
on a solid surface) or swimming (individual movement in liquid or semisolid medium). Mutations
in the flagellum-encoding genes f1iC or fliM have shown to delay the wilting symptoms caused by
R. solanacearum when inoculated on soil. However, a full infective capability is still retained when
bacteria are directly inoculated in the petiole (Tans-Kersten et al. 2001), thus suggesting a role for
flagellum-driven motility in the early stages of plant colonization and not during xylem invasion.

In a similar fashion, Yao and Allen showed that chemotaxis is also involved in the ability of R.
solanacearum to successfully locate and colonize host plants roots (Yao and Allen 2006). These
authors showed that the pathogen is chemically attracted to the roots of host plants in preference
of those from non-host plants and that, similarly to flagella-deficient strains, cheA and cheW
mutants are less virulent in soil-inoculated tomato plants although they retain full pathogenicity
in petiole inoculation assays.

On the other hand, Type IV pili control twitching motility and bacterial attachment to host
surfaces. Type IVa pili are composed of a monomeric unit encoded by pilA, and are regarded as a
virulence factor in R. solanacearum as pilA mutants are severely impaired in their ability to cause
disease symptoms both in soil or petiole inoculated plants (Kang et al. 2002). In addition, it was
recently reported that R. solanacearum also possesses Type IVb pili, encoded by the tad gene
cluster, which also contribute to pathogenicity in potato plants (Wairuri et al. 2012). Besides,
at least three different types of lectins with different binding specificities have been identified
in R. solanacearum: LecM, LecX and LecF. The latter lectin was reported to play a role in biofilm
formation and virulence in R. solanacearum (Pradhan et al. 2012; Meng 2013). Moreover, biofilm
formation has been reported as an important virulence factor specially during the colonization of
intercellular spaces (Mori et al. 2016).
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Protective enzymes and efflux pumps

During plant colonization, R. solanacearum faces a hostile environment enriched with Reactive
Oxygen Species (ROS), plant-derived phenolic compounds and other antimicrobial compounds
expressed during plant defense responses. To protect itself, R. solanacearum is endowed with a
large battery of protective enzymes such as polyphenol oxidases (Hernandez-Romero et al. 2005),
catalases (katE, katG), peroxidases (bcp), superoxide dismutases (sodBC) and alkyl hydroperoxide
reductases (Valls et al. 2006; Flores-Cruz and Allen 2009), the expression of which is controlled
by the OxyR regulator (Flores-Cruz and Allen 2011). A slight virulence defect was reported due
to mutations in the bcp peroxidase, the dps iron-binding oxidoreductase and the OxyR regulator,
indicating their contribution to pathogenicity (Flores-Cruz and Allen 2009; Colburn-Clifford et al.
2010). Moreover, two multidrug efflux pumps, acrAB and dinF, provide R. solanacearum with
resistance against some antibiotics, phytoalexins and detergents and their mutation render the
bacteria less virulent in soil-inoculated tomato plants (Brown et al. 2007).

Metabolic adaptation and phytohormone production

R. solanacearum activates a series of alternative metabolic pathways upon plant cell contact and
during plant colonization. For instance, in Arabidopsis thaliana cell co-culture, R. solanacearum
preferentially induces expression of metE over metH, although both genes encode for the
enzyme that catalyzes the last step of the methionine biosynthesis pathway a in a cobalamin
independent or dependent manner, respectively. Bacteria deficient in metE also showed a
stronger aggressiveness reduction compared to metH mutants (Plener et al. 2012). Furthermore,
R. solanacearum virulence also depends on ralfuranone production (Kai et al. 2014), and sucrose
and nitrogen assimilation especially at early infection stages (Jacobs et al. 2012; Dalsing and Allen
2014). Recently, the catabolic repressor EfpR was reported to contribute to bacterial fitness in
planta by gaining adaptive mutations after several infective cycles, which expands the pathogen
metabolic versatility (Perrier et al. 2016). In addition, infected tomato plants showed accumulation
of putrescine, which plays a role in wilting symptom acceleration. Moreover, deletion of the speC
ornithine decarboxylase gene responsible for putrescine synthesis in R. solanacearum caused
a complete loss of virulence in tomato plants (Lowe-Power et al. 2017). Besides its ability to
modulate metabolism during plant colonization, phytomormones produced by R. solanacearum
such as ethylene also represent candidate virulence factors (Valls et al. 2006). In fact, ethylene has
been involved in disease development in the pathosystem R. solanacearum/A. thaliana (Hirsch
et al. 2002). Collectively, these studies suggest that the metabolic adaptation of R. solanacearum
during plant infection contributes to pathogenicity.
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Sources of resistance and control strategies against R. solanacearum

Taking together the extremely wide geographical distribution of the RSSC, the broad range of
plants that the pathogen can infect, the high aggressiveness of the disease and the amount of
molecular weapons that it bears, the pathogen was placed in the second position in the list of
top 10 most devastating bacterial phytopathogens (Mansfield et al. 2012). For this reason, much
effort is devoted to find and develop management strategies against bacterial wilt.

The preferred prevention method against the disease is the use of natural sources of resistance
found in wild species or different crop cultivars. For instance, breeding strategies in potato include
the use of wild potato relatives, such as Solanum phureja (Sequeira and Rowe 1969; French
1982) or Solanum commersonii (Carputo et al. 2009; Ferreira et al. 2017), as well as Solanum
aethiopicum, known as bitter tomato, in eggplant breeding strategies (Collonnier et al. 2001).
The tomato variety Hawaii7996 was also proved to be resistant against R. solanacearum, and it
has become increasingly used as resistant rootstock in tomato grafting (Rivard and Louws 2008).
Monogenic control of resistance has been reported in few cases, for instance, in A. thaliana
Nd-1 the gene RRS1 confers resistance against R. solanacearum GMI1000 (Deslandes et al. 1998;
Deslandes et al. 2003). However, in most cases resistance is a polygenic trait, as in S. commersonii
(Gonzélez et al. 2013), Medicago truncatula (Ben et al. 2013), tomato (Thoquet et al. 1996;
Carmeille et al. 2006), tobacco (Qian et al. 2013) and eggplant (Lebeau et al. 2013). Therefore,
transferring these loci into commercial crop varieties is extremely challenging and sometimes
may imply the introduction of linked undesirable attributes (Denny 2006).

Antibiotics such as streptomycin or copper-based compounds were traditionally used to treat a
number of bacterial plant diseases (Zaumeyer 1958). However, due to their negative side effects in
the environment and their threat to health, attempts to develop alternative and targeted chemical
and biological control strategies have been made in last years (Sundin et al. 2016). The applicability
of different microorganisms as Biological Control Agents (BCA), such as endophytes, rhizobacteria
or bacteriophages, has been primarily studied in controlled conditions. Some field trials resulted
relatively successful, but their application is not feasible due to colonization inconsistencies, low
suppression levels and constraints related to BCA production or storage (Ramesh and Phadke
2012; Yuliar et al. 2015). In addition, new chemical control methods against R. solanacearum
include the development of plant systemic defense inducers, for instance Acibenzolar-S-Methyl
or ASM (Pradhanang et al. 2005), as well as specific R. solanacearum antimicrobials (Hong et
al. 2016; Li et al. 2016; Raza et al. 2016; Su et al. 2016). Still, R. solanacearum can persist in
deeper soil layers or inside asymptomatic hosts, where these compounds or biological agents
cannot reach the pathogen (Graham et al. 1979), making the fight against bacterial wilt extremely
challenging.
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To date, avoiding introduction of contaminated seed tubers is the main control strategy
in countries where R. solanacearum is not present, while only crop rotation, control of weed
reservoirs and surveillance of irrigation water can reduce bacterial wilting in endemic regions
(Denny 2006; Huet 2014). Nonetheless, the pathogen’s versatile lifestyle and the existence of
natural reservoirs demand integrative strategies to make the disease control and eradication
extremely complicated.

1.3 ADVANCES ON GENE EXPRESSION ANALYSES IN R. SOLANACEARUM
Genomic studies in R. solanacearum

R. solanacearum is a pathogen with a complex lifestyle comprising extremely dissimilar
environments. Therefore, it contains multiple virulence factors whose expression must be well
orchestrated. The first identification of virulence-related genes in R. solanacearum was carried out
through generation of a random insertion mutant library and a posterior screening of virulence-
defective phenotypes in plants (Boucher C.A. 1985; Boucher et al. 1987). However, genetic and
molecular studies were complex until the R. solanacearum strain GMI1000 genomic sequence
was published in 2002 (Salanoubat et al. 2002), becoming since then the reference strain from
the RSSC. The availability of the genomic sequence and annotation of the tomato strain GMI1000
represented a turning point in the identification of many virulence genes and understanding of
their regulation. The analysis of the first R. solanacearum genome revealed that it has a bipartite
structure consisting on two replicons: a chromosome (~3.7Mb) and a megaplasmid (~2.1Mb). An
unusual high G+C percentage is generally maintained in the whole genomic sequence, except in
specific loci that were probably obtained by horizontal gene transfer.

However, slight differences among strains belonging to different phylotypes might account
for the variability in host specificity, aggressiveness level or optimal temperature range. To this
aim, genomes of other strains belonging to different phylotypes have also become available
(Remenant et al. 2010; Li et al. 2011; Xu et al. 2011; Remenant et al. 2012; Chen et al. 2017,
Hayes et al. 2017; Patil et al. 2017; Sun et al. 2017). 85 genome assemblies from different R.
solanacearum strains are currently available in GenBank. Thanks to the diversity of accessible
genomic sequences, a comparative analysis with 19 strains belonging to the four phylotypes was
performed, and resulted in the identification of candidate host-specific genes, including a list of
T3Es associated to some strains (Ailloud et al. 2015).

Furthermore, development of the Single Molecule Real-Time (SMRT) DNA sequencing
technology has offered the possibility to detect DNA methylated profiles (Flusberg et al. 2010). In
prokaryotes, DNA methylation is an epigenetic mark occurring in adenines and cytosines, and is
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largely involved in Restriction-Modification systems (Wilson and Murray 1991). Nonetheless, DNA
methylation was also reported to regulate several processes, such as DNA repair or replication
(Casadesus and Low 2006; Low and Casadesus 2008). Interestingly, DNA methylation has been
found to affect gene expression in a number of bacterial species as well as virulence in some
pathogens such as Salmonella enterica, Yersinia pseudotuberculosis and Vibrio cholerae (Low et al.
2001; Sanchez-Romero et al. 2015). However, little attention has been payed to plant pathogens
with the exception of some fungal species (Zhu et al. 2016) and the impact of DNA methylation in
gene expression or virulence in bacterial phytopathogens remained unexplored.

With the advances on next generation sequencing platforms, cutting-edge technologies to study
global gene expression, such as microarrays or RNA-sequencing, have become affordable and
widely used (Van Vliet 2009). By the use of these technologies, R. solanacearum has become a
model bacterial species to study plant-pathogen interactions and many of its regulatory networks
have been elucidated (Coll and Valls 2013).

In the coming sections, the different genetic regulation networks key for R. solanacearum
virulence and in planta fitness are reviewed, from the first classical approaches in artificial
medium to the latest in planta high-throughput analyses.

Discovery of interconnected regulatory systems to control virulence gene expression

The phc sensing system

One of the main regulatory networks controlling expression of many virulence related genes is
the phc system, with PhcA in the center of it. PhcA was discovered when Brumbley and coworkers
were characterizing the interesting phenomenon observed by Kelman in the 50s, which they
called Phenotype Conversion (PC) (Denny et al. 1990). PC consists in a spontaneous loss of
virulence of R. solanacearum linked to a reduction in EPS and endoglucanase (Egl) production
and an increase in motility, siderophore biosynthesis and endo-polygalacturonase (PglA) levels
(reviewed in (Genin and Boucher 2002)). By screening a Tn5-mutant library, the mentioned
authors found that PhcA, a LysR transcriptional regulator, was responsible for this phenotypic
switch (Brumbley and Denny 1990; Brumbley et al. 1993). Later studies showed that the phcB
mutant had the same phenotype as phcA, with the exception that EPS and exoprotein production
were restored by culturing cells in culture supernatants of wild-type bacteria (Clough et al. 1994).
This led to the deduction that the presence of a certain Volatile Extracellular Factor produced by
phcB controlled activity of PhcA. Shortly after, 3-hydroxypalmitic acid methyl ester (3-OH-PAME),
or methyl 3-Hydroxymyristate (3-OH-MAME) in some strains (Kai et al. 2015), was identified as
the volatile compound triggering PhcA expression at high cell densities by reliving phcA repression
from the PhcS/PhcR two-component regulatory system (Clough et al. 1997b; Flavier et al. 1997).
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In parallel to this work, other studies reported the existence of other two-component systems
and regulators controlling EPS expression in a coordinate way. This is the case of the VsrA/VsrD
and VsrB/VsrC systems and the regulator protein XpsR, so that VsrB/VsrC system activates EPS
production in conjunction with XpsR, whose transcription is controlled by both the VsrA/VsrD
system and PhcA (Huang et al. 1993; Huang et al. 1995). At that time, the EpsR regulator was also
reported as an EPS biosynthesis repressor (McWilliams et al. 1995). Interestingly, other studies
showed that PhcA also acts as a negative regulator of motility and PglA through the PehS/PehR
two-component system (Allen et al. 1997). Finally, recent reports demonstrate the existence
of other secreted molecules named ralfuranones, which are induced by activation of PhcA and
contribute both to virulence and to a feedback loop in the phc signaling cascade (Mori et al. 2016;
Mori et al. 2018) A scheme of the phc regulatory network is represented in red in Figure 5.

In global, the phc system acts as a regulatory switch of virulence genes such as EPS, cell wall
degrading enzymes and motility, depending on bacterial growth and confinement. When bacterial
densities are below 107 cells/ml, 3-OH-PAME levels are low and PhcA is inactive. In this situation,
EPS and Egl are not induced and bacteria become motile. In contrast, when bacterial densities are
above 107 cells/ml, 3-OH-PAME is accumulated and PhcA is induced by PhcSR. Bacteria can then
repress expression of motility genes, but promote EPS and PglA production.

The discovery of this genetic regulatory network provided the first evidence of virulence gene
batteries differentially expressed at different stages of the R. solanacearum life cycle, suggesting
a role in switching bacterial adaptation from the saprophytic phase in soil to the parasitic xylem
colonization stage.

The SolR/Soll quorum sensing system

In addition to the phc system, R. solanacearum possesses another auto-induction cell density-
dependent system named SolR/Soll. These two proteins are part of a two-component regulatory
system homologue to the LuxR/Luxl involved in the regulation of quorum sensing in many
bacterial species (Fuqua and Greenberg 1998). Soll is involved in the synthesis of N-hexanoyl
and N-octanoyl-homoserine lactones, autoinducer molecules that lead to SolR activation upon
accumulation. When bacterial densities reach 10° cells/ml, SolR induces transcription of soll and
other downstream genes such as aidA (Flavier et al. 1997). Nonetheless, the SolR/Soll system is
also induced by accumulation of 3-OH-PAME via PhcA (Flavier et al. 1997), acting as a hierarchical
autoinduction cascade: firstly induced at 107 cells/ml by PhcRS via 3-OH-PAME, and afterwards
induced at 108 cells/ml by SolRI via Acyl-Homoserine lactones. Interestingly, expression of solR/
is also dependent on the alternative sigma factor RpoS, which plays a role in stationary phase
and stress survival (Flavier et al. 1998) (purple cascade in Figure 5). Since so/lRI mutants were not
affected in virulence and they are induced at specially high cell densities, it was suggested that
they could play a role during the last stages of the disease (Schell 2000).
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The T3SS regulatory cascade

Simultaneously to the characterization of the quorum sensing systems in R. solanacearum, many
studies focused on the description of the hrp cluster, a common virulence feature also present in
other pathogenic bacteria (Gough et al. 1992), that was found after screening a mutant library for
loss of virulence (Boucher et al. 1987).

In R. solanacearum the hrp cluster comprises more than 20 genes organized in seven
transcriptional units (Arlat et al. 1992; Van Gijsegem et al. 1995). The cluster includes genes
involved in T3SS regulation and structure, effector proteins as well as hpa (HR and pathogenicity
associated) genes (Salanoubat et al. 2002). Hrp gene expression was found to be dependent on
environmental factors such as the carbon and nitrogen sources, as they were repressed in rich
medium but induced in minimal medium and in planta (Arlat et al. 1992). To unravel the hrp
signaling cascade and due to its simplicity, most of the gene expression studies were performed in
minimal medium, an artificial medium that reproduces the plant environmental conditions (Arlat
et al. 1992). However, the most upstream receptors and regulators of the cascade specifically
induced in plants, could not be identified until plant cell co-cultures were introduced. Thanks
to the first A. thaliana and tomato cell co-cultures, the plant signal receptor in R. solanacearum
was identified as PrhA (plant regulator of hrp genes) (Marenda et al. 1998). The signal sensed by
PrhA, which is still unknown, is ubiquitous, plant cell contact-dependent and recognized within
hours (Aldon et al. 2000). Shortly after recognition, PrhA transduces the plant signal through
activation of the PrhR/Prhl two-component regulatory system (Brito et al. 2002). Activation of
PrhRI triggers the transcription of the PrhJ regulator, which in turn drives expression of another
regulator protein called HrpG. Finally, HrpG mediates activation of HrpB, the last component of
the hrp signaling cascade (Brito et al. 1999). Interestingly, both HrpG and HrpB share homology
with other T3SS key regulators in Xanthomonas and Burkholderia species (Wengelnik and Bonas
1996; Wengelnik et al. 1996; Lipscomb and Schell 2011). In minimal medium as well as in plant
cell-coculture, HrpB ultimately induces expression of genes encoded inside and outside the hrp
cluster by binding to the hrp, box present in the HrpB-regulated promoters (Genin et al. 1992;
Cunnac et al. 2004). Among the HrpB-regulated genes are: T3SS structural genes encoded by
other hrp and hrc genes —hrp conserved genes also present in animal pathogens (Bogdanove
et al. 1996), as well as effector proteins that are translocated into the host cell (Cunnac et al.
2004) (blue and yellow cascades in Figure 5). Interestingly, recent studies have shown that T3E
translocation into host cells is controlled at the post-transcriptional level by Type 3 Chaperones,
encoded in the hpa genes within the hrp cluster, to ensure proper T3E folding (Lohou et al. 2014;
Lonjon et al. 2016; Lonjon et al. 2017).

Additional control of the hrp gene expression comes from the cell growth-dependent PhcA
regulator, which represses the hrp signaling cascade through inactivation of the prh/iR promoter
in rich medium conditions (Yoshimochi et al. 2009). Together with the fact that prh and hrpG gene
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expression is restricted to plant cell contact while HrpB transcription is also induced by growth
in minimal medium mediated by PrhG (Brito et al. 1999; Plener et al. 2010), this result further
supports the existence of distinct signaling pathways integrated at different levels of the cascade
(blue and yellow cascades in Figure 5). Besides, HrpG and HrpB defective strains have different
plant infective and invasive abilities. On one hand, the hrpG mutant is unable to cross the root
endodermis and reach the vascular system, on the other hand, a hrpB mutant can multiply at low
densities in few xylem vessels (Vasse et al. 2000). This observation suggested that HrpG and HrpB
might be necessary at different root infection stages, although both pathways are required for
full pathogenicity in R. solanacearum as mutations in any regulator of the signaling cascade cause
virulence reduction or abolition.

The Omics era: Decoding R. solanacearum gene expression

The introduction of high-throughput transcriptomic techniques such as microarrays or RNA-
sequencing represented a breakthrough in the study of gene expression (Van Vliet 2009). The
first microarray for R. solanacearum gene expression analysis was constructed in 2005 to identify
the HrpB and HrpG regulated genes (Occhialini et al. 2005; Valls et al. 2006). In the first study, the
authors detected 193 genes whose expression level was altered in a hrpB-deficient background
when grown in minimal medium. Besides detecting known T3Es, the T3E repertoire was extended
with 26 new candidate genes and, unexpectedly, it was discovered that HrpB also regulates other
traits such as chemotaxis, iron uptake and metabolism of low-molecular-weight compounds
(hdf operon). Later on, HrpG-regulated genes were also identified, and denoted that the HrpG-
regulon is organized in two different pathways: one in a HrpB-dependent manner and the other
independently from HrpB. The analysis of the HrpB-independent HrpG-regulated genes unraveled
that HrpG also controls virulence determinants beyond the T3SS, for instance, attachment by
lectins (lecM), phytohormone production (ethylene-efe), plant cell wall degradation (eg/) and
protective responses (catalse-katE). HrpG has been since then considered a master virulence
regulator vital for host adaptation and, in line with previous studies, key for root vascular system
colonization (Vasse et al. 2000) (blue and yellow cascades in Figure 5).Although still under
construction (Zhang et al. 2011; Zhang et al. 2015), the use of these first transcriptomes studies
allowed a more complete assembly of the hrp regulatory network.

Z
N\

Figure 5. Scheme of the phc, sol and hrp regulatory cascades in R. solanacearum.

Regulatory proteins are marked by color-coded circles depending on the signaling cascade they belong
to (red-phc network, purple-sol system, yellow-plant-cell contact dependent hrp cascade, blue-minimal
medium dependent hrp cascade). Rectangles indicate downstream products following the same color-code.
Green boxes correspond to different cell wall degrading enzymes existing in R. solanacearum. Black arrows
indicate activations while red T symbols indicate inhibitions. Abbreviations are given in the text.
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Expanding knowledge on R. solanacearum gene expression in planta

Many virulence factors key for R. solanacearum pathogenicity could be identified and
characterized using in vitro conditions that tried to mimic the plant environment, such as minimal
medium. However, this was a limiting factor since R. solanacearum encounters very different
environments and plant tissues along the infection process (Vasse et al. 1995). Therefore, genes
involved in host adaptation or specifically needed for plant wilting could only be detected during
plant colonization and not during growth in artificial media.

The first in planta approach to identify R. solanacearum genes specifically induced during growth
inside the host was performed using the In Vivo Expression Technology (IVET). IVET technology
consists in a library of promoter fragments cloned upstream of a promoterless copy of a gene that
is required for bacterial growth within the host, and introduced in a mutant lacking this essential
gene for multiplication. R. solanacearum IVET strains were directly introduced into tomato
xylem vessels by petiole-inoculation and they were recovered at the onset of the disease (Brown
and Allen 2004). Among the unique promoter fusions identified, a high proportion encoded
transmembrane proteins, were related to transport and metabolic functions or were involved
in stress responses. Furthermore, some of the genes detected with IVET had been previously
reported to play a role in virulence, for instance, vsrB, vsrD, rpoS, pehR or hrcC. And, interestingly,
around 60% of the selected genes for further validation were not induced in minimal medium
conditions. All these data suggested that expression of these genes is regulated by specific plant
signals, and that R. solanacearum adapts metabolically to the new environment. However, only
the highest expressed genes could be detected, limiting the complete picture of R. solanaceaum’s
behavior during plant colonization.

To solve this problem and obtain an exhaustive idea of R. solanacearum’s gene expression
changes during multiplication in planta, bacterial transcriptomic approaches inside the plant
began to arise. For instance, Jacobs and coworkers (Jacobs et al. 2012) characterized the global
gene expression in R. solanacearum recovered from tomato xylem vessels of early wilted plants.
In line with the IVET results, the authors showed the contribution of specific bacterial metabolic
pathways required for successful in planta colonization, such as sucrose catabolism. Interestingly,
a surprisingly high concentration of sucrose was detected in tomato xylem vessels, which
decreased in the presence of the pathogen. Moreover, mutants deficient in their ability to uptake
and catabolize sucrose showed reduced virulence in several plant species. Nitrate assimilation and
respiration genes were also induced during tomato pathogenesis, and further characterization of
these pathways revealed that they contribute to stem colonization and virulence (Dalsing and
Allen 2014; Dalsing et al. 2015).

To explore the bacterial gene expression responsible for host-specific adaptations, an RNA-
sequencing involving multiple hosts —tomato, banana and melon- and R. solanacearum strains
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— the banana pathogenic Moko strain, and one strain not pathogenic to banana, NPB - was
carried out (Ailloud et al. 2016). In this work, the authors showed that, different bacterial strains
modulate their gene expression to better adapt to a specific host. For instance, the Moko strain
preferentially induced nitrate assimilation genes in banana plants, whereas the NPB strain up-
regulated genes involved in denitrification. This result clearly points out that R. solanacearum
adjusts its metabolism depending on the host that it encounters.

Besides the host factor, temperature is another variable that can affect bacterial multiplication
and virulence (Bocsanczy et al. 2012). While most R. solanacearum strains grow optimally and
are virulent at 289C, R3b2 strains are adapted to cool weathers and are highly aggressive at 20°C.
To understand the mechanisms to cool adaptation by R3b2 strains, the in planta transcriptomic
responses to temperature changes were analyzed (Meng et al. 2015). Some cool virulence factors
identified included LecM, AidA and AidC, three genes absent in a non-R3b2 strain and positively
regulated by the quorum sensing Soll/SolR regulators. This work demonstrated that R3b2 strains
deploy still unknown mechanisms to stay virulent at lower temperatures and provides a list of
genes that might be key for this process.

Recently, the impact of the central regulator PhcA has also been explored by RNA-sequencing
in rich and minimal medium as well as during tomato xylem colonization (Khokhani et al. 2017,
Mori et al. 2018; Perrier et al. 2018). These studies demonstrate that the PhcA regulon is the
largest so far described for a single regulator in R. solanaceaum, controlling the expression of
more than 1500 genes in rich medium, almost 1000 genes in minimal medium and approximately
600 genes in planta. Interestingly, many genes showed a conserved PhcA-dependent expression
pattern in the three conditions, such as induction of EPS, lectins and adhesins, glucanases and
ralfuranone biosynthesis as well as repression of nitrate reduction and siderophore biosynthesis.
Conversely, a subset of pathogenicity factors including many genes from the HrpG-HrpB regulon,
was specifically induced by PhcA in planta and repressed in rich medium. This result contrasts
with the assumption that PhcA repressed T3SS gene expression at high cell densities (Genin et
al. 2005; Yoshimochi et al. 2009), and further supports previous observations of hrp expression
in planta at advanced disease stages (Jacobs et al. 2012; Monteiro et al. 2012a). On the other
hand, functional analyses revealed that at low cell densities, for instance during root colonization,
inactive PhcA allows expression of motility and attachment mechanisms and promotes growth
(Khokhani et al. 2017). These observations are in line with the fact that a phcA mutant strain
grows faster than the WT and that it is unable to wilt plants when soil-inoculated, but still slightly
infective when directly introduced in the xylem vessels (Brumbley and Denny 1990). Finally, an
integrative model placed PhcA as the main regulator of a network controlling a fine tuned trade-
off between growth and virulence (Peyraud et al. 2016; Peyraud et al. 2018).

Altogether, these results suggest that R. solanacearum deploys various mechanisms to activate
or repress key sets of genes during plant colonization depending on several parameters, such
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as bacterial growth, presence/absence of a host, host species and temperature. Although most
of the virulence regulatory networks could be identified and constructed using artificial culture
media, the importance of validating them in planta is evidenced. This is the case of the T3SS,
which appeared to be induced in the plant at high cell densities, contrary to in vitro studies that
suggested a T3SS induction only at early stages, when bacterial numbers are low. Finally, despite
the wealth of in planta transcriptomic studies performed in R. solanacearum, to date all of them
have only focused on the disease onset stage, without considering other infection stages that
are equally relevant for disease establishment and progression. Therefore, exploring the gene
expression dynamics of R. solanacearum in different in planta infection stages will contribute to
a more detailed picture of the essential virulence mechanisms that direct the switch from one
stage to the next.

28



2

OBIJECTIVES

chapter






The objectives of this thesis are presented below:

Genome and methylome profiling of R. solanacearum UY031

1. Provide the complete genome sequence and its characterization of the phylotype II1B-1 strain
R. solanacearum UY031.

2. Compare the methylome profiles of R. solanacearum UY031 to that of GMI1000.

3. Explore the possible contribution of DNA methylation to virulence gene expression.

Characterization of repR, a new candidate virulence gene in R. solanacearum
4. Characterize the involvement of RepR in R. solanacearum UY031 pathogenicity.

5. Understand the molecular basis of RepR using a genome-wide expression profiling.

Understanding the R. solanacearum UY031 transcriptomic changes during the infection process

6. Decipher the R. solanacearum UY031 transcriptome during root colonization of tolerant and
susceptible wild potato plants.

7. Profile the expression of R. solanacearum virulence factors along the infective cycle in
potato plants.

Identification of T3SS inhibitors to combat bacterial plant diseases — Proof of Concept Study

8. ldentify potential T3SS inhibitors in vitro and in vivo using R. solanacearum as model
organism.

9. Analyze the possible application of candidate T3SS inhibitors as plant disease protectants.
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Informe del director de tesi del factor d’impacte dels articles publicats

La memoria de la tesi doctoral “Control strategies and gene expression dynamics of the plant
pathogen Ralstonia solanacearum” (Estrategies de control i dinamica d’expressio genica en el
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Complete genome sequence of the potato
pathogen Ralstonia solanacearum UY031

PuBLICATION 1 l
3






Resum de la publicacio 1

“Complete genome sequence of the potato pathogen Ralstonia solanacearum
uYo031”

“Seqliéncia genomica completa de Ralstonia solanacearum UY031, patogen
de la patatera”

Rodrigo Guarischi-Sousa, Marina Puigvert, Nuria S. Coll, Maria Inés Siri, Maria Julia Pianzzola,
Marc Valls i Jodo C. Setubal

Referéncia: Standards in Genomic Sciences 2016 11:7

Doi: https://doi.org/10.1186/s40793-016-0131-4

El bacteri fitopatogen Ralstonia solanacearum és I'agent causant del marciment bacteria en
patateres. La soca UY031 de R. solanacearum correspon al filotip america IIB sequevar 1; o també
classificada com a raca 3 biovarietat 2. En aquest estudi es presenta el genoma completament
seqlenciat d’aquesta soca, la primera del filotip 1B sequevar 1 amb el genoma complet, i la
quarta del complexe d’especies de R. solanacearum. A més de 'anotacié estandard del genoma,
també s’ha dut a terme una anotacio acurada dels gens efectors de tipus Ill, un tipus de gens molt
importants involucrats en patogenicitat. S"han identificat 60 gens d’efectors i s"ha observat que
aquest repertori d’efectors és diferent dels d’altres soques del filotip 1IB. Onze efectors apareixen
com a no-funcionals degut a mutacions disruptives. També es descriu una analisi del metiloma
d’aquest genoma, el primer per a una soca de R. solanacearum. Aquesta analisi ha servit per a
posar de manifest la presencia d’un gen que codifica una toxina en una regié de probable origen
fagic, cosa que suggereix que aquest gen podria tenir un paper rellevant en la virulencia d'aquesta

sOcCa.
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Rodrigo Guarischi-Sousa', Marina Puigvert?, Nuria S. Coll, Marfa Inés Siri®, Marfa Julia Pianzzola®, Marc Valls®

and Jodo C. Setubal

Abstract

Ralstonia solanacearum is the causative agent of bacterial wilt of potato. Ralstonia solanacearum strain UY031 belongs
to the American phylotype IIB, sequevar 1, also classified as race 3 biovar 2. Here we report the completely sequenced
genome of this strain, the first complete genome for phylotype 1B, sequevar 1, and the fourth for the R. solanacearum
species complex. In addition to standard genome annotation, we have carried out a curated annotation of type |ll
effector genes, an important pathogenicity-related class of genes for this organism. We identified 60 effector genes,
and observed that this effector repertoire is distinct when compared to those from other phylotype IIB strains. Eleven
of the effectors appear to be nonfunctional due to disruptive mutations. We also report a methylome analysis of this
genome, the first for a R. solanacearum strain. This analysis helped us note the presence of a toxin gene within a region
of probable phage origin, raising the hypothesis that this gene may play a role in this strain’s virulence.

Keywords: Short genome report, Bacterial wilt, Ralstonia solanacearum, Bacterial plant pathogen, Methylome, Uruguay

Introduction
Ralstonia solanacearum is the causal agent of bacterial wilt,
one of the most devastating plant diseases worldwide [1]. It
is a highly diversified bacterial plant pathogen in terms of
host range, geographical distribution, pathogenicity, epi-
demiological relationships, and physiological properties [2].
Strains are divided in four phylotypes, corresponding
roughly to their geographic origin: Asia (phylotype I), the
Americas (II), Africa (III), and Indonesia (IV) [3]. Strain
UY031 belongs to phylotype IIB, sequevar 1 (IIB1), the
group considered mainly responsible for bacterial wilt of
potato in cold and temperate regions [4]. Phylotype IIB,
sequevar 1 is also traditionally classified as race 3 biovar 2.
Strain UY031 was isolated in Uruguay from infected
potato tubers in 2003 and displays high aggressiveness
both on potato and tomato hosts [5]. This strain is being
used as a model in plant-pathogen gene expression stud-
ies carried out by our group; having its genome available
greatly facilitates the identification of pathogenicity-
related genes. Four other IIB1 R. solanacearum strains
have been partially sequenced: UW551 [6], IPO1609 [7],
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NCPPB909 [8], and CFIA906 [8]. This is the first gen-
ome of this group to be completely sequenced, and the
fourth within the R. solanacearum species complex (the
other three are strains GMI1000 [9], Po82 [10] , and
PSI07 [11]).

Organism information

Classification and features

Ralstonia solanacearum UY031 strain is classified within
the order Burkholderiales of the class Betaproteobacteria.
It is an aerobic, non-sporulating, Gram-negative bacter-
ium with rod-shaped cells ranging from 0.5 to 1.5 pm in
length (Fig. 1, (a) and (b)). The strain is moderately fast-
growing, forming 3—4 mm colonies within 2-3 days at 28
°C. On a general nutrient medium containing tetrazolium
chloride and high glucose content, strain UY031 usually
produces a diffusible brown pigment and develops pearly
cream-white, flat, irregular, and fluidal colonies with char-
acteristic pink whorls in the centre (Fig. 1, (c)). Strain
UY031 was isolated from a naturally infected potato tuber
showing typical brown rot symptoms (creamy exudates
from the vascular rings and eyes of the tuber). This strain
is highly pathogenic in different solanaceous hosts includ-
ing important crops like tomato and potato [5]. Pathogen-
icity of this strain was also confirmed in several accessions

© 2016 Guarischi-Sousa et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http//creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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Fig. 1 Images of Ralstonia solanacearum strain UY031 using transmission (a) and scanning (b) electron microscopy, as well as light microscopy to
visualize colony morphology on solid media (c)

Table 1 Classification and general features of Ralstonia solanacearum strain UY031according to the MIGS recommendations [27]

MIGS 1D Property Term Evidence code”
Classification Domain Bacteria TAS [28]
Phylum Proteobacteria TAS [29]
Class Betaproteobacteria TAS [30, 31]
Order Burkholderiales TAS [31, 32]
Family Burkholderiaceae TAS [31, 33]
Genus Ralstonia TAS [34, 35]
Species Ralstonia solanacearum TAS [34, 35]
Strain UY031
Gram stain Negative IDA
Cell shape Rod IDA
Motility Motile IDA
Sporulation Non sporulating NAS
Temperature range Mesophile IDA
Optimum temperature 27 °C IDA
pH range; Optimum 55-80;65 NAS
Carbon source Dextrose, lactose, maltose, cellobiose IDA
MIGS-6 Habitat potato plants, soil TAS [5]
MIGS-6.3 Salinity <20 % TAS [36]
MIGS-22 Oxygen requirement Aerobic IDA
MIGS-15 Biotic relationship free-living IDA
MIGS-14 Pathogenicity Pathogenic TAS [5]
MIGS-4 Geographic location Uruguay, San José TAS [5]
MIGS-5 Sample collection 2003 TAS [5]
MIGS-4.1 Latitude 34°43'58.17"S NAS
MIGS-4.2 Longitude 56°32'2.87"W NAS
MIGS-4.4 Altitude 1167 m NAS

Evidence codes - IDA Inferred from direct assay, TAS Traceable author statement (i.e., a direct report exists in the literature), NAS Non-traceable author statement
(i.e., not directly observed for the living, isolated sample, but based on a generally accepted property for the species, or anecdotal evidence). These evidence
codes are from the Gene Ontology project [37]
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001
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100 IPO1609 [GCA_001050995.1]

Po82 [GCA_000215325.1]*

Rs-10-244 [GCA_000671315.1]

FQY_4 [GCA_000348545.1]
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GMI1000 [GCA_000009125.1]*

PSI07 [GCA_000283475.1]*

CMR15 [GCA_000427195.1]

accession NC_010682) was used as an outgroup

Fig. 2 Phylogenetic tree highlighting the position of the Ralstonia solanacearum UY031 (shown in bold) relative to other strains from the same
species. The phylogenetic tree was constructed using four conserved prokaryotic marker genes, namely: recA, rpoA, rpoB and rpoC. Each gene
was aligned individually with MUSCLE [25]; the resulting multiple alignments were concatenated. PhyML [26] was used to perform tree reconstruction
using the GTR model and 1,000 bootstrap replicas. Strain names are colour-coded according to the correspondent phylotype. GenBank accession
numbers are displayed within brackets. Strains whose genome was completely sequenced are marked with an asterisk. Ralstonia pickettii 12 J (NCBI

Ralstonia pickettii 12) [GCA 000020205.1]*

of Solanum commersonii Dunal, a wild species considered
as a valuable source of resistance for potato breeding. Due
to its great aggressiveness, strain UYO031 is being used for
selection of resistant germplasm as part of the potato
breeding program developed in Uruguay. This strain has
been deposited in the CFBP collection of plant-associated
bacteria, and has received code CFBP 8401. Minimum In-

solanacearum strain UY031 is summarized in Table 1, and
a phylogenetic tree is shown in Fig. 2.

Genome sequencing information

Genome project history

This sequencing project was carried out in 2015; the result
is a complete and finished genome. Project data is available

formation about the Genome Sequence of R from GenBank (Table 2). Accession codes for reads in the
Table 2 Project information
MIGS ID Property Term
MIGS 31 Finishing quality Finished
MIGS-28 Libraries used SMRT library (P5-C3 large insert library)
MIGS 29 Sequencing platforms PacBio RS Il
MIGS 31.2 Fold coverage 138%
MIGS 30 Assemblers HGAP.2 workflow
MIGS 32 Gene calling method Prokka v1.10 (ncRNAs search enabled)
Locus tag RSUY
Genbank ID CP012687 (chr), CP012688 (pl)
GenBank date of release September 28, 2015
GOLD ID NA
BIOPROJECT PRINA278086
MIGS 13 Source material identifier SAMNO03402637

Project relevance

Plant pathogen
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Table 3 Summary of genome: one chromosome and one plasmid

Label Size (Mb)  Topology  INSDC identifier ~ RefSeq ID
Chromosome 341 circular NA NA
Megaplasmid 1.99 circular NA NA

Sequence Read Archive are SRP064191, SRR2518086, and
SRZ132405.

Growth conditions and genomic DNA preparation

R. solanacearum strain UY031 was routinely grown in rich
B medium (10 g/ bactopeptone, 1 g/l yeast extract and 1 g/
1 casaminoacids). Genomic DNA was extracted from a bac-
terial culture grown to stationary phase to avoid over-
representation of genomic sequences close to the origin of
replication. Twelve ml of a culture grown for 16 h at 30 °C
and shaking at 200 rpm (ODggo = 0.87) were used to extract
DNA with Blood & Cell Culture DNA Midi kit (Qiagen),
following manufacturer’s instructions for gram-negative
bacteria. DNA concentration and quality were measured in
a Nanodrop (ND-8000 8-sample spectrophotometer).

Genome sequencing and assembly

Whole-genome sequencing was performed on the PacBio
RS 1I platform at the Duke Center for Genomic and Com-
putational Biology (USA). P5-C3 chemistry and a single
SMRTcell were used, and quality control was performed
with DUGSIM. The number of Pre-Filter Polymerase Read
Bases was greater than 749 million (>130x genome cover-
age). Reads were assembled using RS_HGAP_Assembly.2
protocol from SMRT Analysis 2.3 [12]. This resulted in
one circular chromosome (3,412,138 bp) and one circular
megaplasmid (1,999,545 bp). These lengths are very simi-
lar to those of the corresponding replicons in R. solana-
cearum Po82, a IIB sequevar 4 strain, also a potato
pathogen and which has also been completely sequenced
[10]. The origin of replication was defined for both repli-
cons based on the putative origin for reference strain
GMI1000 [9].

An assembly quality assessment was performed before
all downstream analyses. All reads were mapped back to
the assembled sequences using RS_Resequencing.1 proto-
col from SMRT Analysis 2.3. This analysis revealed that
chromosome and megaplasmid sequences had 100 % of
bases called (percentage of assembled sequence with
coverage > = 1) and 99.9999 % and 99.9992 %, respectively,
of consensus concordance.

Genome annotation

Genome annotation was done using Prokka [13] with the
option for ncRNA search. Type III effectors of strain
UY031 were identified and annotated in three steps: First,
17 of the T3Es from the R. solanacearum species complex
[14] were identified based on the Prokka annotations.
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Second, the 15 T3Es annotated as “Type III Effector Pro-
tein”, “Probable Type III Effector Protein” or “Putative
Type III Effector Protein” by Prokka were manually anno-
tated using the first BLAST [15] hits (usually 100 % iden-
tity) of their DNA sequences against genome sequences of
phylotype IIB strains MOLK2 and Po82. Third, the UY031
genome was uploaded to the “Ralstonia T3E” web interface
tool [14] to search for additional T3Es not annotated as
such with Prokka. The additional 28 T3E genes identified
were manually annotated as above. Homologous Gene
Group clustering was performed with get_homologues [16]
using the orthoMCL program [17] and requiring a mini-
mum sequence identity in BLAST query/subject pairs of
30 %.

The sequencing plataform used to assemble the genome
(PacBio RS 1I) also gives kinectics information about the se-
quenced genome. The presence of a methylated base in the
DNA template delays the incorporation of the complemen-
tary nucleotide; such modifications in the kinectics may be
used to characterize modified bases by methylation includ-
ing: 6-mA, 5-mC and 4-mC [18]. The analysis of these
modifications in a genome-wide and single-base-resolution
scale allowed us to characterize the ‘methylome’ of this
strain. These epigenetic marks are commonly used by bac-
teria, and its implications vary from a defense mechanism,
protecting the cell from invading bacteriophages or other
foreign DNA, to the bacterial virulence itself [19-21].
We performed methylome analysis and motif detection
using RS_Modification_and_Motif analysis.1 protocol from
SMRT Analysis 2.3. Such epigenetic marks arise from DNA
methyl-transferases, sometimes coupled with a restriction
endonuclease (a Restriction-Modification System). We

Table 4 Genome statistics

Attribute Value 9% of total
Genome size (bp) 5,411,683 100.00
DNA coding (bp) 4,737,274 87.5
DNA G +C (bp) 3,604,487 66.6
DNA scaffolds 2 100.00
Total genes 4778 100.00
Protein coding genes 4,683 98.0
RNA genes 95 19
Pseudo genes NA NA
Genes in internal clusters NA NA
Genes with function prediction 3,566 74.6
Genes assigned to COGs 3,586 76.6
Genes with Pfam domains 3,892 83.1
Genes with signal peptides 501 10.6
Genes with transmembrane helices 1132 24.1
CRISPR repeats 0
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Table 5 Number of genes associated with general COG
functional categories

Code Value % Description

J 160 34 Translation, ribosomal structure and biogenesis

A 2 <0.1 RNA processing and modification

K 273 58 Transcription

L 240 5.1 Replication, recombination and repair

B 3 <0.1 Chromatin structure and dynamics

D 28 06 Cell cycle control, Cell division, chromosome
partitioning

\ 45 1.0 Defense mechanisms

T 162 35 Signal transduction mechanisms

M 237 51 Cell wall/membrane biogenesis

N 119 25 Cell motility

U 61 1.3 Intracellular trafficking and secretion

(¢} 154 33 Posttranslational modification, protein turnover,
chaperones

C 226 48 Energy production and conversion

G 165 35 Carbohydrate transport and metabolism

E 342 73 Amino acid transport and metabolism

F 75 1.6 Nucleotide transport and metabolism

H 154 33 Coenzyme transport and metabolism

| 177 38 Lipid transport and metabolism

P 176 38 Inorganic ion transport and metabolism

Q 73 16 Secondary metabolites biosynthesis, transport and
catabolism

R 352 75 General function prediction only

S 362 7.7 Function unknown

- 1097 234 Not in COGs

The total is based on the total number of protein coding genes in the genome
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further characterized which genes give rise to the modified
motifs using tools available at REBASE [22].

Genome properties

The genome of R. solanacearum strain UY031 has one
chromosome (3,412,138 bp) and one circular megaplasmid
(1,999,545 bp) (Table 3). The average GC content of the
chromosome is 66.5 % while that of the megaplasmid is
66.7 %. A total of 4,778 genes (4,683 CDSs and 95 RNAs)
were predicted. Of the protein-coding genes, 3,566 (76.1 %)
had functions assigned while 1,212 were considered hypo-
thetical (Table 4). Of all CDSs, 76.6 % could be assigned to
one COG functional category and for 83.1 % one or more
conserved PFAM-A domains were identified (Table 5).

Insights from the genome sequence

We performed a pan-genome analysis of the R. solana-
cearum UY031 genome, comparing it to four other ge-
nomes: two closely-related R. solanacearum strains
(UW551 and IPO1609) and two others with complete
genome sequences available (GMI1000 and Po82). The
pan-genome consists of 7,594 HGGs while the core gen-
ome consists of 2,958 HGGs; the variable genome con-
sists of 2,643 HGGs, and the number of strain-specific
HGGs ranges from 193 to 774 (Fig. 3). We identified
193 HGGs that are UY031-specific; 75.1 % of them were
annotated as hypothetical proteins.

Type 1II effector genes are among the most important
for virulence determinants in bacterial plant pathogens
such as R. solanacearum [14]. Based on comparisons
with effector gene sequences in public databases (see
above) we have identified 60 T3Es (Table 6), of which 11
appear to be nonfunctional due to frameshifts or other

UY031

Pol2

Po82, GMI1000, IPO1609, UW551, and UY031

Fig. 3 Venn diagram of the Ralstonia solanacearum homologous gene groups. The R. solanacearum genomes compared were as follows: strains
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Table 6 List of T3E genes identified in R. solanacearum UY031 genome and their orthologs

Former effector name New effector name® UY031(RSUY_) GM1000(RS) Po82(RSPO_) IPO1609(RSIPO_) UWS551(RRSL_)
AWR2 RipA2 32720 p0099 mM00080 03169 03418
AWR3 RipA3 40320 p0846 mo1165 03901 + 05027°

AWR4 RipA4 40330/40° p0847 mo1166° 03902/3° -
AWRS5 RipA5_1 41860 p1024 m01289/90° 04049 01071
AWRS5 RipA5_2 19780 - 01821 01281 00546
Rip2 RipB 30390 0245 03161 00263 02573
Rip62 RipC1 42590 p1239 mo1371 04123 03371
Rip34 RipD 33840 0304 m01520 04484 00947
Rip26 RipE1 01190 3369 00070 03083 00852
- RipE2 35100 - 02513 04353 03923
POPF1 RipF1_1 45370 p1555 mo1541 03403 04777
PopF2 RipF2 45510 - mo1557 05028/9° 04764
Gala2 RipG2 38790 p0672 m01007 04892 02264
Gala3 RipG3 32420 p0028 m00035 03202 00752
Gala4 RipG4 19910 1800 01835 01266/68° 00532
Galas RipG5 19920 1801 01836 01264 00531
Galab RipG6 17940 1356 01999 01463 01561
Gala7 RipG7 17950 1357 01998 01462 01562
HLK1 RipH1 19380 1386 01846 01319 00426
HLK2 RipH2 35470 p0215 m00201/2° 04317 03559
HLK3 RipH3 33320 p0160 mo0157 03105 00041°
Rip1 Ripl 00490 + 32050° 0041 03319 00098° 02976 + 02040°
Rip22 RipJ 24610° 2132 02749 - -

Rip16 RipM 19180 1475 c01871/2/3 01339 + 05024° 00705
RipS8 RipN 43290 p1130 mM00869 04184 04736
Rip35 RipO1 34050 p0323 m01496 04463 00926
Rip63 RipQ 44390° p1277 mo0717 04287° 02855°
PopS RipR 42640 p1281 m01376 04127 03375
SKWP1 RipS1 00860 3401 00036 00017 04182
SKWp2 RipS2 44630 p1374 mM00690 04310 -
SKwpP3 RipS3 41210 p0930 m01229 03993/4° 00237°
SKWP5 RipS5 10370 + 10840° 00296 02546° - -
SKWP7 RipS7 35110° - m00383 04352° 03921
Rip59 RipU 43920 p1212 m00805 04243 04660
Rip12 RipV1 17880 1349 02006 01470 01554
- RipV2 19160° - 01875/76° 01341 00703
PopW RipW 07010 2775 00735 02524 02682
POpA RipX 40640 p0877 mo119 03933 02443
Rip3 RipY 30260 0257 03153 00276 01439
RipS7 RipZ 42040 p1031 mo1312 04067 00271°
AvrA RipAA 26380° 0608 02748 00659 01581
PopB RipAB 40630 p0876 mo1195 03932 02442
PopC RipAC 40620 p0875 mo1194 03931 02441

Rip72 ripAD 45790 p1601 mO01585 03364 02518
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Table 6 List of T3E genes identified in R. solanacearum UY031 genome and their orthologs (Continued)

Rip4 RipAE 29570 c0321 03085 00343 01625
Rip41 RipAl 40230 p0838 m01156 03894 01021
Rip21 RipAJ 13300 2101 c01332 04893 01260
Rip38 RipAL 39210° - m01053 - 02221
Brg40 RipAM 02270 c3272 00191 02968 02810
Rip43 RipAN 40310 p0845 mO01164 03900 01013
Rip50 RipAO 40750 p0879 m01206 03944 03105
Rip60 RipAP 43960 p1215b m00800 04247 04655
Rip51 RipAQ 40810 p0885 - 03951 03113
Rip61 RipAR 44220° p1236 m00770 04270 01136
Rip39 RipAV 39280 p0732 m01061 - 02213
Brg13 RipAX1 02040 €3290 m01221 02991 -
Rip55 RipAY 41810 p1022 m01283 04046 01066
- RipBH 45880 - m01600 03355 00782
- RipBI 45200° - m00718 03419 00326
- RipTPS 39290 p0731 mo1062° - 02212

?According to Peeters et al. [14]; b these genes appear to be nonfunctional due to various reasons (frameshift, truncation, etc.); genes in other columns that
appear in the form locus tag x + locus tag y are genes which also appear to be nonfunctional due to frameshifts. “this gene is duplicated

mutations that disrupt the coding sequence. For ex-
ample, the effector RipS5 is encoded by a gene that has
been clearly interrupted by a 34 kbp prophage. Table 6
also shows the orthologs of these genes in the related
strains GMI1000, Po82, IPO1609, and UW551. In the
table it can be seen that the genes that code for RipAA
and RipAR have frameshifts or truncations in strain
UYO031 only. The absence of a particular effector may be
enough for a pathogen to avoid host defenses, and there-
fore cause disease. These two genes are therefore a good
starting point for additional investigations of phenotypic
differences between these strains. Other effector genes
of interest are those that are present and do not have
disrupting mutations in UY031 but are absent or appear
to be nonfunctional in other strains. We have found sev-
eral such cases (Table 6), but in all cases there is at least
one other strain that also has the same gene in what ap-
pears to be a functional state.

Our modification analysis revealed two motifs that are
essentially always methylated, namely: CAACRAC and
GTWWAC. Both are fairly frequent in the genome, occur-
ring respectively 2144 and 716 times. Motif CAACRAC is
associated with the product of gene RSUY_11320 (R.
Roberts, personal communication), which is hypothesized
to be an enzyme of the Restriction-Modification System,
with a restriction nuclease and a DNA methyltransferase
role. This gene does not have homologs in other R.
solanacearum strains and is located close to a region
containing phage-related genes. This region contains
gene RSUY_11410, which has been annotated as encod-
ing a zonular occludens toxin. The provenance of this

annotation is an enterotoxin gene found in Vibrio chol-
era [23]; in R. solanacearum the role of this toxin gene
is still unclear [24]. Motif GTWWAC is probably associ-
ated with the product of gene RSUY_22890 (R. Roberts,
personal communication), which is hypothesized to be a
solitary DNA methyltransferase (no restriction endonucle-
ase linked). This gene does have homologs in other R.
solanacearum strains (GMI1000, IPO1609, Po82 and
PSI07). To our knowledge this is the first R. solanacearum
genome with a methylome profile available.

Conclusions

The complete sequence of R. solanacearum UYO031 strain
presented here should provide a rich platform upon which
additional plant-pathogen studies can be carried out. Even
though this is the fifth phylotype IIB1 sequenced, we
found many differences with respect to the genomes of
the other strains. In particular, the repertoire of T3E genes
has many variations among these strains, and this may
help explain some of the most relevant pathogenicity-
related phenotypes described in the literature, opening the
way to new control methods for bacterial wilt.
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Ralstonia solanacearum és un important patogen transmes per terra, amb una amplia
distribucio geografica i capag¢ de causar marciment bacteria en molts cultius de gran interés
agricola. La sequenciacié de multiples genomes de diverses soques de R. solanacearum ha
permes la identificacio de trets genetics Unics i compartits que han influit tant en la seva evolucio
com en la seva habilitat per a colonitzar plantes hostes. Estudis anteriors han demostrat que la
metilacié de 'ADN pot impulsar I'especiacio i modular la viruléncia en bacteris, pero I'impacte de
les modificacions epigenétiques en la diversificacio i patogenicitat de R. solanacearum continua
sent desconegut. La sequenciacio de les soques GMI1000 i UY031 utilitzant la tecnologia
Single Molecule Real-Time ens ha permeés dur a terme una analisi comparativa dels metilomes
de R. solanacearum. La nostra analisi ha identificat un nou motiu de metilacié associat a una
metilasa d’ADN que esta conservada a tots els genomes del genere Ralstonia i a tota la familia
Burkholderiaceae, aixi com un motiu de metilacié associat a una metilasa de transmissié fagica
Unica a la soca R. solanacearum UY031. l'analisi comparativa del motiu de metilacié conservat
ha revelat que és majoritariament predominant a les regions promotores de gens, on exhibeix
un elevat grau de conservacio detectable mitjancant I'empremta filogenetica. L'analisi de loci
hiper- i hipo- metilat ha identificat diversos gens involucrats en funcions reguladores globals i de
virulencia, I'expressio dels quals podria ser modulat per la metilacié de ’'ADN. L'analisi de patrons
de modificacid a tot el genoma ha detectat una correlacié significativa entre la modificacio de
I'ADN i els gens de transposicié en R. solanacearum UY031, impulsat per la presencia d’un elevat
nombre de copies de sequéncies d’insercio ISrso3 en aquest genoma, que senyala a un nou
mecanisme de regulacio de la transposicié. Aquests resultats representen una base ferma per a
futures investigacions experimentals envers el paper de la metilacié de 'ADN en I'evolucié de R.
solanacearum i en la seva adaptacié a diferents plantes.
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Ralstonia solanacearum is an important soil-borne plant pathogen with broad
geographical distribution and the ability to cause wilt disease in many agriculturally
important crops. Genome sequencing of multiple R. solanacearum strains has identified
both unique and shared genetic traits influencing their evolution and ability to colonize
plant hosts. Previous research has shown that DNA methylation can drive speciation
and modulate virulence in bacteria, but the impact of epigenetic modifications on
the diversification and pathogenesis of R. solanacearum is unknown. Sequencing
of R. solanacearum strains GMI1000 and UY031 using Single Molecule Real-Time
technology allowed us to perform a comparative analysis of R. solanacearum
methylomes. Our analysis identified a novel methylation motif associated with a DNA
methylase that is conserved in all complete Ralstonia spp. genomes and across the
Burkholderiaceae, as well as a methylation motif associated to a phage-borne methylase
unique to R. solanacearum UY031. Comparative analysis of the conserved methylation
motif revealed that it is most prevalent in gene promoter regions, where it displays a
high degree of conservation detectable through phylogenetic footprinting. Analysis of
hyper- and hypo-methylated loci identified several genes involved in global and virulence
regulatory functions whose expression may be modulated by DNA methylation. Analysis
of genome-wide modification patterns identified a significant correlation between DNA
modification and transposase genes in R. solanacearum UY031, driven by the presence
of a high copy number of ISrso3 insertion sequences in this genome and pointing to a
novel mechanism for regulation of transposition. These results set a firm foundation for
experimental investigations into the role of DNA methylation in R. solanacearum evolution
and its adaptation to different plants.

Keywords: F y
nucleotide modification, genome

parative ics, epigenomics, transcriptional regulation, transposon,

INTRODUCTION

Ralstonia solanacearum is a widely-distributed, soil-borne phytopathogen belonging to the
Betaproteobacteria subclass (Peeters et al., 2013). Known primarily as the causative agent of
bacterial wilt among solanaceous plants, R. solanacearum encompasses a highly heterogeneous
group of organisms capable of infecting over 200 plant species from more than 50 different
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families (Denny, 2007). Owing to its phylogenetic and host
diversity, this group of organisms is conventionally known
as the R. solanacearum species complex (RSSC) (Fegan and
Prior, 2005). RSSC organisms share similar etiology, infecting
and colonizing plant roots before invading xylem vessels
and spreading to aerial plant parts. Extensive colonization
of xylem vessels results in vascular dysfunction, leading to
the signature wilting symptoms of R. solanacearum infections
(Denny, 2007). Genomic analysis of sequenced R. solanacearum
isolates has revealed that RSSC members share a similar genomic
structure consisting of two circular replicons typically referred
to as chromosome and megaplasmid (Remenant et al., 2010;
Peeters et al., 2013). Multiple lines of evidence indicate that
housekeeping genes reside predominantly in the chromosome,
whereas environment- and pathogenicity-specific functions are
encoded in the less-conserved megaplasmid (Genin and Denny,
2012). These include the main pathogenicity determinant of R.
solanacearum, the type III secretion system (T3SS), as well as
the extracellular polysaccharide (EPS) gene cluster and motility-
associated determinants (Peeters et al., 2013). The notable
phenotypic heterogeneity of R. solanacearum isolates has been
primarily ascribed to the prevalence of genomic islands and
genomic rearrangement events, frequently linked to the presence
of prophages and transposable elements, as well as the ability
of R. solanacearum to acquire exogenous DNA through natural
transformation (Coupat et al., 2008; Remenant et al.,, 2010).
Multi-locus sequence analyses, hybridization, genomic and
phylogeographic methods have firmly established that the RSSC
can be divided into four major phylotypes, further subdivided
into sequevars and approximately corresponding to their known
geographical origins (Guidot et al., 2007; Remenant et al., 2010;
Wicker et al., 2012). However, the molecular mechanisms driving
niche- and host-adaptation remain yet to be fully elucidated,
prompting the need for novel approaches to understand their
evolution.

DNA methylation is a chemical modification of DNA
mediated by DNA methyltransferase (MTase) enzymes and
known to directly regulate several processes in eukaryotic cells
(Jones, 2012). DNA methylation is also prevalent in bacteria, in
the form of 6-methyladenosine (m6A), 4-methylcytosine (m4C),
and 5-methylcytosine (m5C) bases, and it is most frequently
associated with the presence of restriction-modification
(RM) systems. RM systems are composed of a restriction
endonuclease (REase) and an MTase that preferentially bind
to the same DNA sequence. They are broadly classified into
four major types, according to their subunit composition,
sequence recognition strategy, substrate specificity and cleavage
position (Loenen et al., 2014). Methylation by MTases protects
genomic DNA from cleavage and degradation by corresponding
REases and, hence, RM systems are primarily envisaged as
bacterial defense mechanisms against foreign DNA (Tock
and Dryden, 2005). However, RM systems have also been
shown to act as addiction molecules in plasmids and to help
establish bacterial biotypes by preventing genetic exchange via
conjugation or natural transformation (Handa and Kobayashi,
1999; Lindsay, 2010; Budroni et al., 2011). Furthermore, DNA
methylation by RM systems and, more frequently, orphan

MTases has been shown to be involved in coordinating
replication initiation and cell-cycle progression, limiting
transposition, regulating gene expression and phage packaging,
and orchestrating phase-variation (Low and Casadests,
2008).

The recent development of Single Molecule, Real-Time
(SMRT) DNA sequencing allows detection of methylated bases
in bacterial plasmids and chromosomes as characteristic delays
in the real-time monitoring of the incorporation of nucleotides
by individual DNA polymerase molecules (Schadt et al., 2013).
For large DNA sequences, methylation motifs can be inferred as
overrepresented patterns in the sequence context surrounding
the modified base. Inferred motifs can then be matched to
genome MTases on the basis of motif similarity to MTases
with known specificity, via MTase subcloning or through
resequencing of MTase mutants (Murray et al., 2012; Forde
et al, 2015 Blow et al, 2016). The availability of SMRT
sequencing has enabled the characterization of many new
RM systems and their target motifs (Murray et al, 2012;
Blow et al, 2016). It has also made it possible to identify
additional phase-variation systems modulated by methylation
(Blakeway et al., 2014), to identify RM systems that likely
define clade boundaries (Nandi et al, 2015) and to trace
evolutionary changes in MTase target recognition (Furuta et al,
2014). Here we used SMRT sequencing of the reference R.
solanacearum GMI1000 strain (phylotype I, sequevar 18) and
the highly-aggressive R. solanacearum UY031 strain (phylotype
IIB, sequevar 1) to perform a comparative analysis of their
DNA modification patterns. We identified the target motif
of an m6A MTase conserved in both strains and across the
Burkholderiaceae. Analysis of conserved methylation sites for
this MTase revealed a clear enrichment in up- and downstream
regions of coding sequences, and comparative analysis of their
genetic context suggested that methylation targets are under
strong purifying selection. Detection of hyper-methylated and
non-methylated regions for this conserved m6A MTase identified
several promoters where methylation could have a regulatory
function. The modification profile of strain UY031 was found
to correlate significantly with the presence of a multi-copy
transposable element with a highly non-uniform modification
pattern.

MATERIALS AND METHODS

Reference Genomes

Twelve complete genomes of the R. solanacearum species
complex available through the NCBI RefSeq service (RefSeq,
RRID:SCR_003496) were used as a reference for comparative
genomics analyses (Supplementary Table 1). In addition to
the R. solanacearum GMI1000 (phylotype I, sequevar 18) and
UY031 (phylotype IIB, sequevar 1) strains, these genomes
include several phylotype IIB representatives (P0o82, UW163, and
IBSBF1503), a phylotype I (FQY-4), a phylotype III (CMR15)
and a phylotype IV (PSI07) representative, as well as three
additional Ralstonia species (R. insidiosa, R. pickettii, and R.
mannitolilytica).
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Bacterial Growth and Genomic DNA
Preparation

Bacterial growth and genomic DNA extraction for the R.
solanacearum UY031 strain was performed as described
previously (Guarischi-Sousa et al, 2016). Briefly, R
solanacearum strain UY031 was grown in liquid rich B
medium (10 g/l bactopeptone, 1 g/l yeast extract and 1 g/l
casaminoacids) to stationary phase (ODggo nm = 0.87). Genomic
DNA was extracted from a bacterial culture grown to stationary
phase to avoid overrepresentation of genomic sequences close
to the origin of replication. Twelve ml of bacterial culture were
used to extract DNA with the Blood and Cell Culture DNA Midi
kit (QIAGEN, RRID:SCR_008539), following manufacturer’s
instructions for gram-negative bacteria. DNA concentration
and quality were measured by spectrometry (Nanodrop 800;
Thermo Fisher Scientific, RRID:SCR_013270). Bacterial growth
and genomic DNA extraction for the R. solanacearum GMI1000
strain was performed in the present work. The protocol used
to extract DNA from the GMI1000 strain was derived from the
protocol described in Mayjonade et al. (2016). Briefly, bacteria
were grown overnight in 50 ml MP minimal medium (FeSOy,
7H20, 1.25 x 1074 g/l; (NH4)2504, 0.5 g/l; MgSO4. 7H20, 0.05
g/l; KH,POy, 3.4 g/l) supplemented with glucose 20 mM and
a pH adjusted to 6.5 with KOH. When the culture reached an
ODggo nm of 0.5 (exponential phase), bacteria were centrifuged
10 min at 7,000 rpm, the pellet was washed with 50 ml sterile
water and centrifuged again to resuspend the pellet in 600 .l
of lysis buffer (NaCl 2.5 M, TrisHCI pH8 1 M, EDTA pH8 0.5
M, SDS 20%, Sodium Metabisulfite 0.1%) preheated at 72°C. A
total of 6 ul RNAse (100 mg/ml) was added before incubation
30 min at 55°C with gentle agitation every 10 min. Then 200 .l
potassium acetate 5M was added, mixed and the suspension
was centrifuged 10 min 13,000 rpm at 4°C. A total of 500 pl of
supernatant was transferred in a new tube and 500 I binding
buffer (PEG8000 200 mg/ml, NaCl 200 mg/ml) was added. Then
30 pul of carboxylated magnetic beads (Thermo Fisher Scientific,
RRID:SCR_013270) was added, and mixed before incubation for
1 h at room temperature under gentle agitation. The tubes were
transferred to a magnetic rack to wash the beads 3 times with
70% Ethanol. DNA was eluted from the beads by resuspension
in 80 pl of elution buffer (TrisHCl pH8 1M) preheated at 55°C.
DNA concentration and quality were measured by spectrometry
(Nanodrop 2000; Thermo Fisher Scientific, RRID:SCR_013270)
and fluorometry (Qubit 3.0 Fluorometer; Thermo Fisher
Scientific, RRID:SCR_013270). DNA integrity was evaluated by
performing pulsed-field electrophoresis, which showed that the
DNA molecules ranged in size from ~10 to ~90 kb with a mean
at ~30kb.

SMRT Sequencing

DNA libraries from strain UY031 were constructed using P5-
C3 chemistry. The library preparation procedure followed the
PacBio 128 standard for large insert library preparation with
BluePippin size selection (Sage Science, 129 RRID:SCR_014808).
The library insert size was 15kb with size selection on the
BluePippin using a 130 cut off of 6-50kb for PacBioRSIL

Whole-genome sequencing was performed using one single
SMRTcell on PacBio RS II platform at Duke Center for
Genomic and Computational Biology (USA). An assembly
quality assessment was performed before all downstream
analyses. All reads were mapped back to the assembled sequences
using RS_Resequencing.1 protocol from SMRT Analysis 2.3.
This analysis revealed that chromosome and megaplasmid
sequences had 100% of bases called (percentage of assembled
sequence with coverage > = 1) and 99.9999% and 99.9992%,
respectively, of consensus concordance. More than 749 million
of Pre-Filter Polymerase Read Bases were generated (>130x
genome coverage) and deposited to NCBI Sequence Read
Archive, RRID:SCR_004891 (SRP064191). Genomic DNA from
the GMI1000 strain was sent to the Get-PlaGe core facility
(INRA, Toulouse, France) where methylome data was obtained
by SMRT technology. A 20-kb SMRTbell library was prepared
according to manufacturer’s protocols as described for the 20 kb
template preparation with BluePippin size selections as follow:
5g of gDNA was sheared to an average length of 35kb
using Megaruptor system (Diagenode, RRID: SCR_014807),
treated with DNA damage repair mix, end-repaired and ligated
to hairpin adapters. Incompletely formed SMRTbell templates
were digested using Exonuclease III and VII. Finally, the
library was size selected with a 12kb cutoff using BluePippin
electrophoresis (Sage Science, RRID:SCR_014808). Sequencing
was carried out on the PacBio RS II (INRA, Toulouse,
France) from 0.25nM of library loading on 3 SMRTCells, and
using OneCellPerWell protocol on P6/C4 chemistry for 6h
movies, yielding mean genome coverage of 372x. All reads
were mapped to the public GMI1000 reference genome using
RS_Modification_and_Motif_analysis.1 protocol. This analysis
revealed that both GMI1000 chromosome and megaplasmid
sequences had 100% of bases called and 99.9952% and 99.9960%,
respectively, of consensus concordance. 2.868.126.059 of Pre-
Filter Polymerase Read Bases were generated (>450x genome
coverage). Raw sequencing data was deposited on the NCBI
Sequence Read Archive, RRID:SCR_004891 (SRP096275). Tet1-
oxidation of DNA prior to SMRTbell library preparation,
required for detection of m5C methylation (Clark et al., 2013),
was not performed on either strain.

Modification Detection and Motif Analysis
The UY031 strain genome was assembled using
RS_HGAP_Assembly.2 protocol from SMRT Analysis 2.3
(Chin et al.,, 2013) on one circular chromosome (3,412,138 bp)
and one circular megaplasmid (1,999,545 bp). The origin of
replication for both replicons was defined based on the putative
origins of replication reported for reference strain GMI1000
(Salanoubat et al., 2002). The GMI1000 strain genome was
assembled using the previously published GMI1000 genome
as reference. Motif detection for both strains was performed
using RS_Modification_and_Motif_analysis.1 protocol from
SMRT Analysis using QV threshold of 30. The resulting
modification files were deposited on the Gene Expression
Omnibus (GEO) (GSE92982 and GSE93317; NCBI GEO
DataSets, RRID:SCR_005012).
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Mapping of Modification Marks to Genome

Features

Genome features were extracted from the NCBI RefSeq
sequences of R. solanacearum GMI1000 (NC 003296.1, NC
003295.1) and R. solanacearum UY031 (NZ CP012688.1, NZ
CP012687.1) using the BioPython 1.66 GenBank parser (Cock
et al,, 2009). A mapping between locus tag identifiers from the
current RefSeq annotation and those from previous annotations
was generated to facilitate identification of referenced genes in
previously published work (Supplementary Table 2). For species
reported in Blow et al. (2016), a Python script was used to
identify and parse RefSeq sequences from GenBank identifiers, to
download methylome General Feature Format (GFF) files from
the corresponding GEO record (GSE69872; NCBI GEO DataSets,
RRID:SCR_005012) and to associate methylome references in
GFF files to RefSeq identifiers based on an exact match between
the reported sequence length of the GFF reference and the
RefSeq accession (Supplementary Table 3). For all species under
analysis, modification marks were parsed from the corresponding
GFF file using a custom Python script. Modification marks
were then mapped to relevant genome features (CDS, tRNA,
rRNA, tmRNA, ncRNA, mobile_element, and repeat_region) if
their mark position overlapped the annotated feature positions.
For coding features (CDS, tRNA, rRNA, tmRNA, and ncRNA),
modification marks were annotated as intragenic if their positions
mapped within the annotated coding segment, upstream if they
mapped to the first non-coding 375 bp before the annotated
feature start position, downstream if they mapped to the first
non-coding 100 bp after the annotated feature end, and intergenic
otherwise.

Analysis of Modification Density

Modification density for a given type of modification mark was
computed as the number of relevant modification marks within
the region of interest divided by the length of said region.
To account for correlation between sequencing coverage in a
given region and its mark count, modification density within
a given region was normalized with the ratio of genome-wide
average coverage to region-wide average coverage for the mark
type under analysis. Modification density plots were generated
by analyzing normalized modification density using a sliding
window of 1,000 bp with a step size of 100 bp.

Analysis of Conserved Methylation Marks

Conservation of detected methylation marks in the R
solanacearum GMI1000 and R. solanacearum UY031 genomes
was assessed through alignment of their sequence context
using a custom Python script. Bona fide orthologs between R.
solanacearum GMI1000 and UY031 genes were obtained from
a full-genome alignment with Mauve (Darling et al., 2004). For
each ortholog pair, a pairwise gapless alignment was performed
between the contexts of all modification marks mapping to the
corresponding gene in either strain. Modification marks were
labeled as conserved if their gapless context alignment had at
least 70% identity and non-conserved otherwise. Modification
marks not mapping to an ortholog pair were annotated as such.
To assess modification mark conservation across the assembled

panel of reference Ralstonia genomes, the sequence context of
conserved modification marks in R. solanacearum GMI1000 was
aligned with all reference genomes using BLASTN with modified
gap penalties to avoid gapped alignments (Altschul et al., 1997).
Modification marks were considered to be conserved in a
particular reference species when the best BLASTN gapless
alignment of their sequence context showed at least 70% identity.
For each mark, the number of species against which valid
alignments were obtained, the number of valid alignments with
an intact 6 bp stretch in positions 17-22 (corresponding to the
GTAWAC motif) and the number of alignments spanning the
full mark context (41 bp) were compiled. For full alignments,
the number of mismatches with respect to the R. solanacearum
GMI1000 sequence in each alignment position was also
computed.

Identification of Non-methylated,
Hyper-Methylated and Highly-Conserved
Motifs

Non-methylated motif instances in the R. solanacearum
GMI1000 and R. solanacearum UY031 genomes were identified
following the protocol outlined in Blow et al. (2016). Essentially,
a motif instance (detected through regular-expression search
on the genome) was considered to be non-methylated if its
inter-pulse duration ratio (ipdR) score fell below the under-
methylated motif ipdR threshold, defined as (0.1*average motif
ipdR)+(0.9*average non-motif ipdR), using only modifications
of the same type (e.g., m6A) to compute the average non-motif
ipdR. Motif and non-motif average ipdR values were computed
on the central 60% of ranked ipdR scores to minimize the effect
of outliers. For the palindromic motifs under analysis, motif
instances were considered non-methylated if their ipdR ratios
were below the under-methylated motif ipdR threshold on both
strands and had at least twenty-fold SMRT sequence coverage.
Hyper-methylated loci were detected as those with a number of
motif instances in their upstream region larger than two standard
deviations above the mean number of motif instances for all
genome upstream regions (Mou et al., 2014). Highly-conserved
motif instances were identified as those presenting fully aligned
sequence contexts (41 bp) in all the species making up the panel
of reference genomes.

Non-supervised Orthologous Groups and
Annotated Feature Analysis

Protein sequences for each RefSeq identifier were parsed
from the genome GenBank-format file and used to query
the eggNOG database (4.5). eggNOG identifiers, categories,
and descriptions were retrieved from the eggNOG database
(eggNOG, RRID:SCR_002456) using HMMER (Hmmer,
RRID:SCR_005305) (Eddy, 2011; Powell et al., 2014) and used
to annotate extracted genome features. NOG (Non-supervised
Orthologous Groups) category enrichment for a subset of
methylation marks (e.g., conserved GTWWAC marks) in a given
region relative to annotated protein coding genes (upstream,
intragenic or downstream) was assessed by performing a Fisher
exact test on NOG categories, using the presence of at least one
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such methylation mark in the region of interest as an indicator
function for all genome protein coding genes with annotated
NOGs. Modification mark enrichment for specific NOGs
and gene-relative regions was assessed through permutation
analysis, generating 10,000 NOG replicates containing the
same number of genes mapping to the NOG and assessing
their normalized modification density in the region under
study. Modification mark enrichment for a specific annotated
feature (e.g., genes with “transposase” in their product/NOG
description) was assessed by performing a Mann-Whitney U-test
on the normalized modification density of genes containing the
annotated feature vs. all other genome genes, and by computing
the point-biserial correlation coefficient between normalized
modification densities in contiguous 1,000 bp sequence chunks
and the presence of the annotated feature within said chunks.
Statistical computations were performed using the Python
SciPy library (SciPy, RRID:SCR_008058). When appropriate,
p-values were adjusted for multiple hypothesis testing using the
Bonferroni procedure (Dunn, 1961). Statistical significance was
determined at significance level o = 0.01 for all tests reported in
this work.

Promoter Analysis

Upstream regions of interest were analyzed for the presence
of promoter elements using three different prediction tools:
the Phi-Site Promoter Hunter (phiSITE, RRID:SCR_014754)
(Klucar et al.,, 2010), PePPER (PePPER Prokaryote Promoter
Prediction, RRID:SCR_014740) (de Jong et al, 2012) and
BPROM (SoftBerry, RRID:SCR_000902). Only the strongest
prediction of each method on each strand, when applicable, was
considered.

RESULTS

Identification of Methylation Motifs in

R. solanacearum

SMRT sequencing of R. solanacearum GMI1000 and UY031
strains yielded different total numbers of statistically significant
modification marks (229,207 for R. solanacearum GMI1000
and 22,732 for R. solanacearum UY031). These numbers
correlate with a threefold difference in average sequencing
coverage for detected modification marks between both strains
(177.35 £+ 19.46 for GMI1000 vs. 51.53 £ 23.99 for UY031)
(Table 1). It is of note that most of the additional identified
marks in GMI1000 correspond to m4C modifications, whereas
the number of m6A modifications appears to be constant
between both strains. This is consistent with lower detection
yields for m4C methylation with reduced coverage (Schadt
et al, 2013; Blow et al, 2016). Motif analysis of the
modification profiles identified two m6A and two m4C novel
methylation motifs. The two m4C motifs (CCCAKNAVCR and
YGCCGGCRY) were only detected in R. solanacearum GMI1000,
while one of the m6A methylation motifs (CAACRAC) was
identified only in R. solanacearum UY031. The remaining
m6A motif (GTWWAC) was consistently detected in both
strains.

TABLE 1 | Summary statistics for modification profiles of R. solanacearum
GMI1000 and R. solanacearum UY031 strains.

Modification type Motif UYo031 GMI1000
Not determined - 17,989 202,350
CAACRAC 38 0
GTWWAC 10 1
CCCAKNAVCR 0 358
YGCCGGCRY 0 2,296
All 18,094 205,005
mBA - 373 880
CAACRAC 2,100 0
GTWWAC 689 779
All 3162 1659
m4C - 1,293 17,916
CCCAKNAVCR 0 7
YGCCGGCRY 0 922
All 1,293 18,915
Expected - 160 0
CAACRAC 6 0
GTWWAC 17 4
CCCAKNAVCR 0 712
YGCCGGCRY 0 2912
All 183 3,628
All 22,732 229,207

Reported numbers are for statistically significant modification marks on either DNA strand.

Motif-Methylase Assignment and
Distribution of Predicted RM Systems

Of the four detected novel motifs, only the two m6A motifs
could be reliably assigned to predicted methylases in REBASE
(Table 2). The CAACRAC motif is most likely the target of the
Rso310RF11320P fused RM system of R. solanacearum UY031,
which has no detectable homologs in the reference panel of
complete Ralstonia genomes. In contrast, the GTWWAC motif
was assigned to the M.Rso310RF22890P/M.RsoORF1982P
MTase (encoded by RS_RS09960 and RSUY_RS11230,
respectively, in R. solanacearum GMI1000 and R. solanacearum
UYO031), which is conserved in the reference panel of Ralstonia
spp. genomes and across the Burkholderiaceae. Methylome
analysis of Burkholderia pseudomallei strains had previously
identified a similar type II motif (GTAWAC), which is likely
the target of the M.Rso310RF22890P/M.RsoORF1982P MTase
homolog in B. pseudomallei (Nandi et al., 2015). The distribution
of RM systems in both strains is similar and consistent with
the overall distribution of RM systems predicted by REBASE
in Ralstonia (Supplementary Table 4). Both strains harbor
a type I RM system conserved among all R. solanacearum
reference genomes, as well as two well-conserved type II MTases
(in addition to M.Rso310RF22890P/M.RsoORF1982P). It is
worth noting that these two tightly linked MTases reside in the
megaplasmid of R. solanacearum UY031, but are located in the
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M.Rs0310RF11260P

NZ_CP012687.1

32.8

(YGCCGGCRY)

M.RsoORF3438P M

V.RsoORF3438P
M.RsoORF570P
M.RsoORF869P

(pseudo)

RS_RS25190 WP_011003318.1

RS_RS17175

NC_003295.1

NC_003295.1

\

RS_RS19865 WP_011003871.1

M
M

NC_003296.1

NC_003295.1

17.3

(CCCAKNAVCR)

“% detect.” indicates the percentage of motif instances

detected as methylated through the SMRT sequencing in either strain. “Cons.” indicates the number of species from the reference panel in which the components of the RM system are conserved, as determined through reciprocal
BLAST. The =" symbol indicates missing RM components or their missing annotation in RefSeq records. (pseudo) indicates that the corresponding locus has been annotated as a pseudogene in RefSeq.

R denotes restriction enzymes, M methylases and V nicking enzymes associated with m5C—MTases. Bracketed motifs indicate tentative, unconfirmed mappings to RM systems.

chromosome of R. solanacearum GMI1000. Besides the fused
RM system targeting the CAACRAC motif, R. solanacearum
UY031 also harbors a type II RM system predicted by REBASE
to target a GANTC motif, although this motif was not detected
by SMRT sequencing. R. solanacearum GMI1000 carries an
additional type IT RM system, as well as two type II MTases,
but the CCCAKNAVCR and YGCCGGCRY motifs could not
be reliably assigned to predicted methylases in this strain. In
general, the RM systems and MTases not conserved between R.
solanacearum GMI1000 and UY031 do not present homologs
among other Ralstonia species and thus appear to have been
independently acquired by each strain.

Gene-Relative Distribution of Methylation
Marks

An analysis of mark distribution with respect to annotated
gene features in R. solanacearum strains GMI1000 and UY031
revealed that GTWWAC marks show a clear preference for the
upstream regions of annotated genes (38% of GTWWAC marks
vs. 8% of other motif marks) in both strains. Marks for all
other identified motifs show a strong association with intragenic
regions, as expected under a uniform model for methylation
activity (Supplementary Image 1). The skew observed for
GTWWAC marks cannot be explained simply by a difference in
the %GC-content of the GTWWAC motif, since such a dramatic
tendency is not observed for intergenic regions or among
non-motif associated marks. To contextualize the preference
of GTWWAC marks for upstream regions, we analyzed the
distribution of modification marks with respect to annotated
genes across the two R. solanacearum strains and a panel of 208
publicly available methylomes (Blow et al., 2016). Our results
indicate that the preference of GTWWAC marks for upstream
regions is exceptional among previously reported methylomes
(Figure 1). Even though there is substantial correlation between
motif %GC content and the fraction of marks mapping to
upstream and downstream regions (Pearson r = —0.41 and
r = —0.34, respectively; Supplementary Image 2), the preference
of GTWWAC marks for upstream regions is distinctly high
even when controlling for %GC content. Furthermore, among
all the previously reported motifs showing strong (1st percentile)
preference for upstream regions, only the GTWWAC motifs of
R. solanacearum strains GMI1000 and UY031 show also heavy
differential enrichment in upstream regions vs. downstream
ones, suggesting that upstream GTWWAC marks may play a
functional role in these R. solanacearum strains (Supplementary
Table 5).

Analysis of Conserved Methylation Marks

The presence of a conserved MTase associated witha GTWWAC
motif in both R. solanacearum GMI1000 and UY031 indicates
that the GTWWAC methylome most likely predates the split
between these two strains, enabling us to perform a comparative
analysis of detected methylation marks associated with this
motif (Supplementary Table 6). After detecting bona fide gene
orthologs between both strains, we identified their conserved
GTWWAC marks as those presenting at least 70% identity
in a gapless alignment of the methylation mark sequence
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FIGURE 1 | Fraction of modification marks mapping to upstream
regions of annotated genes across a panel of 210 methylomes. The
fraction of upstream marks is relative to the sum of marks mapping to
upstream, downstream, and intragenic regions of annotated genes in each
genome. The boxplot columns designate different datasets: non-motif
associated modification marks, motif-associated modification marks,
%GC-controlled (28-38% GC) motif-associated modification marks, and
marks associated with the widely distributed GTNAC and GTAC motifs. For
each column, the bracketed numbers in the abscissa legend indicate the
number of unique motifs in the dataset, the number of instances of those
motifs identified in the complete set of methylomes and the number of
organisms on which such instances were detected. The data points
corresponding to the R. solanacearum GMI1000 and R. solanacearum UY031
GTWWAC motifs are boxed.

context (41 bp) of both strains. Analysis of mark conservation
based on their location relative to annotated genes revealed
that GTWWAC marks located upstream and downstream of
annotated genes were much more likely to be conserved than
those mapping to intragenic regions (Figure2A). For marks
mapping to conserved orthologs, 60.5% were conserved between
both strains for upstream regions, 29.1% for intragenic regions
and 51.1% for downstream regions. This association between
mark location and conservation was not observed in marks
not associated to the GTWWAC motif (Figure 2B). Among
these, only intragenic regions showed a moderate amount
of conservation (3.21%), most likely arising from increased
sequence conservation within coding regions. The high fraction
of GTWWAC marks mapping to upstream regions in both
strains and their remarkable inter-strain conservation is hence
highly suggestive of a functional role.

To investigate the putative functional role of upstream
GTWWAC marks, we performed a comparative analysis of
conserved GTWWAC marks across a panel of 12 Ralstonia
species with complete sequenced genomes, using conserved non-
GTWWAC marks as a control. The results of this analysis were
in broad agreement with those obtained in the comparison
between R. solanacearum GMI1000 and R. solanacearum UY031
(Supplementary Table 6). The contexts of GTWWAC marks
were more frequently conserved than those of non-GTWWAC
marks in both upstream and downstream regions, although the
difference is significant (Mann-Whitney U p-value < 0.01) only
for upstream marks (Figure 3). Furthermore, among conserved

A GTWWAC methylation mark conservation
400 Missing ortholog ™ Not conserved ~ m Conserved
60.5%
350°1 [ 29.1%
2 300 1
£ 250 |
E 200 -
E 150 |
2
ki 51.1%
50 +
o - = ==
Upstream Intragenic Downstream
B Non-GTWWAC methylation mark conservation
issi hi 5] L
160000 Missing ortholog Not csur;!s;érved Conserved
140000 -
% 120000
£ 100000 -
-
§ 80000 -
E 60000 -
E 40000
2.5%
20000 1.6%
o | mlll | —
Upstream Intragenic Downstream
FIGURE 2 | Distribution of GTWWAC methylation marks conserved in
R. solanacearum GMI1000 and R. solanacearum UY031 as a function
of their | ion relative to genes. The plot shows the number
of GTWWAC methylation marks conserved in each location category.
Non-conserved marks are distinguished from those mapping to genes lacking
an identifiable ortholog in either strain. The relative conservation of GTWWAC
methylation marks in each region (excluding marks mapping to genes lacking
orthologs) is indicated on top of the bars. (A) GTWWAC methylation marks.
(B) Non-GTWWAC methylation marks.

mark contexts the 6 bp region corresponding to the GTWWAC
mark is significantly well-preserved for upstream marks, but not
for intragenic or downstream ones (Supplementary Image 3).
Analysis of the mutational profile along fully aligned mark
contexts revealed a clear pattern of sequence conservation
surrounding the GTWWAC mark region (positions 17-22) in
upstream regions (Figure 4). This pattern can also be observed
in downstream regions, but is completely absent in intragenic
regions and it was not observed in any region among non-
GTWWAC conserved modification marks. This is consistent
with a scenario of purifying selection acting on GTWWAC marks
in upstream and downstream regions.

Distribution of Upstream Sites in
Hyper-Methylated and Non-methylated
Loci

It has been proposed that the presence of upstream sites
matching a methylation motif but with no apparent methylation
may be indicative of an interplay between transcription factors
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FIGURE 3 | Conservation of GTWWAC and non-GTWWAC associated
marks across a panel of 12 F i

The plot shows the average number of genomes in which the R. solanacearum
GMI1000 context of a methylation mark is considered to be conserved
(alignment identities above 70%) for different regions (upstream, intragenic, and
downstream) relative to genes with orthologs in R. solanacearum GMI1000
and R. solanacearum UY031. Vertical bars indicate the standard error of the
mean. The p-values of a two-tailed Mann Whitney U-test between GTWWAC
and non-GTWWAC associated marks are provided on top of the bars.

and MTases, as evidenced by the well-studied Escherichia coli Pap
system (Braaten et al., 1994; Low and Casadests, 2008; Blow et al.,
2016). Conversely, an overabundance of upstream methylation
marks in certain loci might also be indicative of a functional
role, as in the case of DNA replication control (Lobner-Olesen
et al,, 2003; Blow et al., 2016). To further explore the functional
role of upstream GTWWAC sites, we identified loci with
non-methylated GTWWAC motifs in strains GMI1000 and/or
UYO031, as well as upstream gene regions with an overabundance
of conserved GTWWAC sites and with highly conserved
GTWWAC motifs. Only five genomic loci presented more
than one methylated GTWWAC site conserved upstream of
orthologous genes in the GMI1000 and UY031 strains (Figure 5;
Supplementary Table 7). These loci corresponded to the shared
upstream region of RS_RS16825 (a SET domain-containing
protein) and RS_RS16830 (a HU-like transcriptional regulator),
the megaplasmid replication protein RepA (RS_RS17200), the
tricarboxylate transporter component TctC (RS_RS14850),
the AidB isovaleryl-coenzyme A dehydrogenase homolog
(RS_RS01370) and the exopolysaccharide repressor EpsR
(RS_RS18775). In two of these upstream regions, the conserved
GTWWAC sites overlap (5 out of 6 positions) with the —35
boxes of predicted RNA polymerase binding sites (Figure 5).
This is particularly true for the upstream region shared between
the divergently transcribed RS_RS16825and RS_RS16830 genes,
where GTWWAC sites overlap with high-confidence promoter
elements in both strands. An analysis of all GTWWAC sites
detected in upstream regions with predicted promoters revealed
that more than 15% overlap predicted promoter elements
(5% of them in 5 out of 6 positions), indicating that such
arrangements are much more frequent than expected by chance
(Supplementary Image 4). In hypermethylated upstream regions
where GTWWAC sites do not show a clear overlap with —35
elements, they often define (RS_RS18775) or are part of larger

(RS_RS01370) palindromic elements that might be targeted by
transcription factors.

Most GTWWAC motif instances in both R. solanacearum
GMI1000 and R. solanacearum UY031 were detected as
methylated by SMRT sequencing. Our analysis revealed only
seven upstream regions with non-methylated GTWWAC sites
in either strain (Supplementary Table 8). Of these, only three
were conserved in both strains, but they displayed different
methylation states (Figure 5). The GTWWAC site upstream
of RS_RS12840, a putative DUF3313 domain-containing
lipoprotein, was non-methylated in both strains and overlapped
the —35 region of a putative promoter. In contrast, the site
upstream of RS_RS15735, a HipB-like transcriptional regulator,
was non-methylated in strain GMI1000, but hemi-methylated
in UY031. Lastly, the site upstream of RS_RS17560, a predicted
RelB antitoxin, was fully methylated in GMI1000, but non-
methylated in UY031. This site also overlapped a predicted
—35 element and was found to be adjacent to an additional
GTWWAC site in strain GMI1000 that is not conserved in
UY031. Analysis of GTWWAC site conservation across the
reference genome panel revealed two sites with fully aligned
sequence contexts in all reference genomes (Supplementary
Table 6). One of these sites mapped to the shared upstream
region of the divergently transcribed metK (RS_RS00660) and
IpxL (RS_RS00665) genes, where it overlaps the —35 element of
a predicted metK promoter (Figure 5).

NOG Category Enrichment Analysis

To elucidate whether MTases with associated motifs
preferentially target a functional subset of genes, we performed a
functional category enrichment of motif-associated methylation
marks based on their location (upstream, intragenic and
downstream) relative to the protein-coding genes mapping
to each Non-supervised Orthologous Group (NOG). Analysis
of both conserved and strain-specific GTWWAC marks
revealed no statistically significant enrichment in any NOG
category. In contrast, intragenic CAACRAC marks showed
significant enrichment for the M functional category (Cell
wall/membrane/envelope biogenesis) (Supplementary Table 9).
Analysis of the protein coding genes mapping to this NOG
category showed that the observed enrichment was mainly
driven by porins and membrane transporters, with a substantial
presence of RHS repeat-containing proteins (PF05593; Pfam,
RRID:SCR_004726) linked to type IV and type VI secretion
systems (Koskiniemi et al., 2013). Such association could not
be attributed to a simple overlap between repeat motifs and the
CAACRAC target motif, since the codons encoding the signature
motifs of RHS repeats (YD, RY and GR dipeptides) are not
contained within the CAACRAC pattern (Hill et al., 1994).

Genome-Wide Analysis of Modification
Profiles

Even when restricting the analysis to modification marks with
significant coverage, the fraction of modifications detected by
SMRT sequencing-based analyses that can be unambiguously
mapped to MTase activity remains consistently small (Schadt
etal.,, 2013; Blow et al., 2016). As it can be seen in Table 1, in both
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strains the majority (99%) of these modifications correspond to
unresolved modifications (i.e., SMRT sequencing was not able to
assign a specific modification type (m4C or m6A)). To investigate
whether these unassigned modifications might have a functional
role, we first performed a comparative analysis of unassigned
modification density for protein coding genes assigned to NOGs
in R. solanacearum strains GMI1000 and UY031. We identified
NOGs with unusually high unassigned modification density in
their upstream, intragenic and downstream regions as those
with a normalized modification density within the 5th percentile
for that region in both strains. This procedure identified 27
NOGs with unusually high modification density in each of the
analyzed regions (9 upstream, 15 intragenic and 3 downstream)
(Supplementary Table 10), but revealed no apparent functional
association among them. To further explore the possibility
of a functional role for unassigned modification density, we
analyzed the normalized modification density profile for the
chromosome and megaplasmid of the GMI1000 and UY031
strains, computed on overlapping 1,000 bp segments. Inspection
of highly-modified segments (3 standard deviations above the
average modification density) revealed a consistent association
between high modification density and annotated transposase
genes in R. solanacearum UY031 (Figure 6). This association

was positive and statistically significant in strain UY031 (Mann-
Whitney U p-value < 0.01, point-biserial correlation coefficient
r = 021, p < 0.01 (chromosome) and r = 0.25, p < 0.01
(megaplasmid), but was not detectable in GMI1000 [r = —0.03, p
< 0.01 (chromosome) and r = —0.09, p < 0.01 (megaplasmid)].
A systematic analysis of publicly available methylomes (Blow
et al, 2016) revealed that very few prokaryotic species
show a consistent association between hyper-modification and
annotated transposase genes. When detectable, this association
is strongest within the intragenic and downstream regions
of these genes, but this phenomenon was remarkably more
pronounced in R. solanacearum UY031 than in any other species
(Supplementary Table 11).

An examination of transposase genes in the R. solanacearum
UY031 genome showed that it contains a high copy number
of transposases (86) associated with the insertion sequence
ISrso3 (Jeong and Timmis, 2000). This number was much
higher than that observed in other R. solanacearum strains
and corresponded to 76% of all annotated transposase genes in
the UY031 genome (Supplementary Table 12). Accordingly, a
permutation analysis of normalized modification density for the
NOG associated with the ISrso3 transposase (ENOG4105F2I) in
strain UY031 confirmed that this NOG presented an unusually
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high modification density (p-value < 0.01) in its intragenic
and downstream regions, consistent with the aforementioned
association between modification density and transposase genes.
A positional analysis of modification marks on the 86 copies
of the ISrso3 transposase revealed a highly uneven pattern of
modification in these genes, with two large modification peaks
in their intragenic and downstream regions (Figure 7). Analysis
of these two modification peaks revealed that they are primarily
led by modification of positions 487 and 1,049. The context of
these two modification loci displayed only weak sequence identity
(TCNGATNNANNHNNGG), but the presence of modification
marks in 85 of the 86 ISrso3 transposase genes at these positions
suggested that they are the result of a systematic modification
process.

DISCUSSION

Distribution and Possible Roles of RM

Systems in Ralstonia solanacearum
Even though the nature of RM systems as primary bacterial
defense mechanisms has been firmly established (Tock and

Dryden, 2005), there is substantial evidence supporting many
additional roles for DNA methylation in bacteria (Low and
Casadests, 2008). Moreover, the nature and scope of their impact
on bacterial lifestyle and evolution has not been fully elucidated
(Vasu and Nagaraja, 2013). Several studies have taken advantage
of SMRT sequencing to analyze and compare the methylation
profile of closely related bacteria (Budroni et al., 2011; Krebes
et al,, 2014; Mou et al,, 2014; Nandi et al., 2015). Here, we
leveraged SMRT sequencing data for two relatively distant R.
solanacearum strains (Wicker et al., 2012) to shed light on
the diversity and possible roles of DNA methylation in this
agriculturally important plant pathogen. Our analysis reveals a
conserved architecture of RM systems across R. solanacearum
strains, which harbor a conserved type I RM system and
three conserved type II orphan MTases. The absence of this
type I RM system in other Ralstonia species, which contain
an unrelated type I RM system annotated in REBASE, points
to a major evolutionary event in the divergence of species
within this genus. Divergence in type I RM systems has been
shown to forestall genetic exchange and drive the evolution
in Staphylococcus aureus strains (Lindsay, 2010) and it seems
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therefore plausible that a similar role may have been played
by type I RM systems in the evolution of Ralstonia species.
Beyond the presence of conserved RM elements, R. solanacearum
strains also display a similar amount of non-conserved RM

systems and orphan MTases (Supplementary Table 4), that have
been presumably independently acquired by each strain. The
functional role of these systems remains to be elucidated, but our
analysis sheds some light onto their possible origin and function.
R. solanacearum UY031 harbors a type II fused RM system
targeting a novel m6A motif (CAACRAC). The gene encoding
this RM system (RSUY_RS05525) is located in a prophage region
identified by PHAST (PHAge Search Tool, RRID:SCR_005184)
as being similar to R. solanacearum phiRS603, a filamentous
phage of R. solanacearum (Zhou et al, 2011; Van et al,
2014; Guarischi-Sousa et al., 2016). The protein product of
RSUY_RS05525 has no homologs among completely sequenced
R. solanacearum genomes, but is present in the draft genomes
of seven other R. solanacearum strains. This supports the notion
that this fused RM system is phage-borne and has been recently
acquired by R. solanacearum. Given its recent acquisition, it is
unlikely that this RM system has been coopted for host-specific
functions in R. solanacearum UY031. However, the preferential
targeting of membrane-associated genes by the CAACRAC
motif (Supplementary Table 9), including several systems known
to mediate in intercellular competition (Koskiniemi et al.,
2013), suggests that it could potentially play a role in strain
differentiation and virulence.
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A Conserved Type Il MTase in Ralstonia
spp. Targeting Gene Promoter Regions

The detection and independent assignment of an identical
m6A methylation motif (GTWWAC) to orthologous loci in
R. solanacearum strains GMI1000 and UY031 (RS_RS09960
and RSUY_RS11230, respectively) allows us to conclusively
determine the association of this methylation motif with a
type II orphan MTase conserved in all completely sequenced
Ralstonia spp. genomes. Furthermore, reciprocal BLAST analyses
indicate that this M Tase is conserved across the Burkholderiaceae,
consistent with the recent identification of a similar methylation
motif in B. pseudomallei (Nandi et al, 2015). The broad
conservation of this orphan MTase across the Burkholderiaceae
family is suggestive of a functional role for GTWWAC
methylation. Consistent with this hypothesis, genome-wide
analyses of the distribution of GTWWAC methylation marks
relative to annotated genes in both R. solanacearum strains
revealed a highly pronounced preference for regions upstream
of annotated genes (Figure 1; Supplementary Image 1). Several
lines of evidence indicate that this preference does not stem
solely from the relatively low %GC content of the GTWWAC
motif. In particular, motifs with similar %GC content do not
display this bias (Figure 1), and the GTWWAC motif does
not exhibit such a pronounced preference for intergenic or
downstream regions (Supplementary Tables 4, 5). Together, these
data indicate that the observed preferential targeting of upstream
regions by the GTWWAC motif is unique among previously
reported motifs. Intriguingly, the association of GTWWAC
with upstream regions is three- and seven-fold higher than
the one observed in motifs with well-established roles in gene
regulation (GANTC and GATC, respectively; Figure 1) (Low
and Casadests, 2008; Marinus and Casadesus, 2009), suggesting
a functional role for GTWWAC methylation in upstream
regions.

The hypothesis of a functional role driving the association
of the GTWWAC motif with upstream gene regions suggests
that upstream GTWWAC methylation marks should also
be preferentially conserved. Comparison of GTWWAC mark
context conservation mapping to orthologous loci in R.
solanacearum GMI1000 and UY031 revealed that it is twice more
likely to be conserved in upstream regions than in intragenic
regions. This trend is not observed for non-GTWWAC mark
contexts, which tend to be more conserved in intragenic regions
(Figure 2). Furthermore, analysis of conserved mark contexts
across a reference panel of complete Ralstonia spp. genomes
reveals that GTWWAC mark contexts are also significantly more
conserved in upstream regions (Figure 3). This effect could be
partly ascribed to a biased distribution of upstream GTWWAC
marks targeting highly conserved (e.g., housekeeping) genes,
but NOG category enrichment of conserved GTWWAC marks
did not reveal such a systematic bias. Moreover, the positional
distribution of mismatches across a collection of fully aligned
GTWWAC mark context hits on reference panel genomes
revealed a clear footprint of sequence conservation surrounding
the GTWWAC motif in upstream regions (Figure 4), suggesting
that conservation of upstream contexts is largely driven by
purifying selection on GTWWAC marks. Taken together, the

preferential association of the GTWWAC motif with upstream
regions and the higher conservation of GTWWAC marks when
mapping to upstream regions provide strong support for a
functional role of GTWWAC methylation in gene promoter
regions.

Possible Functions of GTWWAC

Methylation

Hyper-methylation and hypo-methylation of loci have been both
put forward as possible indicators of a functional interplay
between methylation and biological processes operating on the
DNA sequences. For instance, attenuation of leucine-reponsive
regulatory protein (Lrp) binding to hemi-methylated target
sites and competition between Lrp and the Dam methylase
for GATC sites overlapping Lrp-binding sites is known to
modulate expression of the pap pilin promoter, driving phase
variation in E. coli (Braaten et al., 1994; Marinus and Casadesus,
2009). In a different context, competition for hemi-methylated
GATC sites between SeqA and Dam near the E. coli origin
of replication (oriC) and in the promoter region of the
dnaA gene is used to synchronize chromosomal replication
with cell division (Lobner-Olesen et al., 2003; Marinus and
Casadesus, 2009). Similarly, the CcrM methylase of Caulobacter
crescentus (targeting the GANTC motif but unrelated to Dam)
orchestrates the morphological differentiation of C. crescentus
cells by modulating a transcriptional cascade involving three
different regulators (DnaA, GcrA and CtrA) and occluding
access to the origin of replication (Marczynski and Shapiro,
2002; Marinus and Casadesus, 2009). Although several of the
precise mechanisms behind these regulatory processes involving
DNA methylation remain to be fully elucidated, the presence of
multiple methylation target sites in upstream regions and their
hemi- or non-methylated state are shared elements in all known
instances of DNA methylation interplay with cellular processes
(Low and Casadests, 2008; Marinus and Casadesus, 2009). In the
context of a comparative analysis, highly-conserved methylation
sites also appear as likely candidates for a functional role of DNA
methylation.

Analysis of loci with conserved non- and hemi-methylated
GTWWAC sites, loci containing multiple conserved GTWWAC
sites in their upstream regions and loci harboring highly-
conserved GTWWAC sites identified several genes that could
potentially be regulated by the GTWWAC MTase (Figure 5). It
is worth noting that GTWWAC marks overlap predicted —35
or —10 hexamers corresponding to RNA-polymerase binding
sites in seven out of the nine upstream regions identified
in the analysis, a fact known to play a role in modulating
gene expression via Dam and CcrM methylation (Marinus
and Casadesus, 2009). Among conserved non- and hemi-
methylated sites, GTWWAC sites overlap the —35 region of a
predicted lipoprotein (RS_RS12840) and a putative RelBE-like
toxin-antitoxin (TA) system (RS_RS17560-RS_RS17555). This
promoter region of this TA system is hemi-methylated in R.
solanacearum GMI1000 and non-methylated in strain UY031,
hinting at a differential process in DNA methylation that might
be linked to cell state. Regulation of TA systems through DNA
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methylation has not been reported to date. If confirmed, it could
provide a causative mechanism for programmed switching into
the viable but non-culturable (VBNC) state that R. solanacearum
is known to enter in certain soil conditions (Grey and Steck,
2001). In this context, the presence of a highly-conserved
GTWWAC site overlapping the —35 element of the predicted
promoter of a metK homolog is also intriguing. MetK synthetizes
SAM, the main methyl donor in E. coli, and its regulation
through DNA methylation could therefore define a feedback
loop governing DNA methylation in R. solanacearum. Moreover,
E. coli metK mutants are known to undergo filamentation
(Newman et al.,, 1998), suggesting that metK regulation through
DNA methylation could also be involved in cell cycle control.
The possibility that GTWWAC methylation might be involved
in cell-cycle control is substantiated by the identification of
a cluster of three conserved GTWWAC sites overlapping a
predicted —35 element upstream of the megaplasmid repA
locus (RS_RS17200). Even though these GTWWAC sites do
not overlap predicted ParA-binding sites, and hence seem
unlikely to define a Dam/CcrM-like mechanism of replication
control, they could potentially co-regulate repA expression and
thus contribute to modulate the proper partitioning of R.
solanacearum megaplasmids (Pinto et al.,, 2012).

The putative role of GTWWAC methylation in the regulation
of broad cellular processes in R. solanacearum is further
supported by the identification of three conserved sites in
the shared upstream region of the divergently transcribed
RS_RS16830 and RS_RS16825 genes. Given the large size of
this intergenic region (640 bp), the precise arrangement of
these GTWWAC sites, overlapping the —35 elements of high-
confidence predicted promoters for both genes, is strongly
suggestive of an interplay between GTWWAC methylation and
transcriptional initiation at these loci. RS_RS16830 encodes a
HU histone-like protein, annotated as DbhB in the Burkholderia.
DbhB homologs are known to be involved in genome-
wide DNA bending that modulates transcriptional regulation
in multiple loci of Pseudomonas aeruginosa (Bartels et al.,
2001). Furthermore, besides bending-mediated transcriptional
regulation, the E. coli HU protein also participates in control
of DNA replication through interaction with DnaA (Flashner
and Gralla, 1988). In this setting, it is worth noting that the
divergently transcribed RS_RS16825 encodes a predicted SET
domain-containing protein-lysine N-methyltransferase. Lysine
methylation of histones is known to play a key role in eukaryotic
epigenetic regulation by modulating histone activity (Qian and
Zhou, 2006), and a similar interaction could thus be conceivably
attributed to RS_RS16825 and the DbhB histone-like protein.
Lastly, DNA methylation has been shown to influence the
activity of several determinants of bacterial virulence, including
lipopolysaccharide synthesis (Filker et al., 2007; Marinus and
Casadesus, 2009). Our analysis revealed the presence of two
conserved GTWWAC sites upstream of the exopolysaccharide
repressor EpsR (RS_RS18775). These sites are close to (13 bp),
but do not overlap the predicted —35 promoter. Interestingly,
the two sites are only 6 bp apart and, together, define a
perfect palindromic repeat with an AT-rich spacer, which
could well be the target of a transcriptional regulator. These

observations suggest that EpsR transcription might be modulated
by GTWWAC methylation, which could represent an additional
layer of control on the synthesis of exopolysaccharide-I, a major
virulence determinant in R. solanacearum (Chapman and Kao,
1998; Schell, 2000).

Systematic Modification of Multi-Copy

Transposase Genes

Regulation of transposition though DNA methylation has
been experimentally described for several transposable elements
(Casadests and Low, 2006). In the well-studied Tn10 and
Tn5 transposons, Dam methylation of target sites impacts
transposition in two different ways (Dodson and Berg, 1989;
Kleckner, 1990). On the one hand, a GATC site overlapping
the -10 promoter element of the transposase gene is known to
activate transposase transcription when hemi-methylated. On the
other hand, hemi-methylation of a second GATC overlapping the
transposase IR site immediately downstream of the transposase
gene is also required for efficient binding of the transposase.
The presumed rationale for this arrangement is to synchronize
transposition with chromosome replication, thereby enhancing
the transmission of transposase genes while limiting their impact
on chromosome stability (Kleckner, 1990). Even though motif-
associated methylation sites were not preferentially detected
in transposases on either R. solanacearum strain, analysis of
unassigned modification marks revealed a clear, genome-wide
association between densely modified regions and transposase
genes in strain UY031, but not in GMI1000 (Figure6). A
similar association can be identified in a few other available
methylomes, but the effect is not as pronounced as in R.
solanacearum UY031, suggesting that this is an unusual property
of this particular strain. Closer inspection revealed that this
association was driven primarily by the presence of a high
number of ISrso3 transposases in the genome of strain UY031.
Interestingly, the modification pattern on ISrso3 genes was found
to be remarkably non-uniform, with two well defined peaks
within both the intragenic region and the region immediately
downstream of the transposase gene (Figure?7). These two
peaks do not coincide with previously described targets of DNA
methylation in transposases, pointing to a possible hitherto
unknown mechanism of transposase regulation or to a systematic
bias in the incorporation of modified bases during transposition.

Insights from Methylome Analyses into

R. solanacearum Biology and Evolution

Beyond its economic impact on crops around the world, R.
solanacearum is probably best known for its ability to infect a
wide variety of plant hosts, fueled by rapid adaptation, changes
in its effector repertoire and phylogeographic diversification.
Recent advances in sequencing technology have enabled the
analysis of genome-wide DNA modification profiles in bacteria,
but the biological relevance of such modifications remains largely
unknown. Our identification of a conserved m6A MTase in
Ralstonia spp. preferentially targeting gene upstream regions
and the observation that its methylation sites appear to be
under positive selection indicate that DNA methylation is
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likely playing an active role in modulating the expression of
many genes, including major transcriptional regulators and
several genes involved in virulence and cell-state regulation.
These results support the notion that DNA methylation could
act as an additional layer of control on the pathogenicity of
R. solanacearum, paving the way for targeted experimental
approaches to elucidate the nature and impact of DNA
methylation on R. solanacearum pathogenesis and its interaction
with different plant hosts. Our work also examines for the
first time the possible biological role of unassigned DNA
modifications. The observation that transposases from high-
copy insertion sequences are systematically modified and the
characterization of an active, phage-borne RM system in the
highly-virulent UY031 strain indicates that DNA modification
may be playing an active role in controlling horizontal
transfer in R. solanacearum, thus influencing its evolution and
phylogeographic diversification. Our findings hence indicate that
DNA methylation may play an important role in the pathogenesis
and adaptation of R. solanacearum strains to their plant hosts,
and should help focus subsequent in vitro and in vivo studies
aimed at determining the impact of DNA methylation in this
important bacterial phytopathogen.
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Suplementary Figure 3
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Additional results to publication 2

This section contains additional experimental results to the scientific publication entitled
“Comparative Analysis of Ralstonia solanacearum Methylomes”.

Effect of the MTase RSc1982 (GMI1000)/RSUY_RS11230 (UY031) in eps expression

The analysis of upstream regionsin R. solanacearum GMI11000 and UY031 genomes with different
methylation profiles in the GTWWAC motif, allowed the identification of several promoters of
known genes These genes included the EpsR, an already described repressor of eps transcription
(McWilliams et al. 1995), one of the main virulence factors in R. solanacearum (Denny and Baek
1991). Both strains, GMI1000 and UY031, appeared to have the same methylation pattern in the
GTWWALC sites.

To test whether methylation of the GTWWAC motif in upstream gene regions could affect gene
expression, the methyl-transferase (MTase) responsible for GTWWAC methylation was deleted in
the two strains. To this end, 1 kb-flanking regions of both MTase genes were PCR amplified from
genomic DNA, the kanamycin resistance gene from the pCM 184 plasmid (provided by S. Genin)
and the tetracycline cassette from the pG-T plasmid (Monteiro et al. 2012b). All amplifications
were performed with the Platinum Pfx DNA polymerase (Thermo Fisher Scientific). Resistance
cassettes were inserted between the side fragments of each gene by double-joint PCR (Yu et
al. 2004). RSc1982 from R. solanacearum GMI1000 was replaced by kanamycin and RSUY_
RS11230 from R. solanacearum UY031 with tetracycline after homologous recombination via
natural transformation (Boucher C.A. 1985). The list of oligonucleotides used to create the two
mutants are listed in Additional Table 1. To detect eps expression, the mutant constructions were
introduced in the corresponding wild-type (WT) strain containing the Peps::LuxCDABE fusion.

WT and mutant strains were grown in liquid rich B medium to measure eps expression. Since
eps transcription is dependent on bacterial density, a time-course experiment to monitor gene
expression was performed at three different starting bacterial concentrations: 108, 107 and 10°
CFU/ml. Eps expression is represented as Relative Luminescence Units (RLUs) normalized by
bacterial density. As shown in Additional Figure 1, eps expression is not altered by the absence of
the MTase in GMI1000 nor in UY031 at 108 nor 107 CFU/m starting bacterial densities (Additional
Figure 1 A,B,C,D). However, at the lowest starting cell density, eps expression was slightly reduced
after 14 hpi in both mutants compared to their respective WT strains (Additional Figure 1 E, F). In
either strain, eps expression was recovered to WT levels after 20 hpi.

These results suggest that the methylation state in epsR upstream region has an effect on eps
gene expression at certain bacterial densities, seeming especially dramatic during exponential
growth. The same behavior between GMI1000 and UY031 eps expression was expected, as both
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strains shared the same methylation pattern. It remains to be tested, whether genes whose
upstream regions show different methylation profiles in their GTWWAC motifs also have different
expression patterns between the two R. solanacearum strains. Finally, this data provides a first
hint of the potential epigenetic regulation on gene expression in R. solancearum. However, more
experiments need to be performed in the future to shed more light on the implications that DNA

methylation can have over virulence gene expression in this pathogen.

A B
300 300
250 250
8 200 g 200 —
o fa) 1
Q 150 Q 150
3 3
Z 100 Z 100
50 50
0 0
0 5 10 15 20 25 0 5 10 15 20 25
hpi hpi
C P D p
90 90
75 75
g g
o 60 o 60
S s
S5 45 S 45
- —
30 x 30
15 15
0 0
0 5 10 15 20 25 0 5 10 15 20 25
hpi hpi
E F p
40 z 40

30 30

20 20

RLU/OD,,,

3]

X*

RLU/OD,,

5

*
*
*
L

0 0
0 5 10 15 20 25 0 5 10 15 20 25
hpi hpi
—e— GMI1000 WT —— UY031WT
~o— GMI1000 ARSc1982 ~— UY031 ARSUY_RS11230

Additional Figure 1. Expression profile of the eps promoter in R. solanacearum strains GMI11000 and
UYO031 and their corresponding methyl-transferase mutants in rich medium.

The wild-type R. solanacearum strains GMI1000 (A, C, E) and UY031 (B, D, F) carrying the
Peps::LUuxCDABE construction (black lines) and their corresponding methylase mutants (RSc1982 and RSUY _
RS11230 genes, grey lines), were grown in liquid rich B medium. Growth and luminescence were measured
at different time points. Three starting bacterial concentrations were used: 10® CFU/ml (A,B), 10’ CFU/m|
(C,D) and 10° CFU/ml (E,F). Promoter activity is represented as relative luminescence units (luminometer
values divided by 10%) normalized by bacterial concentration, estimated by OD_ . Each value represents
the average of 3 technical replicates and error bars indicate standard deviations. Time-points marked
with an asterisk showed statistical reduction of eps expression in the MTase mutant compared to the WT.
Experiments were repeated at least two times with similar results.

76



Additional Table 1. List of primers used to generate mutant constructs of RSc1982 and
RSUY_RS11230.

Primer ID Sequence Properties
Tet-F2 CGTTAACCCTAGGGGATCCT Tc cassette ampli-
Tet-R2 GCACTAGTGATTAGTACTTCAAT fication from pG-T
plasmid
RecA-UY-F1 CATTTGATCCACAGGCCTTC 1st round PCR to
amplify right-flank of
RecA-UY-R1 CGCTGAGGATCCCCTAGGGTTAACGAACCTCTCCTATCCATGTCC RSUY_RS11230
RecB-UY-F3 CGATTGAAGTACTAATCACTAGTGCTTGCGTCAGAGCTCGATGCC | 1st round PCR to
RecB-UY-R3 GCGCCCACAAGGTGAACAAC amplify left-flank of
RSUY_RS11230
nest-UY-F GCGTTGCGACGGATCGGTCT Nest primers for 3rd
round PCR to replace
nest-UY-R GGGCAAGCCGCGCGTGATCG RSUY_RS11230
K-F2 TGGCGGCCGCATAACTTC K cassette amplifica-
tion from pCM184
K-R2 AGCTGGATCCATAACTTCGTAT .
plasmid
RecA-GMI-F1 CAAGCGCGAAGACCTGAACC 1st round PCR to
amplify right-flank of
RecA-GMI-R1 GCTATACGAAGTTATGCGGCCGCCAGCGTCAGAGATCGATGCCCG RSC1982
RecB-GMI-F3 | ATTATACGAAGTTATGGATCCAGCTAACCTCTTCAATCCATGTCC 1st round PCR to
RecB-GMI-R3  TCATGCGTACTCCTTGAATG amplify left-flank of
RSc1982
nest-GMI-F GGGCAAGCCGCGCGTGATC Nest primers for 3rd
nest-GMI-R | CGAGCGCCTGGCGGATGTC TIUmd [P 0 e e

RSc1982
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Marina Puigvert, Rodrigo Guarischi-Sousa, Paola Zuluaga, Nuria S. Coll, Alberto P. Macho, Jodo C.
Setubal i Marc Valls

Referéncia: Front. Plant Sci. 8:370.
doi: 10.3389/fpls.2017.00370

El marciment bacteria de les patateres, també anomenat podridura marré, és una malaltia
devastadora causada pel patogen vascular Ralstonia solanacearum que provoca pérdues
economiques significatives. Com en altres interaccions planta-patogen, els primers contactes
establerts entre el bacteri i la planta condicionen de forma important el resultat de la malaltia. En
aquest treball s’estudia el transcriptoma de R. solanacearum UY031 poc després de la infeccid en
dues accessions de patatera salvatge, Solanum commersonnii, amb diferents nivells de resisténcia
al marciment bacteria. Els ARNs total es van obtenir a partir d’arrels infectades asimptomatiques,
es van sequenciar i se’n van recuperar per a 4609 gens dels 4778 gens anotats al genoma de la
soca UY031. Només dos gens van resultar estar diferencialment expressats entre les accessions de
patatera resistent i susceptible, suggerint que el component bacteria juga un paper minoritari en
I'establiment de la malaltia. Per altra banda, 422 gens estaven expressats diferencialment (ED) en
comparacié amb els bacteris crescuts en medi ric sintetic. Només 73 d’aquests gens havien estat
previament identificats com a ED en un transcriptoma de R. solanacearum a partir de bacteris
extrets directament dels vasos xilematics de tomaqueres infectades. Alguns determinants de
virulencia, com per exemple el Sistema de Secrecié de Tipus Il i les seves proteines efectores,
estructures de motilitat i enzims detoxificadors d’especies reactives d’oxigen, estaven també
induits durant la infeccié de S. commersonii. Per contra, les activitats metaboliques van resultar
majoritariament reprimides durant la colonitzacio primerenca de I'arrel, amb I'excepcio notable
del metabolisme del nitrogen, la reduccid del sulfat i I'absorcié del fosfat. Molts gens de R.
solanacearum identificats com a sobreexpressats durant la infeccié no havien estat mai abans
descrits com a factors de viruléncia. Aquest és el primer informe que descriu un transcriptoma de
R. solanacearum obtingut directament de teixit infectat, aixi com el primer a analitzar I'expressio
genica bacteriana en les arrels, on té lloc la infeccid de la planta per part d’aquest bacteri. També
es demostra que el transcriptoma bacteria dins la planta pot ser estudiat inclds quan la quantitat
de patogen és petita, mitjancant la seqienciacid de transcrits de teixit infectat sense previ

enriquiment d’ARN procariota.
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Bacterial wilt of potatoes—also called brown rot—is a devastating disease caused
by the vascular pathogen Ralstonia solanacearum that leads to significant yield loss.
As in other plant-pathogen interactions, the first contacts established between the
bacterium and the plant largely condition the disease outcome. Here, we studied
the transcriptome of R. solanacearum UY031 early after infection in two accessions
of the wild potato Solanum commersonii showing contrasting resistance to bacterial
wilt. Total RNAs obtained from asymptomatic infected roots were deep sequenced
and for 4,609 out of the 4,778 annotated genes in strain UY031 were recovered.
Only 2 genes were differentially-expressed between the resistant and the susceptible
plant accessions, suggesting that the bacterial component plays a minor role in the
establishment of disease. On the contrary, 422 genes were differentially expressed (DE)
in planta compared to growth on a synthetic rich medium. Only 73 of these genes had
been previously identified as DE in a transcriptome of R. solanacearum extracted from
infected tomato xylem vessels. Virulence determinants such as the Type Three Secretion
System (T3SS) and its effector proteins, motility structures, and reactive oxygen species
(ROS) detoxifying enzymes were induced during infection of S. commersonii. On the
contrary, metabolic activities were mostly repressed during early root colonization, with
the notable exception of nitrogen metabolism, sulfate reduction and phosphate uptake.
Several of the R. solanacearum genes identified as significantly up-regulated during
infection had not been previously described as virulence factors. This is the first report
describing the R. solanacearum transcriptome directly obtained from infected tissue and
also the first to analyze bacterial gene expression in the roots, where plant infection takes
place. We also demonstrate that the bacterial transcriptome in planta can be studied
when pathogen numbers are low by sequencing transcripts from infected tissue avoiding
prokaryotic RNA enrichment.
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INTRODUCTION

Changes in pathogen gene expression control the switch from
a commensal to a parasitic relationship with the host, which
may subvert the host metabolism or development to the
pathogen’s benefit (Stes et al.,, 2011). However, there is still limited
information concerning how this is controlled. Understanding
how these trophic relationships initiate and persist in the
host requires deciphering the functional adaptations at the
transcriptomic level. Pioneer studies of the expression profiles
of bacterial animal pathogens in infected tissues showed that the
genes induced more strongly contributed to bacterial virulence
and/or survival in the host (reviewed in La et al., 2008).

Ralstonia solanacearum is the causal agent of the destructive
bacterial wilt disease in tropical and subtropical crops, including
tomato, tobacco, banana, peanut, and eggplant (Hayward, 1991;
Peeters et al., 2013). The disease in potato is also called brown
rot and is endemic in the Andean region, where potato is a
staple food, causing an important impact on food production
and the economy (Priou, 2004; Coll and Valls, 2013). Disease
control of bacterial wilt is very challenging, because of the
bacterium aggressiveness, its persistence in the field and the
lack of resistant commercial varieties in any of its hosts. Potato
breeding programs have used wild species related to Solanum
tuberosum, such as Solanum commersonii, as sources of resistance
against bacterial wilt (Kim-Lee et al., 2005; Siri et al., 2009).

As in most Gram-negative animal and plant pathogens, the
major pathogenicity determinant in R. solanacearum is the
type three secretion system (T3SS) (Boucher et al., 1987). This
system injects bacterial proteins called effectors directly into the
eukaryotic host cells to manipulate the host defenses and establish
disease (Buttner, 2016; Popa et al., 2016a). Amongst other factors
that contribute to R. solanacearum virulence are motility—either
caused by flagella or type IV pili- and the reactive oxygen species
(ROS)- detoxifying enzymes (Meng, 2013).

In vitro studies using microarrays allowed the study of
R. solanacearum virulence gene expression and the discovery of
novel regulatory networks (Occhialini et al., 2005; Valls et al.,
2006). However, the first studies on gene expression in planta
using quantitative reporters indicated that R. solanacearum
virulence genes showed unexpected expression patterns
(Monteiro et al., 2012). Contrary to what was believed based on
in vitro studies, it was demonstrated that the genes encoding
the T3SS genes and its associated effectors were transcribed in
planta at late stages of infection (Monteiro et al., 2012). These
findings were later confirmed in transcriptomic studies with
R. solanacearum extracted from infected tomato and banana
plants (Jacobs et al., 2012; Ailloud et al., 2016). However, these
studies in planta could only be performed from heavily colonized
plants, as limited pathogen biomass has hindered until recently
the investigation of gene expression at the early stages of the
interaction, when plants are still asymptomatic.

In a previous work, we demonstrated that rRNA-depleted
RNAs obtained from infected roots could be used to determine
the transcriptomic responses of S. commersonnii plants resistant
or susceptible to bacterial wilt through RNA sequencing (Zuluaga
et al, 2015). Here, we have used these sequences to extract

R. solanacearum UY031 transcripts in silico and have compared
them to the bacterial transcriptomes obtained in synthetic
media to investigate the pathogen RNAs expressed during early
infection. Our results reveal differential expression of a number
of known and putative transcriptional regulators and virulence
factors during early plant colonization, providing insight into
their role in infection.

MATERIALS AND METHODS

Bacterial Strains, Plant Accessions, and

Growth Conditions

The R. solanacearum isolate UY031, phylotype IIB, sequevar 1,
originally isolated from potato (Siri et al., 2011), carrying the
LUX-operon under the psbA promoter (Monteiro et al., 2012)
was used for all experiments. Bacteria were routinely grown in
rich B medium as described (Monteiro et al., 2012).

S. commersonnii accessions F97 (susceptible to bacterial wilt)
and F118 (moderately resistant) obtained from a segregating
population were used in this work and propagated in vitro as
described (Zuluaga et al., 2015).

Sample Preparation

As a control condition, bacteria were grown for 2 days on
rich solid medium without tetrazolium chloride or antibiotics
at the appropriate dilution to obtain separate colonies. Bacteria
were recovered from plates and mixed with 5% of an ice-cold
transcription stop solution [5% (vol/vol) water-saturated phenol
in ethanol]. Cells were centrifuged at 4°C for 2 min at maximum
speed and the bacterial pellet was immediately frozen in liquid
nitrogen.

For plant RNA samples, S. commersonii F97 and F118 roots
were inoculated as described in Zuluaga et al. (2015). Briefly,
plant roots from 2-week old plants grown in soil were injured
with a 1 ml pipette tip and inoculated by soil drenching with a
bacterial solution at 107 colony forming units (cfu)/ml. Control
plants were mock-inoculated with water. After inoculation,
plants were kept in a growth chamber at 28°C in long-day
conditions. Luminescence quantification was used to select plants
with comparable infection levels in the susceptible and the
resistant accessions, corresponding to approximately 10° colony
forming units per g of tissue (Cruz et al., 2014).

RNA Extraction, Sequencing, and Library

Preparation

Total RNA from bacterial cultures was extracted using the
SV Total RNA Isolation System kit (Promega) following the
manufacturer’s instructions for Gram-negative Bacteria. Infected
plant RNA extractions were carried out as described (Cruz
et al, 2014). RNA concentration and quality was measured
using the Agilent 2100 Bioanalyzer. For rRNA depletion, 2.5 jLg
of RNA were treated with the Ribo-zero( ) magnetic kit for
bacteria (Epicenter). Three biological replicates per condition
were subjected to sequencing on an Illumina-Solexa Genome
Analyzer II apparatus in the Shanghai PSC Genomics facility
using multiplexing and kits specially adapted to obtain 100 bp
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paired-end reads in stranded libraries. Raw sequencing data is
available in the Sequence Read Archive under the accession code
SRP096020.

Read Mapping, Quantification, and

Differential Gene Expression Analysis

FASTQC was used to evaluate the quality of the RNA-seq
raw data. R. solanacearum reads were identified from total
infected root sequences using Bowtie2 (version 2.2.6; Langmead
and Salzberg, 2012) as described in the results section. The
completely sequenced genome of strain UY031 (Guarischi-
Sousa et al., 2016) was used as reference. For identification of
R. solanacearum reads, the Burrows-Wheeler Alignment (BWA)
tool was initially used. However, a high number of reads
from mock-inoculated control samples mapped to the bacterial
genome (Table 1). Visual evaluation of these mapped reads using
the Integrative Genomics Viewer (IGV) tool (Robinson et al.,
2011; Thorvaldsdottir et al., 2013) showed that most contained
mismatches to the R. solanacearum genome sequence, indicating
that they likely belonged to contaminating bacteria. BWA was
thus assayed with more stringent parameters (-B 20-O 30-E 5-
U 85), to increase penalties for mismatches, gap openings, gap
extension, and unpaired read pairs, resulting in a reduction of
only half of the reads mapping to the genome. Finally, Bowtie2
was assayed, once more using stringent parameters to penalize
mismatches and gaps (-mp 30-rdg 25,15-rfg 25,15). In this
case, mapped reads levels in mock-inoculated plants could be
considered background compared to the high read numbers from
inoculated samples, thus, Bowtie2 was finally used in all samples
analyzed, including RNA-seq reads coming from in vitro grown
bacteria (Table 1). Alignments were summarized by genes on
counting tables using HTSeq-count (version 0.6.1 pl; Anders
et al,, 2015) and NCBI's reference annotation (genome features

were extracted from NCBI’s RefSeq sequences NZ_CP012687.1
and NZ_CP012688.1); alignments with quality lower than 10
were discarded. Differential expression (DE) analysis was carried
out with the DESeq2 (version 1.12.3; Love et al., 2014) package in
R (version 3.3.2). Benjamini-Hochberg procedure was used for
multiple testing corrections. Genes with log,(fold-change) >0.5
and g < 0.01 were considered as differentially expressed. We used
these thresholds to select for relevant and robust differentially
expressed genes. Final annotation of the genome was defined
based on the NCBI gene locus and the gene name and description
of the reference R. solanacearum GMI1000 genome annotation
(Supplementary Table 1).

Homology Analysis

get_homologs  (version  2.0;  Contreras-Moreira  and
Vinuesa, 2013) was used for searching R. solanacearum
UY031 homologous genes on R. solanacearum GMI1000,
R. solanacearum IPO1609 and R. solanacearum UW551 strains
as well as in Pseudomonas syringae pv. syringae B728a; NCBI
RefSeq  sequences GCF_001299555.1, GCF_000009125.1,
GCF_001050995.1, GCF_000167955.1, and GCF_000012245.1,
respectively. Default algorithm of bidirectional best-hits was
used on homologous genes search.

Functional Categories

R. solanacearum UY031’s genes were functionally categorized
using two different strategies. Firstly, functional categories from
Pseudomonas syringae pv. syringae B728a as defined by Yu
et al. (2013), were translated to R. solanacearum UY031 based
on homology information between the two strains. Although
the P. syringae-derived categories should be more specific and
accurate for another bacterial plant pathogen, almost 70% of
the R. solanacearum UY031 genes could not be classified using
this method. Therefore, a second strategy based on Clusters of

TABLE 1 | Number and percentage of aligned reads to the R. um UY031 from mock-il lated (Control) and inoculated Solanum
commersonii accessions.
BWA? BWA_stringentb Bowtie2_stringent
Condition® Replica Total reads Reads % Reads % Reads %
Resistant mock-inoculated 1 83867508 110859 0.1 66083 0.1 601 0.0
2 88913944 42040 0.0 25296 0.0 77 0.0
Resistant infected 1 71855042 348369 0.5 330968 0.5 290036 0.4
2 96470501 943974 1.0 924297 1.0 879112 0.9
3 23473454 249285 14 2341538 1.0 183728 0.8
Susceptible mock-inoculated 1 100234418 70173 0.1 40797 0.0 300 0.0
2 27594608 15060 0.1 8889 0.0 137 0.0
Susceptible infected 1 75368620 249382 0.3 232550 0.3 211561 0.3
2 93023963 2103356 2.3 2010284 22 1867585 2.0
3 24695183 518872 2.1 484873 2.0 410525 17

2Burrows-Wheeler Alignment.
bBurrows-Wheeler Alignment using stringent parameters as described in methods.
©Samples from Zuluaga, Solé, Lu, BMC Genomics, 2015.
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Orthologous Groups (COG) categories was applied. Genome
features were extracted from NCBI's RefSeq annotation and
cdd2cog.pl script (version 0.1; Leimbach, 2016) was used to
assign COG IDs and functional categories to the differentially
expressed genes (Supplementary Table 1).

RESULTS

Obtaining R. solanacearum Sequences

from Infected Root Tissues

c¢DNA libraries from rRNA-depleted RNAs isolated from
S. commersonii roots inoculated with R. solanacearum were
sequenced using Illumina technology as previously reported
(Zuluaga et al,, 2015). To generate the transcriptomic profile
of the bacteria growing inside root tissues, R. solanacearum
UY031 sequences were obtained following the pipeline detailed
in Figure 1. First, reads from mock-inoculated plants were used
as a control to determine the best alignment tool to map against
the R. solanacearum UY031 reference genome (Guarischi-Sousa
et al., 2016; see material and methods). The Bowtie2 alignment
tool with stringent parameters was used, as it retained a number
of R. solanacearum reads in mock-inoculated plants that could

R. solanacearum Transcriptome Inside Wild Potato

be considered background levels compared to the high read
numbers from inoculated samples (Table 1). All samples were
analyzed with Bowtie2, including RNA-seq reads coming from
in vitro grown bacteria. We determined that around 1% of
the total sequenced reads from plant tissues corresponded to
R. solanacearum and these were retained for further analyses.
S. commersonnii sequences accounted on average for 63.15% of
the total reads sequenced and the remaining reads corresponded
mostly to contamination by other bacterial endophytes. The
retrieved bacterial sequences were quantified and differentially
expressed (DE) genes comparing the different conditions were
determined. Total RNAs from infected S. commersonii enabled
transcript quantification for over 96% of R. solanacearum UY031
predicted genes (4,609 out of the 4,778; Guarischi-Sousa et al.,
2016).

Similar R. solanacearum Genes Are
Differentially Expressed upon Infection of
Resistant and Susceptible S. commersonii
Plants

In order to compare the R. solanacearum gene expression
patterns during infection of resistant and susceptible wild potato

Solanum commersonii
Infected and mock-inoculated

Resistant Susceptible

UYo31's

genome

(fasta)

& . ‘ .
Ribo-zero |* [ [ | -
+ | Reads _.|Alisnmentsj ——=| Count -| DE genes

RNAseq (fastq) | l (bam) || table

Mapping |

evaluation |

Solid rich B medium

Ralstonia solanacearum UY031

FIGURE 1 | Workflow of the transcriptomic analysis. RNAseq was carried out from roots of infected and mock-inoculated Solanum commersonii resistant and
susceptible varieties and from bacteria grown in solid rich B medium. Three biological replicates were used for each condition. Total extracted RNAs were treated with
Ribo-zero to remove rRNA and sequenced using lllumina technology. Raw reads were aligned against the R. solanacearum UY031 genome using different alignment
tools and mapping was visually evaluated with the IGV Browser. Mapped reads were quantified using count tables and differential expression (DE) analysis was
carried out.

Frontiers in Plant Science | www.frontiersin.org 4 March 2017 | Volume 8 | Article 370



Puigvert et al

R. solanacearum Transcriptome Inside Wild Potato

plants, we analyzed separately the bacterial reads obtained from
infected S. commersonii accessions F118 and F97, respectively.
Surprisingly, only two out of the 4,609 genes for which
expression was detected showed differential expression between
the two genotypes. The differentially-expressed (DE) genes,
RSUY_RS08455, and RSUY_RS16950, were both up-regulated
in bacteria grown inside the resistant accession (Table 2). The
first gene corresponds to an uncharacterized member of the
MarR transcriptional regulator family, while the second encodes
a hypothetical protein.

Since R. solanacearum showed extremely similar (>99.9%)
transcriptional  behavior during interaction with both
S. commersonii accessions, bacterial reads from both accessions
were treated as biological replicates in the rest of this study.

R. solanacearum Activates Stress-Related
Genes and Shuts Down Metabolic

Activities during Early Root Colonization

The R. solanacearum in planta gene expression dataset was
compared to a reference condition consisting of bacteria grown
on solid rich B medium. Bacteria grown on solid medium
were used as the reference condition instead of liquid cultures.
R. solanacearum colonies grown on solid media better mimic the
biofilms and microcolonies formed by R. solanacearum during
early infection, when most bacteria occupy plant intercellular
spaces (Mori et al., 2016). A total of 422 genes were differentially
expressed during pre-symptomatic infection (231 up-regulated
and 191 down-regulated), compared to growth on rich medium
(Supplementary Table 2). These DE genes were classified into the
functional categories previously used for gene expression studies
in the plant pathogenic bacterium P. syringae (Yu et al., 2013;
Supplementary Table 3). The number of successfully classified
genes in each category was quantified in differentially induced
or repressed groups and in the whole genome as a reference
(Figure 2). This analysis revealed four categories highly over-
represented in the up-regulated genes and under-represented
in down-regulated genes: stress, secretion, chemosensing, and
motility and phage and insertion sequences (IS). These categories
represent together approximately 20% of the total induced genes
in planta. The opposite trend (under-representation in up-
regulated and over-representation in down-regulated genes) is
observed in the categories including genes for transport and
metabolism of amino acids and carbohydrates. In addition,
the categories replication and DNA repair, transport, fatty
acid metabolism and cofactor metabolism are strongly under-
represented amongst the up-regulated genes in planta (Figure 2).

We used the P. syringae categories because they were created
to describe the genes of a bacterial plant pathogen and are
thus very informative for this study. However, the same analysis
was carried out using the widely used but more general
COG categories, and the results confirmed the previously-
described tendencies (Supplementary Figure 1). Genes involved
in carbohydrate, amino acid, lipid, cofactor, and secondary
metabolism were over-represented among those down-regulated
in planta. A clear enrichment of replication, cell motility and
recombination and repair (where IS elements are included)
was observed in the up-regulated genes. Interestingly, a clear
asymmetry was seen for unclassified genes in this case, for they
represent 40% of the up-regulated but only 7% of the down-
regulated genes.

Closer scrutiny of the up-regulated genes in the plant revealed
that the category secretion included 11 genes encoding the T35S
and its associated effectors and four chemosensing and motility
genes, coding for pilus assembly and flagellum transcriptional
activators (Table 3).

Taken together, these results show a major induction of stress-
related activities and an inhibition of the central metabolism
when the bacterium grows in planta compared to synthetic
media.

R. solanacearum Virulence Genes Are
Differentially Expressed in Wild Potato
Roots

Among the 422 genes DE during S. commersonii root
colonization, 34% (80 induced and 65 repressed genes) had
been identified in previous studies analyzing gene expression of
R. solanacearum cells recovered from infected plant stems (see
references below). Notably, 73 genes were also DE in microarray
analyses of R. solanacearum UW551 -a phylotype IIB strain
highly similar to UY031- isolated from tomato (Jacobs et al.,
2012). Also, 42 genes have been shown to be induced in a
temperature-dependent manner when bacteria grew in tomato
xylem or rhizosphere (Bocsanczy et al., 2014; Meng et al., 2015).
In addition, 31 DE genes (most of them induced in planta) are
part of either the HrpB or HrpG regulons, which are known
to trigger expression of the T3SS and other virulence genes in
response to direct plant cell contact (Valls et al., 2006).

Amongst the R. solanacearum genes induced during plant
colonization, 31 encode already reported virulence traits
(Table 3). As expected, genes encoding the T3SS (hrpY, hrpX,
hrpK, hrcT) and some of its related effectors (ripV2, popC,
ripD, popF1, awr5_1, popB, and popA) were induced inside the

TABLE 2 | R. solanacearum UY031 genes diffi ially exp din vs. susceptible S. commersonii.

UY031 NCBI locus? UY031 Prokka locus® GMI1000 locus® Gene product LogoFC Adjusted p-value
RSUY_RS08455 RSUY_17320 RSc1295 MarR family transcriptional regulator 2.37 0.0004
RSUY_RS16950 RSUY_34650 RSp0403 hypothetical protein 2.53 0.0017

2According to R. solanacearum UY031 genome annotation available at GenBank (NCB).

"Accord/‘ng to R. solanacearum UY031 genome annotation from Guarischi-Sousa et al. (2016).

CAccording to the homology Supplementary Table 1.
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% of genes

FIGURE 2 | Percentage of DE genes classified into Pseudomonas syringae-derived functional categories (Yu et al., 2013). Genes DE between growth in
planta vs. rich medium were classified according to the functional categories described for P syringae (Yu et al., 2013). Categories were grouped by function similarity
for better visualization (Supplementary Table 4). As a reference, functional category distribution considering all annotated genes in the UY031 genome is shown.

1 Up-regulated
® Down-regulated

= Genome [

plant (Boucher et al., 1987; Cunnac et al., 2004). Motility and
adherence genes were also up-regulated, including type IV pili
(pilG, pilH, pilN, pilM, pilY, pilW, and fimV), as well as the
transcriptional activators of the flagellum genes flhC and flhD
(Kang etal., 2002; Tans-Kersten et al., 2004). Other induced genes
encoding described factors that are key for bacterial virulence
included hdfA (Delaspre et al., 2007), efe (Valls et al., 2006),
metE (Plener et al,, 2012), and rpoNI (Lundgren et al., 2015;
Ray et al., 2015; Table 3). Peroxidases, catalases (katE, katG)
and alkyl hydroperoxide reductases (ahpCI, ahpF), which have
been described to combat the oxidative stress response during
plant infection (Rocha and Smith, 1999; Flores-Cruz and Allen,
2009; Ailloud et al., 2016) were also induced. Similarly, the
flavohemoprotein hmpX, involved in NO-detoxification (Dalsing
and Allen, 2014), was also induced.

In contrast, only 10 reported virulence determinants were
down-regulated, including the type III effectors ripQ, ripS2,
and ripTPS, the quorum sensing regulator soll (Flavier et al,
1997) and the Type II secretion system genes gspE, gsp]
(Table 3).

R. solanacearum Genes for Plant
Colonization Are Differentially Expressed in

S. commersonii Roots

Thirty-six R. solanacearum genes previously described as related
to plant colonization in gene expression studies in other plant
species were also induced in potato. Few metabolic genes were
induced in planta, being an exception nadB2, involved in the
degradation of L-aspartate in the xylem (Brown and Allen, 2004)
and the ptsN and narL nitrogen metabolism genes, known to

be active during plant colonization (Dalsing and Allen, 2014;
Dalsing et al., 2015; Table 3).

Amongst the down-regulated genes, 42 had also been
described as specifically down-regulated during plant
colonization (Jacobs et al, 2012). Most repressed genes
encoded metabolic enzymes and transporters. Examples are
the xylose transporters xylE, xylG, and xylH, glycine catabolism
genes gcvP, gevT, and gevA, the adenilate cyclase coding gene
RSUY_RS02845, four siderophore biosynthesis genes and 11
genes involved in amino acid metabolism (Table 3). Also, the
stress response gene speE2 and five transcriptional and response
regulators were repressed in planta.

Novel Putative Virulence Genes and
Metabolic Traits Involved in Early Stages of

Wild Potato Infection by R. solanacearum
Transcriptomic analysis of S. commersoni early root infection
revealed highly induced R. solanacearum virulence factors still
uncharacterized in this pathogen that may play a role at this
stage of the interaction with the host. An example of this is
suhB, a global virulence regulator controlling the type III and
type VI secretion systems, flagellum biosynthesis, and biofilm
formation in the human pathogens Burkholderia cenocepacia and
Pseudomonas aeruginosa (Rosales-Reyes et al,, 2012; Li et al,
2013). Similarly, a P. aeruginosa orthologue of the in planta
induced type IV secretion gene Rhs has been described as a
virulence determinant (Kung et al., 2012).

Metabolic traits that might be key at this point of plant
infection are the assimilatory sulfate reduction pathway and
phosphate mobilization, since cysD, cysN, and cysI (sulfate
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reduction) and pstB and pstSI (phosphate mobilization)
were induced during S. commersonii root infection. Also,
carbonic anhydrase (RSUY_RS16085), which plays a role in
disease establishment between potato and Phytophthora infestans
(Restrepo et al., 2005), was also found to be up-regulated in the
R. solanacearum interaction with wild potato.

The most important category amongst the R. solanacearum
genes down-regulated in S. commersonii with so far no assigned
functions in plant colonization or virulence was metabolite
transporters. Almost half of these corresponded to the ABC-
family, including five amino acid transporters. In contrast, the
seven major facilitator superfamily (MFS) transporters found
in this category are involved with carbohydrate transport.
The rest of genes were classified as permeases or RND
(Resistance-Nodulation-Division) efflux systems (Table 3). The
major metabolic activities identified as repressed in planta for the
first time were lipid mobilization and cofactor metabolism, such
as the anaerobic cobalamin biosynthesis operon (cbiA, cbiG, and
cbiL), and stress-response genes such as rtcA and rtcR, involved
in RNA repair (Das and Shuman, 2013).

In sum, our work reflects important gene expression changes
between parasitic life and growth in rich medium (see below).
This was corroborated by the fact that seven genes annotated
as response regulators were also DE, five of them induced
(Table 3).

DISCUSSION

Some R. solanacearum Virulence and
Stress-Responsive Genes are Induced

Irrespective of the Plant Host

1/3 of the R. solanacearum genes DE during potato infection had
been also found DE when the bacterium colonized other plant
species and many of these correspond to virulence determinants.
For instance, we found that genes encoding the type III secretion
system and its associated effectors (popA, popB, popC, popF1I,
ripD, ripV2, and awr5_I) were induced in potato (Table 3).
Except for awr5_1, all these effectors had already been described
as up-regulated when the bacterium grew in tomato and in melon
(Ailloud et al., 2016), likely indicating that they are part of the
minimal gene set required for bacterial virulence. Similarly, the
effector ripTPS was down-regulated both in potato (Table 3) and
during the interaction with melon (Ailloud et al., 2016). Also
sharing similar up-regulation in potato (Table 3) and tomato are
the transcriptional activators fIhC and fIhD (Jacobs et al., 2012),
which regulate flagellum-encoding genes (Tans-Kersten et al.,
2004) and the nitrogen metabolism genes narL, ptsN, and hmpX
(Dalsing and Allen, 2014; Dalsing et al., 2015), implying that
they all play a key role during plant infection. Additional genes
induced during potato colonization had been described as key
for virulence on other plant hosts, including small molecule hdfA
(Delaspre et al., 2007), the ethylene forming enzyme efe (Valls
etal., 2006), the methionine metabolism gene metE (Plener et al.,
2012) and the alternative sigma factor rpoNI1 (Lundgren et al,
2015; Ray et al., 2015). These factors may be also considered
essential for growth in planta, irrespective of the infected species.

Frontiers in Plant Science | www.frontiersin.org

12

March 2017 | Volume 8 | Article 370



Puigvert et al

R. solanacearum Transcriptome Inside Wild Potato

Several transposable elements had been identified in an in vivo
screening for genes expressed during R. solanacearum growth
in tomato plants (Brown and Allen, 2004), and we found 16
transposases up-regulated in potato (Table 3). This may reflect
common stressing conditions in various plant hosts, as stress
is known to turn on transcription of transposable elements in
various organisms (Capy et al., 2000). Oxidative stress seems also
a condition generally encountered by R. solanacearum in plant
tissues, as peroxidases, catalases, and peroxiredoxins, required for
the bacterium to combat this stress in different plants (Rocha and
Smith, 1999; Flores-Cruz and Allen, 2009; Ailloud et al., 2016),
were also induced in potato.

Changes in the Host Environment and/or
the Disease Stage May Account for
Opposing Bacterial Virulence Gene
Expression in Different Plants

Some of the R. solanacearum virulence genes DE in potato
showed opposite trends in other host plants. ripQ and ripS2,
two of the three type III secreted effectors inhibited in potato
were, respectively, upregulated and not DE in melon, tomato
and banana (Ailloud et al, 2016). Interestingly, these two
downregulated effectors, together with the also repressed stress
response gene speE2, are located in a genomic region that is
deleted in the avirulent R. solanacearum strain UY043 (Siri et al.,
2014), which suggests their involvement in bacterial virulence.
Similarly, the effector awr5_1, which was described to trigger
hypersensitive response (HR) in tobacco and to inhibit the TOR
pathway (Sole et al., 2012; Popa et al., 2016b), showed opposite
regulation in potato when compared to tomato and melon
(Ailloud et al., 2016), suggesting that it may play host-specific
roles. Similarly, genes pilG, pilH, pilN, pilM, pilY, and pilW,
coding for structural components of the type IV pili involved in
twitching motility and adherence (Liu et al., 2001; Kang et al.,
2002) were induced in the current work but repressed in other
plant species (Jacobs et al., 2012).

In addition, some virulence determinants well-described as
induced during growth in planta were repressed or not DE
in potato. Remarkably, the exopolysaccharide synthesis and
regulation genes (eps) as well as most known cell wall degrading
enzymes (pehA, pehB, pehC, egl, and cbhA), which are virulence
determinants (Schell, 2000) induced during tomato infection
(UWS551 strain) infection (Jacobs et al., 2012) were absent from
the potato DE dataset.

Differences in the host environment or in the tissue
environment and disease stage are the two most plausible reasons
for the discrepancies between virulence gene expression data in
potato and in other plant hosts. We favor the latter explanation,
as our samples were collected from bacteria growing in the root
(including apoplastic and xylematic bacteria) at early times after
inoculation while all previous transcriptomic work had been
performed from bacteria extracted from xylem at later infection
stages.

Three independent observations support the existence of
stage-specific environmental cues that differentially affect gene
expression in this work compared to previous studies. First, genes

that are induced at high bacterial densities are absent from the
potato DE genes. Examples are the mentioned exopolysaccharide
synthesis genes or the quorum sensing regulator soll, repressed
in our conditions but slightly induced in bacteria isolated from
the tomato shoot xylem (Jacobs et al., 2012). In the low bacterial
cell densities in the roots the phcA cell-density regulator was
not induced, impeding soll or eps expression (Huang et al.,
1995; Flavier et al., 1997). Second, three out of the six type III
effectors that are induced in potato were described as secreted
at early stages (Lonjon et al., 2016), two of them (popFI and
popA) also proposed to play an important role in the first steps
of infection (Kanda et al., 2003). On the contrary, only two out
of the 38 described as “late” effectors (ripD and popC) were
induced in our root transcriptome. Third, the afore-mentioned
transcriptional regulators fIhC and flhD responsible for the
activation of the flagellum genes were up-regulated in potato root
samples (Table 3) and also in the tomato xylem (Jacobs et al.,
2012), but only in the latter were the flagellum structural genes
induced, suggesting that the potato transcriptome represents an
earlier stage where complete activation of this regulon has not
yet occurred. These observations imply that our transcriptome
represents a snapshot of a precise stage of the genetic programs
deployed consecutively during plant colonization.

Finally, we cannot rule out that changes in R. solanacearum
DE genes in different studies are due to the use of different
strains. Differing transcriptomes of two R. solanacearum strains
in the same plant environment have already been reported
(Ailloud et al., 2016). However, the fact that previous gene
expression studies were performed with strain UW551, which
is genetically extremely close to UY031 used here, render this
explanation unlikely. Standardization of the plant inoculation
and sampling procedures and a systematic analysis of plant-
pathogen interactions dissecting gene expression over time in a
defined strain-host pathosystem would clarify the nature of the
observed discrepancies between transcriptomic studies.

The R. solanacearum Metabolic State
during Potato Root Colonization

From the transcriptomic information gathered in this work,
we can infer for the first time the environmental conditions
encountered by R. solanacearum in the root, the site where plant
infection takes place.

A first observation is that the bacterium seems to start to
run out of O,. An indication of this is the highly induced
Cbb3-cco, a high affinity cytochrome ¢ oxidase known to
contribute to the growth of R. solanacearum and other bacteria
in microaerobic or anoxic environments (Colburn-Clifford and
Allen, 2010; Hamada et al., 2014), such as the plant xylem
(Pegg, 1985). Upregulation of the low O, affinity cytochrome
ubiquinol oxidase genes cyoA1I and cyoBI reinforces the notion of
a microaerobic rather than an anoxic environment. In agreement
with this, nrdB, which is required for growth in aerobiosis
(Casado et al., 1991), was up-regulated, and nrdG and nrdD,
required in strict anaerobiosis (Garriga et al., 1996; Ailloud
et al, 2016) were not induced. Further, the cbiA, cbil, and
cbiG genes, which are involved in anaerobic cobalamin synthesis
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(Roessner and Scott, 2006), were repressed. Another indication of
microaerobic conditions is the induction of genes driving nitrate
and sulfate anaerobic respiration. Examples are the cys genes,
involved in the assimilatory sulfate reduction pathway (Kredich,
1992), ptsN—a nitrogen-dependent regulatory protein, rpoNI,
-the global nitrogen regulator- and narL -the nitrate/nitrite-
responsive transcriptional regulator- were all induced in wild
potato roots. All these findings suggest that during early root
infection R. solanacearum is experiencing the transition from an
aerobic environment to the anaerobic conditions established at
the onset of disease during xylem colonization (Ailloud et al.,
2016).

Another take home message from the root transcriptomes
is that few central metabolic pathways seem to be active.
It was previously described that a large proportion of the
R. solanacearum genes involved in amino acid metabolism
and transport was down-regulated during growth in the xylem
(Ailloud et al., 2016) and we found that this was also the
case during growth in the root tissues at early stages of
infection. For instance, the glycine catabolism genes gcvP,
gevT, and gevA as well as the dipeptide uptake gene dppDI
were repressed in both cases (Table3; Ailloud et al., 2016).
Other R. solanacearum metabolic genes previously known to
be repressed in planta also down-regulated here included
carbohydrate metabolism genes such as the xylose transporter
operon xyl[FGH and Glucosamine 6-phosphate synthetase, the
key enzyme controlling amino sugar biosynthesis (Milewski,
2002; Jacobs et al., 2012). Lipid metabolism was also strikingly
repressed during root colonization. Out of the 21 DE genes
involved in lipid mobilization, only 2 have been found in previous
gene expression studies in R. solanacearum (Table 3; Jacobs et al.,
2012). Thus, the downregulation of lipid metabolism could be
specific to early infection stages or to wild potato colonization.
In this sense, lipid metabolism has been reported to play an
important role during plant-host interactions by modulating
defense responses in plants and pathogen infection (Casadevall
and Pirofski, 2001; Wenk, 2006). Cofactor metabolism was also
repressed including the folate synthesis gene pabB (Table 3),
already known to be down-regulated in planta (Shinohara et al.,
2005), the cobalamin biosynthesis genes and adenilate cyclase.
Repression of adenylate cyclase, which is a global metabolic
regulator in bacteria (Ullmann and Danchin, 1980), illustrates
the magnitude of the metabolic shutdown experienced by
R. solanacearum in the roots of S. commersonii.

In contrast with the global metabolic shutdown, aspartate
and tryptophan catabolism genes were up-regulated when
R. solanacearum grew in the plant roots. The aspartate catabolism
gene nadB2 had already been identified as an essential gene for in
planta growth in an in vivo screening (Brown and Allen, 2004).
Interestingly, aspartate is the second most abundant aminoacid in
the tomato apoplast and less so in the xylem (Zuluaga et al., 2013),
which is in agreement with the bacterium mostly thriving in the
apoplastic root spaces at the early infection times analyzed. Also
induced was the Tryptophan 2,3-dioxygenase. Concentrations
of this aminoacid are high at lateral root emergence sites
(Jaeger et al, 1999), and it was suggested that it is also
present in the tomato apoplast (Yu et al., 2013). Induction of

tryptophan catabolism would thus be indicative of early plant
colonization.

These results likely indicate the existence of a trade-off
between the expression of virulence and metabolic genes.
This has already been described in a previous study where
the quorum-sensing-dependent regulatory protein PhcA
regulated a trade-off between production of R. solanacearum
exopolysaccharides and bacterial proliferation (Peyraud et al,
2016).

Proposed New Virulence Determinants

Important for Early Root Colonization
RSUY_RS08455 and RSUY_RS16950 were found to be
upregulated in a resistant S. commersonii accession compared to
a susceptible one (Table 2), as well as during root colonization
compared to rich medium (Table 3). Although these genes also
appeared in the microarray transcriptome of bacteria extracted
from infected tomato xylem vessels (Jacobs et al., 2012), they
have not been characterized.

Similarly, the gene encoding an avrD-like protein was up-
regulated in tomato xylem (Jacobs et al., 2012) and in wild
potato (Table 3). AvrD is required in P. syringae for the synthesis
of syringolide, small molecules that can elicit a hypersensitive
response on resistant plants (Keen et al., 1990; Mucyn et al.,
2014). In R. solanacearum the avrD-like protein encoding gene
is activated by the master virulence regulator HrpG (Valls et al.,
2006). Considering the persistence of these three genes among
the up-regulated during plant colonization, we suggest that
they encode for potential virulence factors, probably necessary
independently of the host or the infection stage.

Three genes found up-regulated in S. commersonii (suhB,
rhs and the carbonic anhydrase gene RSUY_RS16085, Table 3)
have been involved in bacterial virulence on animals and
constitute putative virulence genes in R. solanacearum. Although
classified as a phosphate mobilization gene (Table 3), suhB
is a super-regulator involved in the proper rRNA folding
(Singh et al,, 2016). It plays a role in virulence of animal
bacterial pathogens, influencing T3SS, T6SS, flagellum and
biofilm regulation and probably acts in opposite ways in
different bacteria (Rosales-Reyes et al., 2012; Li et al.,, 2013).
Interestingly, SuhB differential expression was also observed
in two R. solanacearum strains (Meng et al, 2015). The
function of Rhs (Rearrangement Hot Spot) proteins is ill-
defined but they are considered to promote recombination
(Lin et al., 1984). Interestingly, a member of the Rhs family
was described to be induced during infection and associated
with increased bacterial numbers and decreased survival in
mice during pneumonia caused by P. aeruginosa (Kung et al.,
2012). Finally, carbonic anhydrase catalyzes the inter-conversion
between carbon dioxide and bicarbonate but is also required for
growth of many animal pathogenic microorganisms (Capasso
and Supuran, 2015). In addition, a role in disease establishment
between potato and Phytophthora infestans was also reported
(Restrepo et al., 2005), suggesting the possible implication of
CAs during host colonization. These evidences suggest that suhB,
rhs, and RSUY_RS16085 encode putative virulence factors shared
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between gram-negative bacterial pathogens that infect animals
and plants.

The assimilatory sulfate reduction pathway (cysD, cysN, and
cysI) and the phosphate mobilization (pstB and pstSI) were
also induced during root colonization (Table 3). cysD and cysN,
encode an ATP sulfurylase that produces APS, which can be
in turn reduced to PAPS to ultimately synthesize cysteine by
cysl. A study carried out in a closely related plant pathogenic
bacterium, Xanthomonas oryzae pv. Oryzae, was demonstrated
that mutation of either raxP or raxQ (homologs of cysD and
cysN) impaired production of APS and PAPS and were required
for the correct activity of the avirulence protein AvrXa2l (Shen
etal., 2002). Further, several studies demonstrated that mutations
on the pst system, responsible for phosphate uptake, affected
virulence in diverse animal pathogenic bacteria (Rao et al., 2004;
Lamarche et al., 2005, 2008). Altogether, these studies suggest
that both systems might be regulators of bacterial pathogenicity,
which could also be conserved in plant pathogens.

Finally, the rtcA and its regulator rtcR are down-regulated in
planta (Table 3). The rtc system is involved in the regulation of
the RNA repair system for ribosome homeostasis through the
activation of rtcR by different agents and genetic lesions which
in turn activates the rtcAB genes (Das and Shuman, 2013). The
rtc system was also involved in the functioning of chemotaxis
and motility in Escherichia coli (Engl et al., 2016), as mutations
in either rtcA or rtcB increased motility. Since rtc acts a repressor
of motility, its down-regulation in S. commersonii colonization
could influence bacterial motility, a key virulence determinant.
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Supplementary Figure 1. Percentage of R. solanacearum UY031 DE genes according to COG categories.

DE genes between in planta and rich medium growth were classified according to the COG categories
assigned to each gene. Distribution of COG categories considering all annotated genes in the UY031 genome

is shown as reference. Exact values for each category are shown in Supplementary Table 5.
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Abstract

The MarR-family of transcription factors comprises a wide array of bacterial transcriptional
regulators that generally control cellular processes important for adaptation to varying
environments. Different MarR members have been shown to provide resistance against antibiotics,
act as catabolic repressors or participate in virulence in both human and plant pathogens. In a
previous in planta transcriptome study in R. solanacearum during wild potato root colonization,
a MarR-encoding gene appeared to be highly induced in tolerant compared to susceptible plant
root infection. In this work, we further characterize this gene, that we have called RepR, for
Repressor Regulator, and provide evidence that its expression is specifically induced in plants
and not dependent on minimal medium. We also show that RepR is necessary for early apoplast
colonization and that it contributes to virulence on potato and tomato plants, but is not required
for HR elicitation in tobacco. To better elucidate RepR function in plant apoplast, we performed
RNA-sequencing of the mutant strain in potato leaf apoplast and compared it to the transcriptome
of a wild-type strain growing in this plant niche. We report that RepR directly or indirectly controls
expression of at least 563 genes in the apoplast, including many transcription factors. Finally, we
also provide evidence that RepR mainly acts as a metabolic repressor controlling amino acid,
fatty acid and cofactor metabolic pathways within the apoplast, indicating that reprogramming of
these metabolic pathways is potentially important for R. solanacearum fitness during adaptation
to the initial steps of root colonization.
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Introduction

Bacterial adaptation to different environments is controlled by multiple ligand-responsive
transcription factors that regulate the expression of sets of genes required under certain
conditions. An example of such regulators is the MarR family of transcription factors, named
after the Escherichia coli Multiple Antibiotic Resistance Regulator (Cohen et al. 1989). These
transcription factors are widespread among bacteria and archaea (Ellison and Miller 2006), and
are specially abundant in microorganisms with complex lifestyles (Grove 2017). Since different
MarR proteins have shown to provide many bacterial species with adaptation to certain conditions
and stresses, they are regarded as responsive sensors to changing environments (Grove 2017).
Many members of the MarR family described so far act as catabolic repressors, which can be
derepressed by the presence of their specific ligand (Grove 2013). This system is an efficient
mechanism to ensure expression of specific catabolic pathways only when the carbon source
is available (Grove 2017). Lately, great attention is payed to MarR proteins for their potential
applications in metabolic engineering as biological sensors (Grove 2017).

Nonetheless, MarRs can also control virulence gene expression in response to perception of host
signals. In fact, many MarR proteins have been reported to regulate expression of virulence factors
in human pathogens such as Salmonella typhimurium, Staphylococcus aureus, Vibrio cholerae and
Yersinia enterocolitica (Ellison and Miller 2006). Interestingly, some MarR transcription factors
controlling pathogenicity have been also found in bacterial plant pathogens. In soft rot producing
bacteria, such as Pectobacterium carotovorum and Dickeya dadantii, the MarR proteins Hor,
PecS and SlyA have been reported to regulate expression of cell wall degrading enzymes such as
cellulase, polygalacturonase or pectate lyases, which produce tissue maceration (Sjoblom et al.
2008; Haque et al. 2009). Furthermore, SlyA from D. dadantii also regulates expression of other
virulence factors such as resistance to oxidative stress, flagellar motility and type Il secretion
system (T3SS) (Haque et al. 2009; Zou et al. 2012; Haque et al. 2015). In Xanthomonas campestris,
the MarR regulator HpaR also controls virulence and is positively regulated by HrpG and HrpX,
the two main regulators of the T3SS signaling cascade (Qian et al. 2005; Wei et al. 2007; Pan et
al. 2018). Finally, PrhN is another member of the MarR family that affects virulence in Ralstonia
solanacearum by triggering the expression of HrpB and PrhG, two members of the T3SS cascade
(Zhang et al. 2015).

R. solanacearum is the causal agent of bacterial wilt in many solanaceous crops (Hayward 1991).
Due to its worldwide distribution, its wide range of hosts, the aggressiveness of the disease and
the fact there is no control strategy to prevent or cure it, the bacterium was listed in the top
10 most destructive bacterial phytopathogens (Mansfield et al. 2012). The pathogen first enters
the plant root system via natural openings and colonizes the intercellular spaces (also called
apoplast), a key step for virulence (Hikichi et al. 2007). Cells that survive to the plant apoplast,
advance through the endodermis and move to the xylem vessels. Within the xylem, bacteria
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multiply extensively and produce exopolysaccharide (EPS), which finally occludes the vasculature
and causes plant death (Genin 2010). Besides EPS production, R. solanacearum also bears a T35S
to hijack the plant defense responses by directly translocating effector proteins into the host cell
(Macho and Zipfel 2015). A functional T3SS triggers disease in susceptible plants or a cell death
reaction called Hypersensitive Response in resistant plants (Boucher et al. 1987).

In a previous study, we characterized the R. solanacearum UY031 transcriptome during root
colonization of a tolerant and a susceptible wild potato accessions (Puigvert et al. 2017, chapter 5).
Only two genes were differentially induced in the pathogen during infection of tolerant compared
to susceptible accession plants. One of the genes encodes a hypothetical protein, while the other
was predicted as a putative MarR family transcription factor. Here, we characterize the latter gene
and propose that this MarR regulator mainly acts as a metabolic repressor, therefore renamed as
RepR for Repressor Regulator, that provides metabolic adaptation to the host at early infection
stages.

Results

A new R. solanacearum MarR transcriptional regulator conserved within the R.
solanacearum species complex

In a previous in planta transcriptome study, our group identified a member of the MarR
transcription factor family in R. solanacearum UY031 that appeared to be induced during the
colonization of resistant wild potato roots in contrast to susceptible plants (RSUY_RS08455)
(Puigvert et al. 2017). DNA sequence analysis of this gene (renamed RepR), showed that it is
highly conserved within R. solanacearum species complex, sharing more than 95% identity in
strains belonging to different phylotypes (Figure 1). The gene is also present in the closely related
species R. syzygii and Blood Disease Bacterium. Outside the Ralstonia solanacearum species
complex, the gene only appears in other Ralstonia spp, such as in R. mannitolityca, R. picketii
and R. insidiosa. BLAST analysis also revealed that, although R. solanacearum UY031 encodes for
more than 15 putative MarR-regulator proteins, RepR is unique and different from other MarRs.

Table 1. repR log,FC values in planta.

Planf S. commersonni roots ° S. tuberosum ©

species

Condition Tolerant Susceptible T4 Tvss Leaf Asymptomatic = Dead plant
(T) (S) apoplast plant xylem xylem

IongCa 5.49 3.09 4.37 2.37 4.69 2.83 1.81

@ Expression values compared to bacteria grown on solid rich medium using p<0.01.
b Data published in Puigvert et al, 2017 (chapter 5).
€ Unpublished data (Puigvert et al, chapter 7).
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RepR is specifically induced in planta

In our previous R. solanacearum transcriptome in wild potato roots, we noticed that RepR was

not only induced in tolerant plants compared to susceptible ones, but it was still up-regulated

when we compared all the infected root samples (pooling together resistant and susceptible

plants) to bacteria grown on solid rich medium (Puigvert et al. 2017, chapter 5), suggesting that

this gene is generally induced in planta. Unpublished transcriptome data at different potato

infection stages obtained in our lab (Puigvert et al, unpublished), also showed that the MarR

regulator was induced in three other in planta conditions compared to solid rich medium as

reference (Table 1). However, expression levels were higher in the first infection stage (leaf

apoplast) and decreased along the infection process (xylem of dead plants), with the lowest

fold-change in completely wilted plants (Table 1). Furthermore, repR expression was statistically

induced in leaf apoplast compared to four different reference conditions: minimal and rich media

in liquid cultures and solid plates (Puigvert et al, unpublished) (Supplementary Table 2). Taken

together, these results strongly suggest that repR is specifically induced at early stages of in planta

colonization independently of the type of in vitro medium used as reference.
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A repR deletion mutant is impaired in bacterial multiplication in leaf apoplast

To rule out the possibility that RepR is involved in housekeeping functions, we tested the ability
of a RepR deletion mutant (ArepR) to grow in liquid rich medium. As shown in Supplementary
Figure 1, both wild-type (WT) and ArepR strains grow equally in artificial rich medium. However,
as suggested by our R. solanacearum transcriptomes in planta (Table 1), the genetic function
of RepR seems to be especially important in the apoplastic environment, which corresponds to
the initial stages of the colonization. To test whether RepR might have a function at this stage,
we evaluated bacterial growth of the WT and the ArepR strains in potato leaf apoplast. Figures
2A and C show that ArepR growth is impaired during the first two days post inoculation (dpi),
although it is able to recover and reach WT densities at 3 dpi. To identify the timing of RepR
function in planta more precisely, we monitored R. solanacearum growth in potato leaf apoplast
at shorter time points (Figure 2B). We determined that the RepR mutant has a defect in adapting
to the new environment as early as 12 hours post inoculation (hpi), since bacterial densities at
that time point are slightly reduced compared to 0 hpi. On the other hand, although the WT does
not multiply much within the first 12 hpi, it keeps the same population as in 0 hpi (Figure 2B).
These findings demonstrate that RepR contributes to full R. solanacearum growth in planta.
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Figure 2. Growth of R. solanacearum WT and ArepR in potato leaf apoplast.

R. solanacearum UY031 WT and ArepR strains were vacuum infiltrated in potato leaves at a starting bacterial
denisity of 10° CFU/ml. Bacterial growth curves in potato leaf apoplast were monitored for 3 days every
24 h (A) or for 2 days every 12 h (B). Apoplast fluid from infected potato leaves was collected and 10-fold
dilutions were plated onto solid rich medium plates. Growth is represented as the logarithm of CFUs/g
leaf. Measurements correspond to the average of three replicates, each one consisting on two leaves
from different plants. The experiment was repeated three times with similar results. Statistical differences
between WT and ArepR strains are indicated with an asterisk. C) 20 ul drops of 10-fold apoplast diltuions
plated onto rich medium plates for both strains at day 0 and day 1 post-inoculation. At 0 dpi dilutions 0,-1
and-2 were plated, while at 1 dpi dilutions 0,-1,-2,-3 and-4 were evaluated.
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RepR is required for virulence in R. solanacearum UY031 but not for HR elicitation

Since RepR was necessary for full bacterial growth in plant apoplast, we decided to test the
contribution of RepR on pathogenicity in potato and tomato plants, two hosts of R. solanacearum
UY031. To this end, potato roots were injured followed by soil inoculation with the WT or the
ArepR strains (Figure 3A). In few cases, a slight delay in wilting symptoms could be observed
during the first days post inoculation, suggesting that RepR is involved in pathogenicity. To better
visualize the effect of RepR on virulence, soil inoculation assays were repeated in potato plants
without previous root injury. As shown in Figure 3B, deletion of repR had a more striking effect
on virulence than in root-wounded plants and a great proportion of plants did not wilt after 3
weeks-post-inoculation. Similar results were obtained in uninjured soil-inoculated tomato plants
(Figure 3C).

R. solanacearum UY031 is able to elicit a HR in tobacco plants, which is dependent on a functional
T3SS. To determine whether RepR affects T3SS functionality, we infiltrated Nicotiana benthamiana
leaves with different dilutions of the WT and ArepR strains. No differences in HR elicitation could
be observed between the WT and the RepR mutant at the tested dilutions (Figure 4), suggesting
that RepR is not necessary for T3SS in vivo functionality.
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Figure 3. R. solanacearum UY031 pathogenicity tests.

Soil inoculation tests on A) potato with root wounding, B) potato without root wounding and C) tomato
without root wounding.
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Figure 4. Hypersensitive response test in Nicotiana
benthamiana plants.

WT and ArepR strains were grown overnight in liquid
rich medium and serially diluted 5-fold in water (10,
5-10%and 10° CFUs/ml) and leaf-infiltrated in Nicotiana
benthamiana. HR responses were photographed at 5
dpi.

RepR acts as a metabolic repressor in the apoplast

As RepR is a member of the MarR family of transcription factors, we hypothesized that it might
regulate expression of downstream genes. To elucidate its function in the apoplast, we performed
an RNA-sequencing analysis of the WT (Puigvert et al, unpublished, chapter 7) and ArepR strains in
potato leaf apoplast, since this appeared to be the most relevant condition for RepR functionality.
To identify the in planta RepR-regulated genes, the same bioinformatic pipeline developed in
our previous R. solanacearum root trancriptome was applied ((Puigvert et al. 2017), chapter
5). More than 20 million reads mapped onto the R. solanacearum UY031 reference genome in
each sample (Supplementary Table 3), and the principal component analysis showed that data
was robust enough to capture differences between the strains (Supplementary Figure 2). Gene
expression was considered statistically significant when p<0.01 and |log,(FC)|> 0.5. With this
parameters, the analysis revealed that RepR is responsible for direct and indirect transcriptional
regulation of 563 genes, from which 170 are down-regulated and 393 are up-regulated in the
ArepR (Supplementary Table 4). Although this result reflects that RepR can both induce and
repress gene transcription in the apoplast, approximately 70% of the total differentially expressed
(DE) genes are repressed by RepR, suggesting that it mainly acts as a repressor. Interestingly,
almost 20% of the down-regulated genes in wild potato roots (Puigvert et al. 2017) are RepR-
repressed in potato leaf apoplast. We also compared the RepR-regulated genes dataset to already
published R. solanacearum gene expression data in planta (Brown and Allen 2004; Jacobs et
al. 2012; Meng et al. 2015; Khokhani et al. 2017; Puigvert et al. 2017) or to a list of described
virulence factors (Supplementary Table 5). We found that 40% of the RepR-regulated genes have
been identified in previous studies, either during in planta colonization or because they are key
for disease development. We also detected that RepR is negatively regulated by PhcA in vitro
and in planta (Khokhani et al. 2017; Perrier et al. 2018). To further investigate the role of RepR,
we classified the 563 DE genes into functional categories (Table 2), and found a small proportion
of previously defined virulence factors such as secretion systems, motility, and Reactive Oxygen
Species (ROS) detoxification enzymes, among others. However, the analysis indicates that RepR is
a major regulator controlling the expression of 37 other transcription factors and two-component
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systems. Among the RepR-induced genes there is a vast majority of hypothetical proteins and
transposases. On the other hand, RepR-repressed genes are enriched with transporter and
metabolic-related genes, in addition to cyctochromes, methyltransferases and hypothetical
proteins. To better characterize the RepR-regulated metabolic pathways, we represented
them by mapping the RepR-induced and repressed genes onto the IPATH3 metabolic map. As
highlighted in blue in Figure 5, RepR mainly represses Lipopolysaccharide (LPS) biosynthesis,
the Phosphotransferase system (PTS) for sucrose uptake and utilization, fatty acid and several
amino acid degradation pathways and cofactor metabolism, such as biosynthesis of biotin,
porphyrin, riboflavin and thiamine. In contrast, RepR-induced pathways (highlighted in yellow)
only include benzoate degradation and tyrosine metabolism. Altogether, our results indicate that
RepR is a major metabolic repressor controlling the expression of different metabolic traits in R.
solanacearum during apoplast colonization.

Table 2. Functional categories enriched in the RepR-induced and repressed genes in leaf apoplast.
Numbers indicate the percentage of genes in each category.

Functional category RepR-induced |RepR-repressed
Secretion 2.9 2.5
Motility 0.6 1.8
ROS-detoxification 1.8 0.5
Other virulence 0.6 1.0
Methyltransferases 0.6 2.0
Cytochromes 0.0 1.8
Transcriptional regulators 6.5 6.9
Transposases 27.1 1.0
Transporters 10.0 12.5

Metabolism 12.4

Hypothetical/others 37.6 26.5

N\
7
Figure 5. Metabolic pathway representation of the differentially RepR-induced and repressed genes.

R. solanacearum DE genes involved in metabolism were mapped onto Kegg pathways using IPATH3. RepR-
induced and repressed pathways are highlighted in yellow and blue, respectively.
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Discussion

RepR, a conserved MarR regulator in R. solanacearum, is specifically induced at
early stages of plant infection

A MarR transcription regulator from R. solanacearum UY031, renamed RepR, was identified in
a previous transcriptome during root colonization of wild potato plants ((Puigvert et al. 2017),
chapter 5). High RepR conservation among the R. solanacearum species complex suggested that
this gene might provide the pathogen with some biological advantage at least at certain stages
of its life cycle (Figure 1). Interestingly, RepR was highly induced in R. solanacearum during root
colonization compared to solid rich medium (Table 1). Actually, RepR expression was always
induced during plant colonization compared to any reference condition (Supplementary Table
2). Induction was maintained when we compared in planta expression to minimal medium, a
condition that is known to induce virulence gene expression (Arlat et al. 1992). In addition, the
role of RepR appeared to be important at early infection stages, since its expression was highest
during apoplast colonization and decreased as the disease progressed (Table 1). Since tolerant
plants limit bacterial spread (Prior et al. 1994), the pathogen behavior in resistant plants might be
more similar to that of initial colonization stages in susceptible hosts. This is probably the reason
why RepR appeared to be more induced in infected tolerant plant roots versus susceptible plants
(Puigvert et al. 2017). In line with this hypothesis, we found that RepR is negatively controlled by
the master regulator PhcA both in vitro and in planta (Khokhani et al. 2017; Perrier et al. 2018).
PhcA is known to be strongly induced at higher bacterial densities (Schell 2000), thus enabling
RepR expression at initial infection stages and repressing its transcription later on. Altogether,
these data strongly suggest that RepR plays an important role in the early in planta colonization
by R. solanacearum.

RepR contributes to virulence in the first plant colonization steps

Since MarR regulators have been generally defined as sensors of changing environments (Grove
2017), we hypothesize that RepR is necessary for R. solanacearum adaptation to the apoplastic
plant niche. To demonstrate that RepR function is especially important at early plant colonization
steps, we first checked the ability of the ArepR strain to grow in apoplast, the plant environment
that appeared to be more relevant for RepR function. Since R. solanacearum behaves similarly
in root and plant apoplast (Hikichi 2016), bacterial growth was monitored in potato leaf apoplast
to obtain increased reproducibility between experiments. We report that RepR contributes to
bacterial fitness in plant apoplast, since the mutant exhibited a delay in growth during the first
two days post-inoculation. The fact that the mutant is unable to maintain its original population
within the first 12 hpi but it recovers its multiplication capacity later on (Figure 2), further supports
the notion that RepR contributes to early adaptation in the apoplast, and in consequence, it might
affect R. solanacearum pathogenicity. In fact, colonization of apoplast, or intercellular spaces, is a
key step forvirulence in R. solanacearum (Hikichi et al. 2007). Moreover, several MarR transcription
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regulators have been described to act as virulence factors in many bacterial phytopathogens such
as X. campestris, D. dadantii or P. carotovorum (Qian et al. 2005; Wei et al. 2007; Sjoblom et al.
2008; Haque et al. 2009). In R. solanacearum, the MarR regulator PrhN was also described to
play a role in tomato and tobacco pathogenicity by controlling expression of the T3SS and T3Es
(Zhang et al. 2015). We thus tested whether RepR also contributed to R. solanacearum virulence
on host plants, and we found out that, similar to PrhN, ArepR was slightly less virulent than the
WT when plant roots were wounded (Figure 3A), and even less virulent when plants were soil-
inoculated without disturbing the roots (Figure 3B and C). The same virulence delay was observed
independently on the host plant used, since both potato and tomato plants wilted to the same
extent (Figure 3B and C). On the contrary, deletion of RepR caused no effect on the ability of R.
solanacearum to elicit a HR in tobacco plants (Figure 4). Although a few T3SS genes appeared to
be repressed by RepR (Supplementary Table 4), our data suggests that RepR-downregulation of
some hrp genes might be insufficient to produce a detectable effect. In summary, these results
indicate that RepR participates in R. solanacearum virulence by contributing to colonization of
intercellular spaces, and does not completely affect T3SS function as measured by HR elicitation
in resistant plants.

Metabolic reprogramming in R. solanacearum by RepR during apoplast colonization

MarR-transcription regulators usually control the expression of sets of genes that are necessary
for adaptation by acting as environmental sensors and genetic switches (Grove 2017). Our RNAseq
data revealed that RepR is able to reprogram more than 10% of the R. solanacearum genome in
the apoplast, including 37 transcription regulators and two component systems, such as PehR,
which is known to regulate the expression of some virulence factors in R. solanacearum (Allen et
al. 1997). In fact, among the RepR-DE genes there are few previously described virulence factors:
motility, secretion systems and ROS detoxification enzymes (Table 2, Supplementary Table 4).
The RepR-induced genes include a majority of hypothetical proteins and transposases, which
we already reported to be induced during root colonization (Puigvert et al. 2017), suggesting a
genetic reprogramming to adapt to the new conditions (Casacuberta and Gonzalez 2013). RepR
also induces tyrosine metabolism and benzoate degradation pathways (Figure 5). It is well known
that plants accumulate phenolic compounds not only for growth but also as defense mechanism.
Interestingly, it was recently described that the vascular pathogen X. campestris requires
degradation of 4-Hydroxybenzoate for full virulence (Wang et al. 2015).

Although RepR both activates and represses genetic transcription, it appears to mainly act as a
repressor since more than 70% of the DE genes were RepR-repressed. Among the RepR-repressed
genes we found cytochromes, methyltransferases and a vast majority of genes involved in
metabolism. When the metabolic pathways encoded by these genes were graphically represented,
a clear enrichment in cofactor (biotin, thiamine, porphyrin and riboflavin) metabolism, the PTS
system for sucrose utilization and fatty acid and amino acid degradation was found. Cofactors
are needed for the proper function of some enzymes, thus, an arrest of their synthesis together
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with a repression in fatty acid degradation suggests that these reactions might not be essentially
needed during survival in plant apoplast. Since sucrose levels are higher in xylem sap than in
apoplastic fluid (Jacobs et al. 2012; Zuluaga et al. 2013) it is expected that the scr genes from
the PTS system will be induced at a later stage. Amino acids, on the other hand, are a carbon
and nitrogen source that R. solanacearum metabolizes fast during growth in leaf apoplastic fluid
(see annex (Zuluaga et al. 2013)). In our metabolic analysis we found that valine, leucine, proline,
arginine and histidine are RepR-repressed, probably indicating that they were catabolized within
the first few hours independently of RepR. Furthermore, RepR down-regulated genes account for
almost 20% of the genes found repressed in the root apoplast in our previous root transcriptome
analysis ((Puigvert et al. 2017, chapter 5). This observation further endorses the idea that RepR
plays a key role at this stage of plant colonization and places leaf apoplast as a robust mimic
condition of the root infection stage.

Recently, a catabolic repressor called EfpR, was described to provide R. solanacearum
metabolic versatility through the acquisition of evolved mutations (Perrier et al. 2016). In fact,
loss of function mutations are a common event in bacterial adaptation to challenging conditions
(Hottes et al. 2013). Our dynamic gene expression analyses demonstrate that repR induction
decreases in advanced disease stages (Table 1). Whether this decrease in expression is due to
evolved mutation, mediated by PhcA or another mechanism, remains to be tested. In any case,
our observations suggest that, similarly to EfpR, RepR inactivation might allow the bacterium to
expand its metabolic capabilities as the disease progresses. This hypothesis is further supported
by the fact that sucrose utilization, repressed by RepR in the apoplast, has been described to be
highly induced at later infection stages (Jacobs et al. 2012).

Future experiments will be addressed at validating repR induction in root apoplast and the
actual metabolic capabilities of ArepR using a Biolog plate assay. Nonetheless, this study shows
that RepR is a novel player in the regulation of R. solanacearum metabolic adaptation to early
infection stages.

Materials and Methods

Bacterial strains and plant growth conditions

The reporter Ralstonia solanacearum strain UY031 (Guarischi-Sousa et al. 2016) carrying the
psbA promoter fused to the LUX operon (Cruz et al. 2014) was regularly grown in solid rich B
medium supplemented with gentamycin 75 pg/ml.

Solanum tuberosum cv. Desirée plants were propagated in vitro as described (Zuluaga et al.
2015), transferred to peat soil and grown at 222C in long day conditions (16h/8h light/dark)
for two weeks prior to acclimation for R. solanacearum inoculation. Solanum lycopersicum cv.
Marmande and Nicotiana benthamiana plants were grown for three weeks in pots containing
peat soil in the greenhouse under long day conditions (16h/8h, light/dark, 25 2C/222C).
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Construction of repR mutant and complemented strains

To delete the repR gene (RSUY_RS08455) from R. solanacearum UY031, 1kb-flanking regions
were PCR amplified from genomic DNA using the Platinum Pfx DNA polymerase (ThermoFisher
Scientific). The tetracyclin resistance cassette was amplified from the pG-T plasmid (Monteiro
et al. 2012b) and inserted between the two fragments by double-joint PCR as described (Yu
et al. 2004) to replace the wild-type gene locus by homologous recombination after natural
transformation (Boucher C.A. 1985).

To construct the complemented ArepR strain, the complete repR open reading frame (plus
322 bp upstream of the ORF) was PCR amplified using primers PrepR-F and repR-R, inserted
into the pENTR/TOPO/SD vector (Invitrogen, ThermoFisher Scientific) following manufacturer’s
instructions and transformed by heat-shock into chemically competent E. coli MACH1 cells.
The Promoter::gene construction was introduced by an LR reaction in the destination vector
PRCG::GWY (Monteiro et al. 2012b) to generate pRCG::PrepR::repR, which was stably integrated
into R. solanacearum’s genome (Monteiro et al. 2012b).

The list of primers used to construct the mutant and the complemented strains is listed in
Supplementary Table 1. New strains were always validated by PCR.

Hypersensitive response tests in tobacco plants

R. solanacearum UY031 WT and ArepR strains were grown overnight in liquid rich medium,
washed and adjusted to 107, 5:10° and 10° CFUs/ml with sterile distilled water. Bacterial
suspensions were leaf-infiltrated in N. benthamiana plants using a 1ml needleless syringe. Plants
were left under continuous light and hypersensitive responses were recorded at 6 days post
infiltration.

Virulence assays on potato plants

Potato and tomato plants used for pathogenicity tests were pre-acclimated for 3 days at 282C
and 12/12 hour-photoperiod prior to R. solanacearum inoculation. Virulence tests were perfomed
with and without root wounding. In the first case, roots were wounded with a 1 ml tip by digging
4-5 times in the peat soil. In both types of assays, each plant was watered with 40 ml of a 10’
bacterial cells/ml solution. Wilting symptoms were recorded every day for each plant according
to the following wilting scale: 0 — no wilting, 1 — 25 % wilted leaves, 2 — 50%, 3 — 75% and 4- dead
plant.

Bacterial growth in leaf apoplast

Bacterial growth in potato leaf apoplast was assessed for R. solanacearum UY031 WT and ArepR
strains as follows: 10° CFUs/ml bacterial suspensions were vacuum infiltrated in potato leaves
for 30sec-1min. Before each sample collection, some leaves were detached from the plants
and vacuum infiltrated with sterile water. Each biological replicate consisted on two leaves from
different plants, and three biological replicates were used per strain and time point. 24 plants
were used in total in each experiment. Water-infiltrated leaves were dried with towel paper, rolled
and centrifuged at 2000 rpm inside 10 ml cut tips placed in 50 ml tubes. Apoplastic fluid from
each replicate was collected in separate tubes and luminescent levels were measured. Apoplast
was 10-fold diluted and 20 pl of each dilution were plated onto rich medium plates supplemented
with gentamycin 75 pg/ml (WT strain selection) or tetracyclin 10 pg/ml (ArepR). Colonies were
counted 24 hours after incubation.
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Sample preparation, RNA extraction and sequencing

Experimental conditions for in planta gene expression data for R. solanacearum UY031 WT
were obtained from Puigvert et al, unpublished. The same protocol was followed to obtain ArepR
samples from potato leaf apoplast. Briefly, leaves from potato plants were vacuume-infiltrated
using an initial inoculum of 5-108 cells/ml. Plants were incubated at 282C 12/12 hour-photoperiod
for 6 hours, and apoplastic fluid enriched with bacteria was recovered as described before.
Luminescence and colony forming units (CFU) were measured for each sample before the final
centrifugation step at 42C for 1 minute at maximum speed. Samples from 12 plants were pooled
together in each biological replicate. Bacterial pellets were immediately frozen in liquid nitrogen
and routinely kept at-809C.

Total RNA was extracted using the SV Total Isolation kit (Promega) and RNA concentration
was measured with a Nanodrop ND-8000. RNA integrity was evaluated using the Agilent 2100
Bioanalyzer, and only samples with an RNA Integrity Number > 8.5 were used for sequencing.
To deplete ribosomal rRNA, 2.5 pg of total RNA were treated with the Ribo-Zero rRNA Removal
Kit for Gram-Negative bacteria, followed by library preparation using TruSeq Stranded Total RNA
Sample Prep Kit. Three biological replicates for each condition were used for sequencing using the
[llumina HiSeq2000 platform in Macrogen Inc. (Seoul). 100-bp paired-end sequences in stranded
libraries were obtained. Raw data will be available in the Sequence Read Archive.

Bioinformatic analysis of RNA-seq data

Prior to the analysis, raw data quality was checked with FASTQC (version 0.11.4). RNA-seq
reads were mapped using Bowtie2 (version 2.2.6; (Langmead and Salzberg 2012) with already
defined stringency parameters (Puigvert et al. 2017) onto R. solanacearum UY031 complete
genome sequence (Guarischi-Sousa et al. 2016). Quantification of aligned reads was carried out
using HTSeg-count (version 0.6.1; (Anders et al. 2015). To compare gene expression between
WT and ArepR, RNAseq data corresponding to the same apoplast condition obtained with the
WT UYO031 strain (Puigvert et al, unpublished) was used. DE analysis was performed using the R
(version 3.3.2) DESeq?2 package (version 1.12.3; (Love et al. 2014) on high quality RNAseq reads
considering genes with a |log2(fold-change)|> 0.5 and g< 0.01 as differentially expressed.

Metabolic pathway detection

To obtain diagrams of RepR-regulated metabolic pathways, aminoacid sequences of the
differentially expressed genes were uploaded into the Kegg Mapper tool (http://www.kegg.jp/
kegg/tool/annotate_sequence.html). Protein sequences were extracted from Genbankaccessions
CP012687.1 (chromosome) and CP012688.1 (megaplasmid). Kegg-Orthology identifiers were
used to vizualize the metabolic pathways enriched in the DE gene lists with IPATH3 (Yamada et

al. 2011).
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Supplementary Table 1. List of primers used to generate mutant and complemented constructs of
repR (RSUY_RS08455).

Primer ID Sequence Properties
Tet-F2 CGTTAACCCTAGGGGATCCT Tc cassette amplification from
Tet-R2 GCACTAGTGATTAGTACTTCAAT PG-T plasmid

RepR-RecA- F1
RepR-RecA- R1
RepR-RecB- F3
RepR-RecB- R3
RepR-nest-F
RepR-nest-R
PrepR-F
repR-R

GATCAGGTCGATGCTCAGGTGG 1st round PCR to amplify right-
CGCTGAGGATCCCCTAGGGTTAACGCACCGCATTGCCCCGACTTT | flank of repR
CGATTGAAGTACTAATCACTAGTGCGCGGTAGTCCTCCACCCGGA | 1st round PCR to amplify left-
CGATCTTGCCGACGTAGCTC flank of repR

CTCGTCCACCTGTTCCAGTTC Nest primers for 3rd round PCR
to replace repR

GAGGATGGTCTCGAACAGCG
CACCTGGGTATGAACTCGGAAACGAC Amplification of 322 bp of the
TCAGCTGCCGGCCGGGCG promoter region plus the repR

coding sequence

Supplementary Table 2. repR log,FC values in leaf apoplast compared to four in vitro reference

conditions ®

Plant species

S. tuberosum leaf apoplast

Reference condition

IongCb

Solid plates Liquid culture Solid plates minimal Liquid culture
rich medium rich medium medium minimal medium
4.69 4.72 3.61 4.07

® Unpublished data (Puigvert et al, chapter 7).

P Expression values compared to bacteria grown on leaf apoplast in relation to each in vitro reference
condition using p<0.01
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Supplementary table 3. Total and mapped sequencing reads from R. solanacearum UY031 WT and
ArepR strains in potato leaf apoplast.

Sample ID Total reads Aligned reads % mapping
Apoplast-WT1 21879209 18225945 83.30
Apoplast-WT2 26766576 22641780 84.59
Apoplast-WT3 24945027 20106785 80.60
Apoplast-RepR1 31824044 24196383 76.03
Apoplast-RepR2 33698251 27153421 80.58
Apoplast-RepR3 30944153 23157570 74.84

Supplementary Table 4. List of RepR-regulated genes in leaf apoplast

UYO031 NCBI locus Gene name LOG:FC Description

MOTILITY

RSUY_RS13200 pilA -2,09 type 4 fimbrial pilin signal peptide protein
RSUY_RS07745 - 1,34 signal peptide protein

RSUY_RS16735 flgA 1,64 flagellar basal body P-ring biosynthesis protein FIgA
RSUY_RS09670 pilZ 1,69 putative type 4 fimbrial biogenesis protein
RSUY_RS16905 flil 1,77 flagellum-specific ATP synthase

RSUY_RS20895 tadD 2,05 lipoprotein transmembrane

RSUY_RS16900 fliH 2,42 flagellar assembly protein FliH

RSUY_RS16820 flio 3,18 flagellar biosynthesis protein FliO

SECRETION

RSUY_RS12910 RipAA -2,19 type |ll effector avra protein

RSUY_RS00730 - -1,91 putative RHS-related protein

RSUY_RS00735 - -1,67 putative RHS-related protein

RSUY_RS17090 - -1,54 rhs-related protein

RSUY_RS17095 - -1,37 putative RHS-related protein

RSUY_RS02580 tatB 1,42 sec-independent translocase

RSUY_RS01665 gsplL 1,60 general secretory pathway L transmembrane protein
RSUY_RS19715 hrcQ 2,01 Hrp conserved protein HRCQ

RSUY_RS09380 RipM 2,07 hypothetical protein RipM type IlI effector
RSUY_RS19695 hrpw 2,13 HRPW transmembrane protein

RSUY_RS19660 prhR 2,37 component PRHR transmembrane protein
RSUY_RS19755 hrpF 3,06 type Ill secretion system protein HrpB
RSUY_RS19765 hrpD 3,38 hypothetical protein

RSUY_RS01655 gspN 3,67 general secretory pathway N transmembrane protein
RSUY_RS19750 hrpH 4,12 HRPH protein

ROS DETOXIFICATION

RSUY_RS22220 katE ‘ -1,87 ‘ catalase hydroperoxidase Hpil oxidoreductase
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RSUY_RS17495 ahpCl -1,63 alkyl hydroperoxide reductase subunit C

RSUY_RS12705 sodB -1,56 superoxide dismutase [Fe] protein

RSUY_RS12010 sodC 1,76 superoxide dismutase Cu-Zn precursor protein

RSUY_RS01145 soxF 2,51 sulfide dehydrogenase flavocytochrome C oxidoreductase
EFFLUX PUMPS/PORINS/TRANSPORTERS

RSUY_RS08440 emrB -2,75 multidrug resistance B (translocase) transmembrane protein
RSUY_RS08310 ugpk -2,72 SN-glycerol-3-phosphate transmembrane ABC transporter
RSUY_RS17125 - -2,41 ABC-type uncharacterized transport system

RSUY_RS03765 - -2,12 porin signal peptide protein

RSUY_RS17750 - -2,03 lysine-specific permease protein

RSUY_RS12830 - -1,90 sugar translocase

RSUY_RS03760 - -1,87 Permease of the drug/metabolite transporter (DMT) superfamily
RSUY_RS22835 - -1,87 Predicted permease, DMT superfamily

RSUY_RS08305 ugpA -1,86 glycerol-3-phosphate transmembrane ABC transporter protein
RSUY_RS18295 czcA -1,81 cation efflux system transmembrane protein

RSUY_RS05185 - -1,77 sulfate transporter

RSUY_RS10755 pstA -1,67 ABC-type phosphate transporter permease subunit
RSUY_RS00360 - -1,67 amino acid-binding periplasmic (PBP) ABC transporter protein
RSUY_RS15085 - -1,53 multidrug transport system

RSUY_RS06550 - -1,41 ABC-type metal ion transport system

RSUY_RS11525 - -1,32 branched-chain amino acid ABC transportersubstrate-binding
RSUY_RS17525 feoB -1,22 ferrous IRON transport B transmembrane protein
RSUY_RS21905 - 1,39 multidrug MFS transporter

RSUY_RS04740 - 1,46 ABC-type uncharacterized transport system

RSUY_RS14675 - 1,47 ABC-type Fe3+-hydroxamate transport system

RSUY_RS01855 czcD 1,51 cation transporter

RSUY_RS10810 - 1,63 leucine export protein Leuk

RSUY_RS02690 - 1,65 putative IRON transport-sensory transduction transmembrane
RSUY_RS04895 - 1,71 aankyrin repeat-containing protein, MFS transporter
RSUY_RS21045 - 1,71 transmembrane multidrug efflux system transmembrane protein
RSUY_RS16600 mexC 1,71 multidrug efflux system protein

RSUY_RS16470 dinF 1,74 DNA-damage-inducible F transmembrane protein
RSUY_RS04060 - 1,74 transmembrane ABC transporter protein

RSUY_RS21315 - 1,75 putative outer membrane CHANEL lipoprotein transmembrane
RSUY_RS01500 - 1,84 ABC-type branched-chain amino acid transport systems
RSUY_RS18670 cobW 1,85 Low-affinity zinc transport protein

RSUY_RS18730 - 1,88 phosphate ABC transporter ATP-binding protein
RSUY_RS08675 SSUA2 1,90 alkanesulfonates binding protein precursor, ABC transporter
RSUY_RS01890 - 1,97 Arabinose efflux permease

RSUY_RS17335 - 2,00 amino acid ABC transporter permease
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RSUY_RS17485 - 2,01 hemin transport protein

RSUY_RS12650 - 2,06 ABC transporter permease

RSUY_RS09230 - 2,07 Arabinose efflux permease

RSUY_RS12160 btuC 2,09 transmembrane ABC transporter protein
RSUY_RS04055 - 2,13 ABC transporter ATP-binding protein

RSUY_RS09715 - 2,15 ABC transporter ATP-binding protein

RSUY_RS13455 - 2,15 Predicted branched-chain amino acid permease
RSUY_RS21055 - 2,17 putative outer-membrane drug efflux protein
RSUY_RS13425 - 2,17 multidrug DMT transporter permease

RSUY_RS19435 - 2,21 probable abc transporter, atp-binding protein
RSUY_RS18740 - 2,23 amino acid transmembrane protein

RSUY_RS06865 - 2,24 Permeases of the drug/metabolite transporter (DMT) superfamily
RSUY_RS18735 - 2,26 amino-acid transmembrane protein

RSUY_RS22255 - 2,36 Arabinose efflux permease

RSUY_RS13140 rarD 2,36 Predicted permeases

RSUY_RS21100 - 2,38 ABC transporter ATP-binding protein

RSUY_RS08695 ssuB 2,44 aliphatic sulfonate ABC transporter ATP-binding protein
RSUY_RS12135 btuF 2,49 substrate-binding periplasmic (PBP) ABC transporter protein
RSUY_RS17045 - 2,53 multidrug resistance 1 transmembrane protein
RSUY_RS17480 - 2,54 abc-type transporter, periplasmic component protein
RSUY_RS13145 - 2,54 branched-chain amino acid transporter

RSUY_RS13965 - 2,60 Putative threonine efflux protein

RSUY_RS14495 - 2,63 ABC-type uncharacterized transport system, auxiliary component
RSUY_RS17330 - 2,64 ABC-type amino acid transmembrane protein
RSUY_RS12155 btuD 2,65 ABC transporter ATP-binding protein

RSUY_RS18430 - 2,66 putative outer membrane cation efflux system protein
RSUY_RS17215 - 2,80 Arabinose efflux permease

RSUY_RS18885 - 3,00 outer membrane CHANEL lipoprotein, RND transporter
RSUY_RS17470 - 3,12 iron ABC transporter

RSUY_RS17475 - 3,36 hemin ABC transporter permease

RSUY_RS19065 - 3,46 Predicted permease, DMT superfamily

OTHER VIRULENCE RELATED

RSUY_RS00995 aidA -2,09 conserved hypothetical protein

RSUY_RS05870 pacFk 1,59 beta-ketoadipyl CoA thiolase

RSUY_RS21015 ohr 1,91 organic hydroperoxide resistance protein
RSUY_RS17380 vdh 2,20 vanillin dehydrogenase oxidoreductase protein
RSUY_RS05875 pcaB 3,14 3-carboxy-cis,cis-muconate cycloisomerase
TRANSCRIPTION/ TRANSCRIPTION REGULATORS/TWO-COMPONENT SYSTEM

RSUY_RS08455 - -12,58 putative MarR transcription regulator protein (RepR)
RSUY_RS17505 fur2 -2,24 Fur family transcriptional regulator
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RSUY_RS22840
RSUY_RS14995
RSUY_RS21275
RSUY_RS18185
RSUY_RS01430
RSUY_RS18255
RSUY_RS03725
RSUY_RS18130
RSUY_RS15550
RSUY_RS00225
RSUY_RS14905
RSUY_RS14835
RSUY_RS03270
RSUY_RS08630
RSUY_RS21080
RSUY_RS12195
RSUY_RS21290
RSUY_RS20850
RSUY_RS00395
RSUY_RS22475
RSUY_RS19035
RSUY_RS13305
RSUY_RS08180
RSUY_RS00390
RSUY_RS16570
RSUY_RS09695
RSUY_RS11415
RSUY_RS15645
RSUY_RS22070
RSUY_RS11420
RSUY_RS22075
RSUY_RS19365
RSUY_RS16010
RSUY_RS09900
RSUY_RS17560
RSUY_RS22085

hexR

2,02
-1,94
-1,86
-1,83
-1,68
-1,65
-1,57
-1,53
-1,46
1,40
1,47
1,52
1,53
1,57
1,59
1,67
1,77
1,81
1,81
1,85
1,87
1,93
1,99
2,06
2,06
2,13
2,16
2,20
2,21
2,24
2,28
2,48
2,49
2,50
2,60
2,68

LysR transcription regulator protein

extracytoplasmic function sigma factor protein
transcription regulator protein

HxIR putative transcription regulator transcription regulator protein
Transcriptional regulator, MarR family

response regulator for cobalt zinc cadmium resistance
Transcriptional regulator

Transcriptional regulator

LysR transcription regulator protein

response regulator transcription regulator protein
AraC transcription regulator protein

transcription regulator protein

Fis response regulator transcription regulator protein
IcIR family transcriptional regulator

transcription regulator protein

LysR transcription regulator protein

two component transmembrane sensor kinase
probable transcription regulator protein
two-component sensor kinase transcription regulator protein
LysR transcription factor transcription regulator protein
IcIR transcription regulator protein

TetR putative transcription regulator protein
Lacl-related transcriptional regulator protein

XRE response regulator transcription regulator protein
LysR transcription regulator protein

Lacl transcription regulator protein

LysR family transcriptional regulator

Fur family transcriptional regulator

transmembrane two-component sensor kinase

LysR transcription regulator protein

two-component response regulator

LysR family transcriptional regulator

LysR transcriptional regulatory dna-binding protein
two-component transmembrane sensor kinase

PadR family transcriptional regulator

putative transcription regulation repressor HEXR

TRANSPOSASES, PHAGE-RELATED, DNA REPLICATION

RSUY_RS00295
RSUY_RS18490
RSUY_RS12915

TIS1021
TIS1021
tISRso10a

3,31
-3,04
2,93

TIS1021 transposase
TIS1021 transposase
ISRSO10-transposase ORFA protein
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RSUY_RS22830
RSUY_RS22920
RSUY_RS05305
RSUY_RS05165
RSUY_RS16520
RSUY_RS14860
RSUY_RS05715
RSUY_RS04720
RSUY_RS18545
RSUY_RS11070
RSUY_RS20725
RSUY_RS21750
RSUY_RS06535
RSUY_RS22705
RSUY_RS05150
RSUY_RS05095
RSUY_RS22000
RSUY_RS09775
RSUY_RS05470
RSUY_RS18460
RSUY_RS19155
RSUY_RS05100
RSUY_RS18370
RSUY_RS05110
RSUY_RS18455
RSUY_RS16185
RSUY_RS00230
RSUY_RS05225
RSUY_RS01770
RSUY_RS18610
RSUY_RS20825
RSUY_RS05265
RSUY_RS12505
RSUY_RS03770
RSUY_RS00260
RSUY_RS10485
RSUY_RS01200
RSUY_RS20135
RSUY_RS00335
RSUY_RS00320
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TIS1021
TIS1021

TIS1021
TIS1021
TIS1021
TIS1021
TIS1021
TIS1021
TIS1021
TIS1021
TIS1021

TIS1021

TIS1021

TIS1021

TIS1021

tISRso7
TIS1021
TIS1021
TIS1021

TIS1021

TIS1021

TIS1021

TIS1021

2,91
-2,89
-2,88
2,77
2,76
2,76
2,69
2,67
2,63
-2,50
-2,49
2,45
-2,40
2,37
2,31
2,28
2,26
-2,20
2,19
2,19
2,16
-2,10
-2,09
2,07
2,07
-2,05
2,04
-2,04
2,03
-2,00
-1,96
-1,95
-1,95
-1,92
-1,90
-1,87
-1,87
-1,85
-1,81
-1,80

putative bacteriophage related protein
TIS1021 transposase

TIS1021 transposase

DNA transposition protein

TIS1021 transposase

Transposase

TIS1021 transposase

TIS1021 transposase

TIS1021 transposase

TIS1021 transposase

TIS1021 transposase

TIS1021 transposase

TIS1021 transposase

TIS1021 transposase

putative phage-related dna-binding protein
putative bacteriophage mu g-like protein
TIS1021 transposase

transposase protein

TIS1021 transposase

isrso8-transposase orfa protein

TIS1021 transposase

putative bacteriophage mu gp30-like protein
TIS1021 transposase

putative phage uncharacterized protein, c- termina
isrso8-transposase orfb protein
ISRSO7-transposase protein

TIS1021 transposase

Mu-like prophage major head subunit gpT
TIS1021 transposase

TIS1021 transposase

transposase (partial sequence) protein
phage tail tape measure protein tp901, core region
TIS1021 transposase

transposase (partial sequence) protein
TIS1021 transposase

probable resolvase protein

TIS1021 transposase

probable phage replication cri-related protein
TIS1021 transposase

transposase (partial sequence) protein




RSUY_RS17745 - -1,76 DNA helicase

RSUY_RS10440 - -1,57 isrso8-transposase orfb protein

RSUY_RS05565 - -1,40 probable bacteriophage protein

RSUY_RS07890 - 1,36 recombinase RecB

RSUY_RS07895 - 1,51 ATP-dependent exonuclease

RSUY_RS23190 - 1,53 integrase

RSUY_RS03965 recN 1,66 DNA repair protein

METHYLTRANSFERASES

RSUY_RS00030 - -1,82 putative isoprenylcysteine carboxyl methyltransferase
RSUY_RS02765 - 1,51 methyltransferase protein

RSUY_RS17415 - 1,81 probable methyltransferase protein

RSUY_RS15500 rrmB 1,94 putative RNA methyltransferase (SUN protein)
RSUY_RS06160 - 2,06 SPOUT methyltransferase superfamily protein
RSUY_RS11885 - 2,07 DNA mismatch repair protein MutS

RSUY_RS04115 ada 2,11 bifunctional methylated-DNA-protein-cysteine methyltransferase
RSUY_RS01125 - 2,31 Predicted methyltransferases

RSUY_RS04135 - 2,96 putative methylated-DNA--protein-cysteine methyltransferase
CYTOCHROMES

RSUY_RS12530 - 1,73 Cytochrome c peroxidase

RSUY_RS09325 coxG 2,02 hypothetical protein

RSUY_RS09330 coxE 2,05 hypothetical protein

RSUY_RS21805 - 2,12 cbb3-type cytochrome C oxidase subunit Il
RSUY_RS01140 - 2,16 Cytochrome c553

RSUY_RS20855 - 2,32 Cytochrome P450

RSUY_RS22135 coxO 3,08 cytochrome-C oxidase oxidoreductase protein

METABOLISM/ENERGY PRODUCTION

RSUY_RS09425
RSUY_RS21820
RSUY_RS06480
RSUY_RS11385
RSUY_RS03740
RSUY_RS18940
RSUY_RS11455
RSUY_RS18945
RSUY_RS05130
RSUY_RS01475
RSUY_RS12820
RSUY_RS03755
RSUY_RS08465
RSUY_RS03750

2,85
-2,54
2,36
2,29
-2,20
2,19
2,12
2,07
2,01
2,01
-1,96
-1,92
-1,85
-1,84

probable benzoate 1,2-dioxygenase beta subunit protein
hydrolase /ayltransferase (alpha/beta hydrolase superfamily)
NADP-dependent alcohol dehydrogenase oxidoreductase protein
gst-related protein

putative oxidoreductase protein

putative diaminopimelate decarboxylase protein

Fatty acid desaturase

indole-3-glycerol phosphate synthase protein

putative lytic transglycosylase, catalytic protein

putative tryptophan 2-monooxygenase oxidoreductase protein
3’-hydroxymethylcephem-o-carbamoyltransferaseprotein
aldehyde dehydrogenase

C-5 sterol desaturase

dihydrodipicolinate synthase
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RSUY_RS09555 - -1,76 trifunctonal enoyl-CoA hydratase/delta3-cis- delta2-trans-enoyl-CoA
isomerase/3-hydroxyacyl-CoA dehydrogenase

RSUY_RS18770 - -1,60 polyketide synthase

RSUY_RS10890 mel -1,56 tyrosinase oxidoreductase protein

RSUY_RS09385 - -1,42 nadph nitroreductase protein

RSUY_RS11145 exbB1 -1,42 biopolymer transport transmembrane protein

RSUY_RS21495 - -1,40 Lactoylglutathione lyase

RSUY_RS05660 - -1,36 putative acyl-coa dehydrogenase protein

RSUY_RS17535 - 1,26 histidine kinase

RSUY_RS13475 pepP 1,37 XAA-Pro aminopeptidase

RSUY_RS21285 - 1,37 proline rich transmembrane protein

RSUY_RS04455 kdtA 1,39 3-deoxy-D-manno-octulosonic-acid transferase

RSUY_RS20840 - 1,39 putative hemolysin activating-like protein

RSUY_RS07530 - 1,41 Transglutaminase-like

RSUY_RS06115 - 1,41 Lipid A core- O-antigen ligase

RSUY_RS08755 ilvG 1,44 acetolactate synthase 2 catalytic subunit

RSUY_RS05820 - 1,45 D-amino acid dehydrogenase small subunit

RSUY_RS06695 - 1,45 glycosyl transferase

RSUY_RS00665 - 1,46 cation-transporting ATPase transmembrane protein

RSUY_RS12310 - 1,47 putative oxidoreductase protein

RSUY_RS22090 glk 1,48 glucokinase protein

RSUY_RS06960 - 1,48 ferredoxin

RSUY_RS12300 - 1,49 chloride channel protein

RSUY_RS00650 - 1,50 ornithine cyclodeaminase

RSUY_RS15805 - 1,50 putative voltage-gated CIC-type chloride channel ClcB

RSUY_RS18875 - 1,53 putative CYNX-related transport transmembrane protein

RSUY_RS13450 - 1,53 Predicted phosphotransferase

RSUY_RS08705 - 1,55 diguanylate phosphodiesterase

RSUY_RS18300 hit 1,55 putative HIT-like protein

RSUY_RS15515 fmt 1,58 methionyl-tRNA formyltransferase

RSUY_RS12150 cobT 1,60 nicotinate-nucleotide--dimethylbenzimidazolephosphoribosyl
transferase

RSUY_RS06325 - 1,60 putative deoxyribonucleotide triphosphate pyrophosphatase

RSUY_RS13690 - 1,60 Phosphatidylserine

RSUY_RS16640 - 1,61 metal-transporting P-type ATPase transmembrane protein

RSUY_RS21040 - 1,61 lipase protein

RSUY_RS21145 RS05425 1,62 lipoprotein signal peptide

RSUY_RS09630 - 1,64 N-acetyltransferase

RSUY_RS20160 - 1,64 putative thiol:disulfide interchange protein

RSUY_RS16565 - 1,65 oxidoreductase protein

RSUY_RS19545 - 1,66 ketoglutarate semialdehyde dehydrogenase protein
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RSUY_RS17440
RSUY_RS11645
RSUY_RS10105
RSUY_RS14735
RSUY_RS12145
RSUY_RS14165
RSUY_RS06825
RSUY_RS04050
RSUY_RS18645
RSUY_RS12725
RSUY_RS13605
RSUY_RS08850
RSUY_RS15360
RSUY_RS15445

RSUY_RS21235
RSUY_RS01895
RSUY_RS13435
RSUY_RS14760
RSUY_RS15130
RSUY_RS07970
RSUY_RS14940
RSUY_RS18650
RSUY_RS08555
RSUY_RS13115
RSUY_RS12125
RSUY_RS04125
RSUY_RS14265
RSUY_RS05010
RSUY_RS08925
RSUY_RS18700
RSUY_RS01600
RSUY_RS06020
RSUY_RS21710
RSUY_RS08225
RSUY_RS02680
RSUY_RS12130
RSUY_RS03450
RSUY_RS13055
RSUY_RS07615

tpiA
ispD

cobS
trpD3

pabB

IpxK
ttub2

thiG

CcCa

ggt2
cobD

thil

1,66
1,66
1,66
1,66
1,68
1,69
1,70
1,72
1,72
1,73
1,74
1,75
1,76
1,76

1,77
1,77
1,78
1,78
1,78
1,79
1,80
1,83
1,83
1,85
1,86
1,86
1,86
1,87
1,88
1,89
1,90
1,91
1,91
1,91
1,92
1,94
1,94
1,95
1,95

putative maltooligosyl trehalose trehalohydrolase protein
triosephosphate isomerase

2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase
Predicted sulfurtransferase

cobalamin synthase

Anthranilate phosphoribosyltransferase

Chromate transport protein

putative PARA-aminobenzoate synthetase component | protein
rhodanese-like proteine

tetraacyldisaccharide 4’-kinase

putative hydroxypyruvate reductase oxidoreductase protein
putative racemase transmembrane protein

thiazole synthase

multifunctional tRNA nucleotidyl transferase/2’3’-cyclic
phosphodiesterase/2'nucleotidase/phosphatase

putative fructokinase-like protein (sugar kinase)
Small-conductance mechanosensitive channel
4-hydroxythreonine-4-phosphate dehydrogenase
enoyl-CoA hydratase

short chain dehydrogenase

Protein-L-isoaspartate carboxylmethyltransferase

RNA 3’-terminal-phosphate cyclase

cystathionine beta-lyase (cysteine lyase) protein
lipoprotein transmembrane
phosphoribosylaminoimidazole carboxylase catalytic subunit
cobalamin biosynthesis protein

alkylated DNA repair protein

NAD(P)H-dependent glycerol-3-phosphate dehydrogenase
Membrane-bound serine protease

Adenylate cyclase

Precorrin isomerase

ethanolamine ammonia-lyase small subunit
Geranylgeranyl pyrophosphate synthase

Amine oxidase

putative myo-inositol 2-dehydrogenase protein
gamma-glutamyltranspeptidase precursor

putative threonine-phosphate decarboxylase

thiamine monophosphate kinase

putative amidohydrolase involved in phosphonate metabolism

Predicted metal-dependent phosphoesterase
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RSUY_RS11950

RSUY_RS13485
RSUY_RS17555
RSUY_RS04800
RSUY_RS21855
RSUY_RS08710
RSUY_RS18310
RSUY_RS09445
RSUY_RS20520
RSUY_RS08685
RSUY_RS20440
RSUY_RS12230
RSUY_RS15425
RSUY_RS21655
RSUY_RS20425
RSUY_RS18680
RSUY_RS18710
RSUY_RS14670
RSUY_RS06170
RSUY_RS03805
RSUY_RS18570
RSUY_RS12595
RSUY_RS18225
RSUY_RS11020
RSUY_RS11465
RSUY_RS08155
RSUY_RS20505
RSUY_RS22990
RSUY_RS08205
RSUY_RS08200
RSUY_RS08760
RSUY_RS17210
RSUY_RS13880
RSUY_RS13315
RSUY_RS06990
RSUY_RS14840
RSUY_RS20465
RSUY_RS06280
RSUY_RS09740
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serA2
bioF

ssuD

chiG
chlD

proC
paaD

uref

joll

iolD
iolC

menG

1,96
1,98
1,99
2,00
2,01
2,02
2,02
2,03
2,04
2,06
2,06
2,06
2,07
2,07
2,11
2,12
2,13
2,15
2,15
2,18
2,18
2,19
2,20
2,20
2,23
2,23
2,25
2,25
2,26
2,28
2,28
2,29
2,31
2,32
2,32
2,33
2,33
2,33

bifunctional uroporphyrinogen-Ill synthetase/uroporphyrin-Ii|
C-methyltransferase

amino acid dehydrogenase transmembrane protein
Siderophore-interacting protein

Predicted metal-dependent hydrolase

putative arylesterase protein

esterase

2-hydroxyacid dehydrogenase
8-amino-7-oxononanoate synthase

putative n-acetyltransferase transferase protein
alkanesulfonate monooxygenase

putative 2,3-dihydroxybenzoate-amp ligase protein
cobalamin biosynthesis protein ChiX
5-formyltetrahydrofolate cyclo-ligase
S-adenosylmethionine decarboxylase

probable polyketide synthetase protein

cobalamin biosynthesis protein ChiG

chelatase protein

short chain dehydrogenase

nicotinic acid mononucleotide adenylyltransferase
pyrroline-5-carboxylate reductase

phenylacetic acid degradation protein
glucose-1-dehydrogenase

putative hydrolase phosphatase protein

putative acyl coenzyme A thioester hydrolase protein
urease accessory protein UreF

protein implicated in myo-inositol catabolique pathway
cog0665, glycine/d-amino acid oxidase (deaminating) protein
Predicted nucleoside-diphosphate-sugar epimerases
putative acetolactate synthase protein

transferase kinase protein
ribonuclease activity regulator protein RraA
D-alanine ligase

Acyl-coenzyme A synthetase
3-ketoacyl-(acyl-carrier-protein) reductase

putative ribokinase protein

putative gcn5-related n-acetyltransferase; protein
metal-dependent hydrolase

Allophanate hydrolase subunit 2

pyruvate decarboxylase E1 (Beta subunit) oxidoreductase




RSUY_RS15045
RSUY_RS15930
RSUY_RS21270
RSUY_RS08865
RSUY_RS12040
RSUY_RS18810
RSUY_RS17060
RSUY_RS04140
RSUY_RS22500
RSUY_RS17430
RSUY_RS03995
RSUY_RS07765
RSUY_RS00075
RSUY_RS11470
RSUY_RS12140
RSUY_RS22095
RSUY_RS13885
RSUY_RS08670
RSUY_RS14720
RSUY_RS17435
RSUY_RS20185
RSUY_RS038390
RSUY_RS14830
RSUY_RS18685
RSUY_RS20565
RSUY_RS14520
RSUY_RS07705
RSUY_RS19380
RSUY_RS15945
RSUY_RS14515
RSUY_RS08220
RSUY_RS20525
RSUY_RS13045
RSUY_RS11485
RSUY_RS19445
RSUY_RS11730
RSUY_RS20545
RSUY_RS01030
RSUY_RS09965
RSUY_RS08135

mes)
gor
urek

cobC

pgl

glcE

chiF

imuB

birA

ttubl1

iolG

2,34
2,35
2,36
2,36
2,37
2,37
2,37
2,39
2,40
2,40
2,43
2,47
2,47
2,47
2,48
2,49
2,50
2,50
2,50
2,51
2,52
2,53
2,54
2,55
2,55
2,57
2,64
2,64
2,64
2,69
2,70
2,70
2,71
2,73
2,75
2,75
2,76
2,77
2,79
2,79

2-dehydropantoate 2-reductase

oxidoreductase protein

3,4-dihydroxy-2-butanone 4-phosphate synthase protein
L-asparaginase precursor protein

formate dehydrogenase

enoyl-CoA hydratase

aldolase protein

putative acetyltransferase protein

6-phosphogluconate dehydrogenase protein
maltooligosyl trehalose synthase transmembrane protein
arginase

putative cell cycle protein

glutathione reductase oxidoreductase protein

urease accessory protein UreE
Fructose-2,6-bisphosphatase
6-phosphogluconolactonase oxidoreductase protein
Predicted acyltransferase

NADPH-dependent FMN reductase oxidoreductase protein
short chain dehydrogenase

putative 4-alpha-glucanotransferase (amylomaltase) protein
putative unsaturated glucuronyl hydrolase protein
glycolate oxidase FAD binding subunit
Phosphatidylserine decarboxylase

precorrin-4 C11-methyltransferase protein

hippurate hydrolase protein

pantothenate kinase

glutamine amidotransferase

Nucleotidyltransferase

acyl-CoA dehydrogenase oxidoreductase protein
biotin--protein ligase

putative isomerase-like tim barrel; protein

d-isomer specific 2-hydroxyacid dehydrogenase, nad-binding;
amidase

urease accessory UREJ transmembrane protein
hydrolase protein

putative lipase transmembrane protein

putative oxidoreductase protein

hydroxypyruvate reductase protein

Predicted sugar kinase

oxidoreductase myo-inositol 2-dehydrogenase protein
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RSUY_RS13915 - 2,86 Predicted 3-hydroxylacyl-(acyl carrier protein) dehydratase

RSUY_RS08145 - 2,87 pyridine nucleotide-disulphide oxidoreductase, classl protein

RSUY_RS13345 - 2,90 Monoamine oxidase

RSUY_RS18660 chiA 2,95 cobyrinic acid a,c-diamide synthase

RSUY_RS09255 - 2,98 putative hydrolase protein

RSUY_RS09745 - 2,98 branched-chain alpha-keto acid dehydrogenase subunit E2

RSUY_RS15120 - 3,00 arginase

RSUY_RS13480 ubiH 3,02 2-octaprenyl-6-methoxyphenyl hydroxylase

RSUY_RS15355 - 3,03 sulfur carrier protein ThiS

RSUY_RS13320 - 3,09 Acyl dehydratase

RSUY_RS13465 - 3,13 putative mannose-1-phosphate guanyltransferase- related protein

RSUY_RS19455 - 3,23 fad flavoprotein transmembrane

RSUY_RS18900 - 3,28 enoyl-CoA hydratase

RSUY_RS15365 thiEl 3,39 thiamine-phosphate pyrophosphorylase protein

RSUY_RS07070 - 3,66 short chain dehydrogenase

RSUY_RS15600 - 3,99 Dienelactone hydrolase

RSUY_RS09450 bioD 4,90 dithiobiotin synthetase

RSUY_RS08640 moaD 5,28 molybdopterin MPT converting factor subunit 1

RSUY_RS02985 fruA 1,92 PTS system, fructose-specific IIBC component (EIIBC-fru) (fructose-
permease [IBC component) transmembrane protein

RSUY_RS02995 fruB 1,97 multiphosphoryl transfer protein

RSUY_RS02990 fruk 1,54 1-phosphofructokinase protein

UNKOWN FUNCTION/HYPOTHETICAL PROTEINS

This group comprises a total of 168 genes.

Supplementary Table 5. References used to identify virulence factors in R. solanacearum

uyo31
Ailloud et al. 2015 Gonzalez et al. 2007 Meng et al. 2011 Tans-Kersten et al. 2001
Ailloud et al. 2016 Huang and Allen 2000 | Meng 2013 Valls et al. 2006
Brown and Allen 2004 Jacobs et al. 2012 Meng et al. 2015 Wairuri et al. 2012
Brown et al. 2007 Khokhani et al. 2017 Peeters et al. 2013 Yao and Allen 2006
Dalsing et al. 2014 Lietal 2016 Perrier et al. 2016 Zhang et al. 2011
Dalsing et al. 2015 Lowe et al. 2015 Plener et al. 2012 Zhang et al. 2013
Delaspre et al. 2007 Lowe-Power et al. 2017 | Ray et al. 2015 Zhang et al. 2014
Flores-Cruz and Allen 2009 | Lundgren et al. 2015 Schell 2000 Zhang et al. 2015
Flores-Cruz and Allen 2011
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Abstract

R. solanacearum is the causal agent of the bacterial brown rot, a devastative plant disease
responsible for serious economic losses especially on potato, tomato and other solanaceaous
plant species in temperate countries. Many virulence determinants as well as their regulatory
networks have been already identified in R. solanacearum through gene expression assays in
minimal medium and, more recently, in planta. To date, most of the in planta transcriptomic
studies performed in R. solanacearum focused on bacteria colonizing the xylem vessels at the
onset of the disease. However, little is known about the genetic program that coordinates virulence
gene expression and metabolic adaptation along the different plant colonization phases. To this
end, we performed an RNA-sequencing transcriptome analysis of three different potato infection
stages corresponding to early, mid and late phases of plant colonization. We further explored the
impact of several reference conditions on data interpretation, including liquid or solid rich and
minimal media. Our results show a dynamic expression of many virulence factors including the
type Il secretion system (T3SS) and effectors, motility and exopolysaccharide synthesis. Finally,
we also investigated the metabolic changes of the pathogen throughout the infection process.
This is the first report describing a dynamic transcriptome of a bacterial plant pathogen within the
plant during the infection process, and our data not only corroborates previous results, but also
adds new knowledge on the pathogen physiology during plant colonization.
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Introduction

Brown rot of potato is a vascular disease caused by the bacterial phytopathogen Ralstonia
solanacearum. This pathogen can infect over 200 different plant species, including many important
crops such as potato, tomato, peanut, eggplant and banana, and is endemic of the tropical areas
of the globe (Hayward 1991). However, strains classified as phylotype 11B-1 are acclimated to lower
temperatures and grow optimally at 272C (Ciampi and Sequeira 1980) Although these strains
presumably originated in the Andean highlands (Janse 2012), they were accidentally introduced
in temperate European countries, where they could establish in waterways and reservoir weeds
(Janse et al. 2004). As a result, several outbreaks affecting potato fields were reported in the
early 1990s (Janse 1996), placing these strains as a major thread in Europe and North America
(Champoiseau et al. 2009).

R. solanacearum has a complex life cycle. The pathogen survives in soil and water as saprophyte
and enters the plant through root wounds or secondary root emerging points. Bacteria colonize
the root intercellular spaces, or apoplast, which is the first plant hostile environment encountered
by bacterial phytopathogens (Du et al. 2016). Attachment to host cells and colonization of the
apoplast is key for R. solanacearum pathogenicity (Hikichi et al. 2007). Successful bacteria move
to the xylem vessels, where the pathogen multiplies extensively and produce high amounts
of exopolysaccharide (EPS). Occlusion of the vasculature due to massive EPS production and
bacterial multiplication ultimately causes wilting symptoms and plant death (Vasse et al. 1995;
Genin 2010).

To progress across the different plant tissues, the pathogen needs a large battery of virulence
determinants, whose expression must be well orchestrated and tightly regulated. To date, many
virulence factors have been described to play a role in R. solanacearum pathogenicity. These
include the delivery of effector proteins inside the host cell by the type Il secretion system
(T3SS), EPS secretion, production of cell wall degrading enzymes and expression of protective
enzymes against the oxidative burst (Meng 2013; Peeters et al. 2013). Most of the virulence
genes in R. solanacearum were identified in in vitro studies using minimal medium conditions,
which mimics bacterial behavior in the plant (Arlat et al. 1992). Nonetheless, gene expression
studies performed in planta have been key to elucidate plant-dependent regulatory networks and
led to the discovery of novel features involved in host adaptation, such as nitrogen assimilation,
detoxification and the host’s sucrose utilization (Jacobs et al. 2012; Dalsing and Allen 2014;
Dalsing et al. 2015). However, most of the R. solanacearum in planta gene expression analyses
only considered bacteria extracted from infected xylem vessels at the onset of the disease (Brown
and Allen 2004; Jacobs et al. 2012; Meng et al. 2015; Ailloud et al. 2016; Khokhani et al. 2017).

Gene expression profiling throughout the infection cycle is essential to understand how the
pathogen switches from one stage to the other. Lifestyle transitions have been well studied in
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hemibiotrophic fungi such as Colletotrichum higginisianum (Arabidopsis thaliana), C. graminicola
(maize) (O’Connell et al. 2012), Dothistroma septosporum (Pinus radiata) (Bradshaw et al. 2016),
was well as in the oomycete Phytophtora infestans (tomato) (Zuluaga et al. 2016). However, the
closest transcriptome dynamic studies performed in phytopathogenic bacteria correspond to
Xanthomonas oryzae at different hours-post-incubation in rice leaf extracts (Kim et al. 2016),
and very recently to Pseudomonas syringae in A. thaliana leaves (Nobori et al. 2018). In planta
bacterial transcriptomes at different lifestyle phases are challenging, in the first place because
lifestyle transitions are not as clear as in fungi (Kraepiel and Barny 2016). Besides, the need
to enrich for bacterial RNAs, in particular at early infection stages at which bacterial yields are
extremely low compared to the plant, represents an additional technical constraint (Van Vliet
2009). We previously proved that it is possible to analyze bacterial RNAs from infected plant
tissue by bioinformatically selecting bacterial transcripts (Puigvert et al. 2017). This is especially
interesting for incipient infections, but it is still cost-ineffective and it is preferable to enrich
samples with bacterial cells prior to RNA isolation (Nobori et al. 2018).

To elucidate how R. solanacearum deploys its genetic program throughout the infection process,
the transcriptome of a potato phylotype [IB-1 strain, R. solanacearum UY031, was analyzed
at three different potato infection stages. The in planta conditions were set up with sufficient
bacterial densities to perform subsequent bacterial isolation from the plant and RNA-sequencing.
Early (leaf apoplast), mid (xylem from asymptomatic plants) and late infection stages (xylem from
completely wilted plants) were determined. Furthermore, to understand how the reference
condition used could impact our results, four reference conditions were analyzed: bacteria grown
in rich and minimal medium in liquid cultures and solid plates. Our data validates previous results
and shows that expression of the T3SS and effectors is inversely proportional, with a majority of
effectors being massively induced at advanced disease stages. We also show that, unexpectedly,
EPS synthesis is highly induced during apoplast colonization. Our results provide for the first time
a profiling of R. solanacearum gene expression in different time points of the infection process.

Results

Reproducible transcriptome conditions can be obtained in the different infection stages

Symptom variability in R. solanacearum infected plants is very high due to stochastic variations
such as the physiological state of the plant or the amount of vessels colonized (Cruz et al. 2014).
Therefore, we first set up reproducible conditions to analyze the R. solanacearum in planta
transcriptome at different points of the infection. To this end, we used a R. solanacearum UY031
luminescent reporter strain previously developed in our group, since it provides a more robust
guantitative measurement of bacterial colonization than only annotation of wilting symptoms
(Cruz et al. 2014). Three different potato infection stages were defined so that the pathogen could
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Figure 1. Conditions defined for the R. solanacearum in planta and in vitro transcriptome.

A) The three in planta conditions correspond to an early (leaf apoplast), mid (xylem from asymptomatic
plants) and late stages (xylem from dead plants) of the disease. Reference conditions correspond to bacteria
grown in rich and minimal media in liquid cultures or solid plates. B) Average of bacterial yields recovered in
each condition are indicated as CFU/ml. C) Representation of bacterial enrichment in each condition.

be easily isolated from the plant, thus enabling the enrichment of sufficient bacterial mRNA
(Figure 1). The initial stage corresponded to bacteria incubated in leaf apoplast, as it has been
described that bacteria first colonize the apoplastic fluid of the intercellular spaces in the root
(Vasse et al. 1995). To obtain more reproducible samples, leaf instead of root apoplast was
used as a mimic condition since it has been reported that R. solanacearum equally behaves in
both cases (Hikichi 2016). In our second and last infection stages, bacteria were isolated from
colonized xylem vessels of nearly asymptomatic or completely wilted potato plants, respectively.
To assess bacterial colonization levels especially in asymptomatic plants, stems were placed under
a luminometer to visualize bacterial densities within the vascular system, and only plants showing
luminescence were used. To avoid bias of quorum sensing signals in the xylem stages and not in
the apoplast, similar bacterial yields were infiltrated in potato leaves for the initial stage. Finally, to
identify the best time point at bacterial colonization within xylem vessels of almost asymptomatic
plants was most similar to that in dead plants, we monitored bacterial growth, luminescence and
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disease symptoms over time (Supplementary Figure 1). As shown in Figure 1, bacterial densities
recovered from the three in planta conditions are in the same order of magnitude (between 10’
and 108 CFUs/ml). In vitro reference conditions, corresponding to bacteria grown on solid or liquid
rich or minimal media, were also obtained to better define R. solanacearum gene expression.
Final bacterial yields from in vitro cultures were only one log more than in planta (Figure 1).
These conditions allowed us to obtain enough R. solanacearum RNA-seq reads to have a robust
representation of the whole genome (Supplementary Table 1). Principal component analysis
revealed that these conditions are consistent among biological replicates and sensitive enough to
detect biological differences between conditions (Supplementary Figure 2).

Table 1. Transcriptome profiling of the R. solanacearum virulence factors in the different in planta conditions.

Numbers indicate the percentage of genes in each category. Color-code was performed with Conditional
Formatting of Microsoft Excel and applied to all categories except Transposases and Hypothetical proteins.

RM liquid RM solid MM liquid MM solid
Induced |Repressed| Induced |Repressed| Induced [Repressed| Induced |Repressed
% 5 5|l 8538 8|585/s8 5588/ 35858/z58G5§
s X |e X e X T|e X T2 X T|e X T2 X T|e T
2 2 28 2 g8 228 28 2282828z
THYHSF IS F I H IS FESH IS HE ISHEE
7 8 2|0 0 O - 4 3/0 0 0O(5 0 0O(0O O O|212 2 2|0 O O F
0 0 1|0 0 0|1 12 2(0 O OlO O O|O O O|1 2 2f(0 O O Chemotaxis
5 0 0O 1 1|4 3 21 0 1|5 0 0|0 O O3 2 2(0 1 2 PilT4A
0O 0 O - 0O 1|0 0 1 - 1 1(0 o 00O O 1(0 1 1|1 0 1 PilT4B
1,10 5(0 o o|6 7 8(0 O O|O O O|2 12 1|0 O 2|1 1 1 T3E
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Number of DE genes

In planta transcriptome interpretation is influenced by the in vitro reference condition

To date, all available R. solanacearum in planta transcriptomes have based their interpretations
by using a reference in vitro condition that corresponded to either rich or minimal medium liquid
cultures (Jacobs et al. 2012; Meng et al. 2015; Ailloud et al. 2016; Khokhani et al. 2017). In our
group, we also proved that using bacteria grown on rich medium plates as reference was also
informative and allowed the detection of important genes specifically induced in planta ((Puigvert
et al. 2017) and chapter 5). To better understand how rich or minimal media and solid or liquid
state can influence R. solanacearum gene expression, we first compared the in vitro references
among themselves. Interestingly, to obtain similar amounts of differentially expressed (DE)
genes, different log,FC cutoffs had to be used when solid or liquid cultures were included in
the analysis. For bacteria grown on solid plates [log,FC[>0.5 was used, detecting 78 DE genes.
48 genes were up-regulated in minimal medium (MM) and mainly encoded amino acid and
carbohydrate metabolism-related genes, whereas the 30 down-regulated genes comprised 10
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T3SS genes (including the regulator HrpB), 6 T3Es (PopA, PopB, PopC, RipD, PopF1 and RipM),
the T3 chaperone (T3C) HpaG and some other described virulence genes such as MetE and HdfA.
On the other hand, when liquid cultures were used as reference, a |log,FC|>2 was employed. In
this case 129 DE genes were obtained and, again, the 67 down-regulated genes in MM encoded
metabolic genes including the scr operon, whilst among the 62 genes induced in MM we found 9
T3SS genes (including HrpB and HrpG), 9 T3Es (PopA, PopB, PopC, RipD, PopF1, GALA7, RipV2 and
the hypothetical T3E Hyp9 (Peeters et al. 2013), the T3C HpaB and the HrpB-dependent diffusible
factor HAfA (Supplementary Table 2). These results show that not many genes are differentially
expressed between RM and MM, with the exception of few metabolic-related genes and as
expected the T3SS. This data validated the consistency of our control conditions.

Next, we compared the three in planta conditions to each reference. In general, in planta
conditions were better mimicked by solid RM or MM reference conditions since we used a lower
log,FC cutoff than with liquid RM or MM to obtain similar amounts of DE gene. As depicted in
Table 1, xylem samples were best mimicked by MM in solid plates, since the comparison only
retrieved 17 and 14 up-regulated genes in early and late xylem, respectively. In contrast, apoplast
appeared to be slightly more similar to liquid RM.

APOPLAST EARLY XYLEM

Figure 2. Overlap of DE genes in planta compared to the four in vitro references.

Venn Diagram representing the amount of common DE genes in each in planta condition when compared
to the different reference conditions. RMs-solid rich medium, RMI-liquid rich medium, MMs-solid minimal
medium, MMI-liquid minimal medium.

To better reflect the influence of reference conditions, we then classified the DE genes belonging
to previously reported virulence factors (Table 1). Major differences could be observed with the
T3SS and T3E, which were highly induced in planta when compared to any rich medium (RM)
reference but repressed when MM was used. In few exceptions, some reference-dependent
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tendencies could be observed, for instance: type Vb pili showed contrasting expression patterns
in early xylem when compared to liquid RM or MM. In addition, the flagellum was induced in
apoplastin all cases but in a lesser extent when compared to liquid MM cultures, indicating that it
is induced by liquid MM. We also overlapped the different DE gene lists in each infection stage to
the four references to obtain Venn diagrams. As shown in Figure 2, only 116, 22 and 141 DE genes
were always present in a reference-independent manner in the apoplast, early and late xylem,
respectively. In fact, most of the flagellum and type IVa pili genes, which are homogeneously
highly induced in apoplast compared to most reference conditions, are lost in the common gene
list. Altogether, these results show that a great proportion of genes is influenced by the type and
state of the culture in which bacteria were grown.

Table 2. Proportion of up- and down-regulated genes in apoplast, early and late xylem using rich
medium liquid as reference in relation to other R. solanacearum transcriptomes.

Percentage of common DE genes in each in planta condition compared to previous in planta gene
expression analyses (A-Meng et al. 2015; B-Brown and Allen 2004, C-Occhialini et al. 2005 and Valls et al.
2006, D-Jacobs et al. 2012, E-Puigvert et al. 2017, F-Khokhani et al. 2017). Colors were plotted using the
Conditional Formatting in Microsoft Excel.
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Apoplast and late xylem produce high genetic reprogramming in R. solanacearum

We then explored the DE gene lists from an in planta point of view. As shown in Figure 2,
apoplast and late xylem are the most extreme in planta conditions, since they produced a strong
genetic reprogramming evidenced by the amount of DE genes in both cases. We also compared
our DE lists to those published from previous R. solanacearum gene expression analyses. Table 2
(and Supplementary Table 3) shows the proportion of genes in our transcriptome that previously
appeared in other studies. Interestingly, between 30-50% of the early xylem DE genes match with
published microarray data from R. solanacearum in infected tomato xylem samples at the onset
of the disease. Furthermore, 15% of the apoplast DE genes and between 10-30% (depending on
the reference used) of the early xylem DE genes were reported in our previous root transcriptome
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study. Taken together, these results suggest that: I) our previous root transcriptome contained
genes induced both at the apoplast and early xylem conditions, Il) many R. solanacearum genes
DE in planta during colonization are necessary irrespectively of the host, IlI) our transcriptome
analysis is validated, since genes that were up- or down-regulated in tomato xylem at the
beginning of symptom development correlated well with our data in similar conditions.

Finally, we investigated whether similar genes would be necessary at the three infection stages
by overlapping the DE gene lists in Venn Diagrams. As shown in Supplementary Figure 3, very few
genes are actually shared during apoplast and early xylem colonization, while a great proportion
of genes are found in both xylem conditions. In contrast, a large number of DE genes in apoplast
and late xylem were unique to those conditions, confirming that they are extreme and dissimilar

environments.
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Figure 3. Clusters of dynamic gene expression profiles throughout the infection process

R. solanacearum gene expression data in apoplast, early and late xylem conditions was subjected to clustering
according to dynamic gene expression patterns. Expression profiles are represented by the gene with highest
fit value within each cluster. The number on the top left corner of each plot indicates the amount of genes
following that pattern. A summary of the most relevant features within each cluster is shown under the
plots. Abbreviations: CWDE (cell wall degrading enzymes), QS (quorum sensing), TF (transcription factor).

Bacterial metabolic landscape during brown rot disease

To examine the in planta metabolic behavior of R. solanacearum, we compared the metabolic
pathways in planta to those in liquid RM or MM. Since metabolism is strongly dependent on the
type of medium in which bacteria grow, we could only extract a general idea of the bacterial
behavior in those artificial media. For instance, bacteria induce the Etner-Doudoroff pathway in
RM and MM compared to apoplast. Besides, pectin degradation was up-regulated in the three in
planta conditions compared to RM, but only in the apoplast when compared to MM, indicating
that this trait is already slightly induced in MM (Supplementary Figure 4 A and B). Generally,
bacterial metabolism in planta is reduced compared to that in artifical media.
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To better understand how R. solancearum modulates its metabolism along with the disease,
we performed a clustering analysis in the three infection stages considering the whole R.
solanacearum UY031 genome. Four clusters were obtained and the expression profile of the gene
with highest score within each cluster was depicted as example (Figure 3). Numbers in the left top
corner of each plot indicate the total number of genes classified in each cluster. With this analysis,
we could assign a cluster to 1838 out of the 4639 genes without O reads in any condition in the
R. solanacearum UY031 genome. The first cluster (left) corresponds to genes whose expression
levels are high at initial infection stages and decrease as disease advances. The next two clusters
comprise genes with higher expression levels in early or late xylem, respectively, and the last
cluster (right) includes genes that are active both in apoplast and in completely wilted plants.
As numbers indicate, most of the genes with a dynamic expression throughout the infection
process are highly induced at early stages and their expression levels decrease with time. We then
identified metabolic related genes within each cluster by using BlastKOALA, and represented the
corresponding metabolic pathways using IPATH3. 688/1071 genes in the apoplast cluster were
identified using the KEGG Blast tool, indicating an enrichment in metabolic-related genes at initial
colonization stages (Figure 4, highlighted in green). Early xylem contained 185/360 genes involved
in metabolism (yellow), and 130/324 late xylem genes were attributed to a metabolic pathway
(red). These observations indicate that there is a general tendency to diminish transcription as
the disease progresses, and that few metabolic pathways are reprogrammed during colonization
of dead plants.

When we explored the bacterial metabolic pathways altered along the infection (Figure 4),
the following pathways appeared to be induced at initial infection stages: lipopolysaccharide
(LPS) biosynthesis, fatty acid biosynthesis and oxidation, gluconeogenesis and reductive
pentose phosphate, TCA cycle, nitrogen assimilation, pectin degradation, purine and pyrimidine
biosynthesis, sulfur metabolism, urea cycle, Shikimate pathway and biosynthesis of valine,
leucine, isoleucine, phenylalanine, tyrosine and many cofactors. However, when bacteria reach
the xylem vessels, a completely different metabolic landscape is found: only the urea cycle,
LPS and initiation of fatty acid biosynthesis are maintained, and on the other hand, the Etner-
Doudoroff pathway is induced, together with arginine biosynthesis and degradation of histidine,
tyrosine, alanine, leucine and isoleucine. Finally, when plants are dead, bacteria only induce
benzoate degradation, polyamine biosynthesis and sulfur assimilation pathways. Overall, these
observations demonstrate that R. solanacearum adapts metabolically to the different in planta
environments by deploying or dampening specific metabolic pathways at each infection stage.

Sequential expression of the different members in the T3SS cascade

Since the T3SS regulatory pathway is well characterized in R. solanacearum, we investigated the
gene expression pattern of the T3SS components and the T3E repertoire in R. solanacearum UY031
throughout our time-course transcriptome. We explored the presence of different members of
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Figure 4. Metabolic pathway induction at each potato infection stage.

R. solanacearum DE genes involved in metabolism were mapped onto Kegg pathways using IPATH3. Pathways
highlighted in green, yellow or red denote induction in the apoplast, early or late xylem, respectively.

the T3SS cascade within the dynamic gene expression clusters (Figure 3). In Figure 5 we depicted
the classical T3SS signaling cascade described in the literature (Valls et al. 2006), and show the
condition in our transcriptome at which each member is differentially expressed. As expected,
the prh genes are highly induced at the initial infection stage, or apoplast, since these are the
upstream members of the T3SS signaling that sense the plant cell signal. Hrp genes, on the other
hand, encode first for regulatory proteins named HrpG and HrpB, which ultimately trigger the
expression of the T3SS structural proteins and T3Es. Figure 6 shows how HprG expression, which
is dependent on the plant-cell contact signal, is induced in apoplast, while HrpB, which also senses
a MM signal, is highly induced in early xylem together with other hrp genes encoding structural
units of the T3SS pilus. Interestingly, some sets of T3Es appeared to be induced specifically at some
points of the infection although there was a clear enrichment of T3Es at later infection stages.
Similar results were obtained when we examined the DE lists of the three in planta conditions
compared to liquid RM.

To investigate the exact expression pattern of the complete T3E repertoire in R. solanacearum
UY031, we performed a clustering analysis of this subset of genes and obtained 7 different
clusters (Figure 6). Patterns correspond to the relative expression of the three in planta conditions
normalized by expression in liquid rich medium. Each cluster shows the expression profile for the
gene with the highest score value within that cluster.
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As previously detected, some T3Es are specifically induced at unique points of the infection
process. Forinstance, T3Esin Cluster 1 and 2 (RipD, PopF1, PopS and RipAD) can be clearly classified
as “early effectors” since their expression is highly induced in the apoplast compared to the other
infection stages. Effectors classified in Cluster 4 (PopA, PopB and PopC) can be considered as
“early xylem effectors”, since they appear to be specifically induced in the xylem of alive plants.
T3Es grouped in Cluster 5 can be considered as “xylem” effectors, as their expression levels are
maintained in the two xylem conditions. Surprisingly, most of the T3Es in R. solanacearum UY031
are grouped in Clusters 6 and 7 corresponding to “late effectors” and whose expression increases
in completely wilted compared to asymptomatic plants. Altogether, these results demonstrate
that our in planta conditions are robust enough to capture sequential inductions of the most well
studied regulatory pathway in R. solanacearum, the T3SS. Furthermore, we also provide evidence
that, contrary to what was expected, most T3Es are expressed during the last stage of the disease.
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Figure 6. Gene expression patterns of theT3Es in R. solanacearum UY031 during brown rot disease

development.

Effectors highlighted in bold were detected with the highest thereshold (a=0.75) and with and asterisk were
found in at least 10/50 runs. T3Es without effect were detected at a=0.5 and in italics at a=0.25.

Virulence gene expression is dynamic along the infection process

We next investigated the expression profiles of known virulence determinantsin R. solanacearum

during potato colonization. To this end, we examined the presence of different virulence factors in
each gene expression cluster (Figure 3, Supplementary Table 4). Within the cluster corresponding
to genes induced in apoplast, we found many virulence determinants such as: motility (flagellum-
encoding genes), attachment (LecM and Type [Va pili), ROS detoxification enzymes, T2SS and
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a cell wall degrading enzyme (PglA), Exopolysaccharide (EPS) biosynthesis and quorum sensing
signals, upstream members of the T3SS cascade (prhl, prhJ, prhR, hrpG) and two “early” effectors
(RipD and PopF1). The ethylene encoding gene efe, the metabolic repressors EfpR and RepR and
the alternative sigma factor RpoN1, responsible for twitching motility and growth on nitrate, are
also included in the cluster. Interestingly, among the genes specifically induced in the early xylem
stage we found other virulence factors: many hrp genes (encoding for structural units of the T3SS
pilus as well as the HrpB regulator), few T3Es including RipQ, RipTPS and the above mentioned
“early xylem effectors”, Type IVb pili, the T6SS, the hdf operon and Hydroxycinnamic Acid (HCA)
degradation enzymes. In contrast, genes belonging to chemotaxis and some others T3Es are
grouped in the cluster of genes induced at late disease stages. In this case, we noticed that 12%
of these genes encode for transcription factors, suggesting that the pathogen is preparing itself
for the next stage if its life cycle. In line with this hypothesis, the last cluster comprises genes
that are induced both in apoplast and in wilted plants. This group of genes might be deployed
by the pathogen to adapt to extreme conditions, and they mainly include hypothetical proteins
and transposases, which have been described to play an adaptive role to new environments
(Casacuberta and Gonzalez 2013). These results indicate that the already described virulence
factors in R. solanacearum are necessary at different stages of the disease.

30+
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Figure 7. eps expression at different potato infection stages.

Eps expression was quantified by measuring light emission (Relative Luminescent Units) of a R. solanacearum
UY031 strain containing the Peps::lux construct in its genome and normalized by the amount of bacteria
present in each sample (CFUs). Expression was evaluated by recovering bacteria from leaf apoplast (6 hpi)
and from xylem vessels at three infection stages: pre-symptomatic (Disease Index=0), early symptomatic
(DI=0.5-1), and late symptomatic (DI=4). Data was plotted using the ggplot package in R. The experiment was
repeated two times with similar results.

149




Early induction of exopolysaccharide production

Exopolysaccharide (EPS) productionis one of the main virulence determinantsin R. solanacearum
and is controlled by quorum sensing signals that trigger the expression of the eps operon at high
cell densities (Clough et al. 1997a). Contrary to what was expected, the eps operon is induced at
early infection stages in our time-course transcriptome (Figure 3, Supplementary Table 4). The
main regulator controlling EPS expression (PhcA) and other regulators in this signaling network
(PhcQ, Phcs, PhcB, VsrC, VsrD, XpsR and WecC) are also highly expressed in the apoplast. Since it
was traditionally assumed, however, that EPS and related quorum sensing networks would be only
active during xylem colonization at which EPS is accumulated in high amounts, we validated this
unexpected result using a different technique. To this end, we used a luminescent reporter strain
of the eps biosynthesis operon and monitored its expression at four infection stages, including
the conditions of our in planta transcriptome. Expression levels are represented as Relative
Luminescent Units (RLU) normalized by the amount of bacteria in each plant. As shown in Figure
7, bacteria incubated in potato leaf apoplast show maximum expression levels compared to the
rest of the conditions, which correspond to xylem colonization at different points of the infection
process. Although the amount of EPS was notably increasing, EPS expression per cell decreased
as disease progressed, suggesting that, when similar bacterial loads are present EPS is strongly
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Figure 8. Dynamic virulence gene expression model in R. solanacearum during potato colonization.

Expression of known virulence factors in R. solanacearum at the tested in planta conditions. Bacteria are
represented as orange dots. Conditions from top to bottom: xylem of wilted plants, xylem of alive plants and
apoplast. Pathogenicity factors induced at each stage are indicated at the right. Abbreviations are explained
in the text.
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Discussion

Previous studies in R. solanacearum have identified many virulence factors involved in plant
colonization and disease development. Recently, several in planta transcriptomes have become
available, providing new insights on bacterial aspects essential for the emergence of wilting
symptoms (Jacobs etal. 2012; Meng et al. 2015; Ailloud et al. 2016; Khokhani et al. 2017). However,
understanding their expression profiles in the context of the pathogen life cycle has been more
challenging. Although we already proved that it was possible to successfully analyze the bacterial
transcriptome from total infected tissue (Puigvert et al. 2017), it is still cost-ineffective and it
is preferred to isolate bacteria prior to RNA extraction (Nobori et al. 2018). Therefore, most of
these works have focused at the disease onset stage, in which bacterial densities within the xylem
vessels are extremely high.

To unravel the changes that R. solanacearum undergoes during the disease, we set up a time-
course transcriptome at three different potato infection stages with enough bacterial densities to
obtain robust transcriptomes and avoid biased expression by quorum sensing effects. Besides, four
different reference conditions were included in the analysis: bacteria grown on solid or liquid rich
and minimal medium (RM and MM, respectively) (Figure 1). To identify the genes that were up-
or down-regulated between the conditions, we performed a differential expression (DE) analysis.
Interestingly, the analysis showed that bacteria grown on solid media (RM or MM), had less DE
genes with the in planta conditions than when liquid cultures were used as reference (Figure 2).
This result further reinforces the idea that solid cultures mimic better the actual state of bacteria
within the plant, as it was recently reported that they produce biofilms and microcolonies in the
plant intercellular spaces (Mori et al. 2016).

We also assigned functional categories to the DE gene lists and, as expected, T3SS and T3E
expression were induced in all in planta conditions compared to RM but repressed when
compared to MM (Table 1). Finally, we examined the differential expression (DE) in apoplast, early
and late xylem compared to each in vitro reference with that of previous in planta transcriptome
analyses (Jacobs et al. 2012; Meng et al. 2015; Ailloud et al. 2016; Khokhani et al. 2017; Puigvert
et al. 2017). As Table 2 and Supplementary Table 3 show, approximately 30% of the DE genes in
our transcriptome appeared already in other studies. Data correlated especially well between R.
solanacearum UY031 in early xylem conditions and the closely related strain UW551 in infected
tomato xylem vessels (Jacobs et al. 2012). Furthermore, the strong overlap between our apoplast
and early xylem conditions with our previous transcriptome in wild potato roots, might indicate
that root samples contained a mixture of bacterial populations (Supplementary Table 3). Taken
together, these observations validated our time-course transcriptome and provided evidence
that our in planta conditions were dissimilar enough to detect relevant biological differences.

The analysis of MM versus RM revealed that, besides T3SS induction, several genes related
to metabolism were also affected by the type of medium in which bacteria were grown
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(Supplementary Table 2). This dependency was obvious when the metabolic pathways up- and
down-regulated in apoplast, early and late xylem compared to liquid RM or MM were plotted onto
KEGG pathways (Supplementary Figure 4). The analysis also unveiled that bacterial metabolism in
MM and early xylem is highly similar and that R. solanacearum metabolism tended to diminish at
late disease stages. This observation was clearer when we clustered the R. solanacearum genome
according to gene expression profiles and represented the metabolic pathways induced at each
infection stage (Figure 4). The decreasing amount of genes clustered in each expression profile
further demonstrates this tendency (Figure 3). In this sense, the pathogen strongly activates
its metabolism during apoplast colonization, inducing carbohydrate, lipid, cofactor, sulfur and
nucleotide metabolism, as well as nitrogen assimilation pathways and biosynthesis of many
aromatic amino acids. In contrast, when bacteria colonize the xylem vessels, they activate the
Etner-Doudoroff pathway to get energy from carbon sources, synthesize arginine and degrade
other amino acids such as histidine, tyrosine, leucine and isoleucine. Interestingly, this result is
supported by a previous study in which we show that during growth in tomato xylem sap, which
might have a similar composition to that in potato plants, R. solanacearum accumulates arginine
while it consumes leucine, isoleucine, tyrosine and histidine (see annex (Zuluaga et al. 2013)).
Finally, when plants are dead, the pathogen has already turned off most of its primary metabolic
pathways but deploys polyamine biosynthesis and benzoate degradation pathways.

Besides metabolism, many virulence factors were also included in the gene expression clusters
(Figure 3). When we looked at the T3SS, the main virulence factor and most well studied signaling
pathwayin R. solanacearum we realised that its expression pattern correlated well to the previously
described signaling cascade (Valls et al. 2006). Initially, prh and hrpG genes, which trigger the
plant cell contact signal (Brito et al. 1999), are up-regulated in apoplast. Subsequently, the hrp
genes encoding structural T3SS units and the HrpB regulator, which senses the MM signal (Plener
et al. 2010), are induced in early xylem (Figure 5). Interestingly, expression of T3Es appeared to
take place in sets of genes at different infection stages. For instance, RipD, PopF1, PopS and RipAD
were strongly induced in plant apoplast, and their expression decreased afterwards (Figures 5
and 6). In fact, different studies show that RipD, PopF1 and PopS single mutants are non-virulent
or produce delayed disease symptoms (Cunnac et al. 2004; Meyer et al. 2006; Jacobs et al. 2013).
Since suppression of a single T3E rarely results in delay or loss of virulence (Deslandes and Genin
2014), these reports further support the idea that these T3Es play key roles at early infection
stages. Although it was expected that most T3E were induced during colonization of the xylem
vessels, the preferred niche of R. solanacearum, it was surprising that a large amount of T3E were
up-regulated in completely wilted plants (Figure 6). This result was especially unusual, considering
that relatively few genes were induced in our latest disease stage (Figure 3). Conversely to the
traditional notion of an exclusively early role of the T3SS, our in planta results further support
the notion that the T3SS is active at advanced disease stages (Jacobs et al. 2012; Monteiro et
al. 2012a) and that many T3Es might have a function at this disease. Previous in planta studies

already addressed the possibility of different T3Es playing distinct roles in the infection process
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(Turner et al. 2009). Accordingly, a recent in vitro approach exploring the secretion pattern of
T3E in R. solanacearum, relevealed that a fine control of effector delivery mediated by T3C exists
in the pathogen (Lonjon et al. 2016). In their study, Lonjon and collaborators suggest that T3Es
whose secretion is T3C-independent might be secreted earlier, while those that depend on T3C for
translocation might be secreted at later stages. When we compared their lists of putatively early/
late effectors to ours (Figure 6), few matches were found. Actually, this result is not surprising
since effector translocation and its effect on the host cell might depend on many factors, including
the host species, the T3E repertoire in the given bacterial strain, and expression of the T3E, the
T3C and the T3SS pilus. With the development of the split-GFP system to monitor spatiotemporal
translocation of T3Es (Henry et al. 2017; Park et al. 2017), future experiments will be addressed
at characterizing the in planta translocation pattern of candidate “early” and “late” effector sets.

Inadditiontothe T3SS, we also analyzed the expression dynamics of other virulence determinants
described in R. solanacearum (Figure 3). In line with previous studies, we demonstrate that
expression of the sigma factor RpoN1, Type IVa pili, the flagellum, T2SS and ROS detoxification
enzymes takes place in the apoplast, thus validating their biological role at the establishment
of the infection (Kang et al. 1994; Tans-Kersten et al. 2001; Kang et al. 2002; Flores-Cruz and
Allen 2011; Lundgren et al. 2015; Ray et al. 2015). Besides, two HrpG-induced genes, efe and
lecM, were also up-regulated in apoplast (Valls et al. 2006). Furthermore, we also detected the
induction of two regulators involved in bacterial metabolic adaptation: EfpR and RepR ((Perrier et
al. 2016), chapter 6). Interestingly, RepR was induced in apoplast compared to the four reference
conditions.

In the subsequent infection stage, R. solancearum induces nitrogen respiration genes, a trait
already demonstrated to play a role during xylem colonization (Dalsing et al. 2015), the hdf
operon, which was described as HrpB-induced (Delaspre et al. 2007), and the T6SS —a novel
virulence determinant in R. solanacearum whose expression is known to decrease transcription
of flagellar genes (Zhang et al. 2012; Zhang et al. 2014). Moreover, it is known that HCA and
derivates are released by the plants into the xylem lumen as a defense mechanism (Beckman
2000). It was recently reported that HCA degradation enzymes encoded by R. solanacearum also
contribute to virulence (Lowe et al. 2015). It was hypothesized that HCA degradation might be
involved during root colonization. However, in our time-course transcriptome we show that genes
encoding HCA degradation enzymes are actually induced during early xylem colonization, where
we propose they might develop their function. Within the xylem vessels of wilted plants, we show
that R. solanacearum still induces expression of chemotaxis, a trait that was believed to be mainly
involved in root colonization at the rhizosphere (Yao and Allen 2006), many T3E and a surprising
large amount transcription factors. Altogether, these results indicate that, far from dying, bacteria
might be preparing themselves for the coming environment beyond the disease. Finally, a group
of 83 genes appeared to be induced both in apoplast and late xylem conditions, the most extreme
conditions in our transcriptome. Not surprisingly, these genes include hypothetical proteins
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and transposases, which are known to be involved in stress conditions and adaptation to new
environments (Capy et al. 2000; Casacuberta and Gonzalez 2013).

Unexpectedly, our data also showed an early induction of quorum sensing networks and EPS
production, which were further validated using promoter::reporter fusions (Figure 7). This
challenges the notion that the quorum sensing pathways are specifically induced in the xylem
(Schell 2000), showing that they can be induced at higher levels in the apoplast provided sufficient
bacterial concentration is present. Interestingly, recent data indicate that R. solanacearum
produces biofilm more abundantly in apoplast extracts than in xylem sap (Mori et al. 2016). The
same study reports that the pathogen can form microcolonies in the apoplastic spaces, which
could represent microenvironments with high EPS production. Further analyses will be needed to
confirm this hypothesis.

Recently, growing knowledge on phenotypic heterogeneity in bacterial subpopulations during
infection has revealed that this event is responsible for increased bacterial fitness and virulence
(Weigel and Dersch 2018). This event has been already described in the plant pathogen P
syringae, which displays two T3SS-distinct populations within plant apoplast (Rufian et al. 2016).
We hypothesize that during root colonization, R. solanacearum may also be differentiated into
distinct populations with phenotypic heterogeneity, caused either by the presence of different
microenvironments in the infected tissue or driven by transcription factors that affect positive
feedback loops. The development of novel dual reporters in R. solanacearum targeting expression
of eps together with a constitutively expressed gene will clarify whether bistable eps expression
also takes place at early infection stages.

Although new questions arose during this work, our system has contributed to a global
understanding of the modulation in R. solanacearum virulence gene expression along the
infection process (Figure 8). Future research will shed light on the functional aspects of our novel
observations.

Materials and Methods
Bacterial strains and plant growth conditions

The R. solanacearum strain UY031 isolated from potato tubers in Uruguay (Siri 2011) carrying
the reporter LUX-operon under control of the psbA promoter was used. Luminescence expression
allowed us to indirectly quantify the amount of bacteria present in each sample (Cruz et al. 2014).

Bacteria were grown in rich B medium supplemented with glucose (10g/| bactopeptone, 1g/I
yeast extract, 1 g/l casaminoacids, 0.5% glucose) or in Boucher’s Minimal Medium (BMM)
supplemented with glutamate (200g/I KH,PO,, 50g/I (NH,),SO,, 10g/l MgSO,-7H,0, KOH 10N,
1.26g/ FeSO,-7H,0, 20mM glutamate), and incubated at 30°C.
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Solanum tuberosum cv. Desire plants were propageted in vitro (Zuluaga et al. 2015) and 2-week
old apexes were transferred to pots containing a mixture of soil:silica sand in a 1:1 ratio and
grown at 222C in long day (16h/8h light/dark) conditions. 3-week-old plants were used in all the
experiments.

Bacterial sampling

For solid rich B or BMM samples, bacteria were grown for 2 or 3 days, respectively, as separated
colonies and recovered with sterile water (Puigvert et al. 2017). For liquid samples, bacterial
cultures at a starting OD_ =0.1 were grown for 5 h in rich B medium or 9 h in BMM, until they
reached exponential growth phase (0D, ~0.4-0.5). In either case, bacteria were centrifuged at
4°C for 2 min at maximum speed and immediately frozen in liquid nitrogen.

To obtain leaf apoplast samples, bacterial cells from an overnight culture were washed with
water and resuspended to a final concentration of 5:10° CFU/ml. The whole aerial part of the
plants was vacuume-infiltrated for 30sec-1min and leaves were dried in paper towel before
incubating the plants in the inoculation chamber (28°C, 12/12). After 6 hours, leaves were
vacuum-infiltrated with sterile distilled water, dried in paper towel, rolled in a cut 10 ml tip and
centrifuged inside a 50 ml tube at 42C for 5 min at 2000 rpm. Apoplast fluid extract was pooled
(each pool representing approximately 15 plants) and centrifuged at 42C at maximum speed for 2
min. Bacterial pellets were frozen in liquid nitrogen.

For early and late xylem samples, potato roots were injured with a 1 ml pipette tip before
inoculation. 40 ml of a 108 CFU/ml R. solanacearum suspension was used to soil-inoculate each
plant. After inoculation, plants were kept in the inoculation chamber (28°C, 12/12) for 6 days
(mean disease index=0-1) or 10 days (disease index=4 in 100% of the plants), respectively.
Plants were photographed in a LAS4000 Luminometre to check individual infection levels and
approximately 30 plants were used for each early xylem sample, while 7 plants were used for
every late xylem sample. 2 cm-long stem pieces were cut from each plant, placed in a 1.5 ml
tube containing 500 pl of sterile distilled water and centrifuged 2 min at maximum speed at 42C
to release bacteria from the xylem vessels. All bacterial pellets were pooled together for each
biological replicate and frozen in liquid nitrogen.

In all cases, bacterial densities were measured by luminescence and dilutions were plated to
count CFUs before addition of 5% of an ice-cold transcriptional stop solution (5% [vol/vol] water-
saturated phenol in ethanol).

RNA extraction, sequencing and library preparation

Total RNA was extracted using the SV Total RNA Isolation System kit (Promega) following
manufacturer’s instructions for Gramnegative Bacteria. RNA concentration was measured with
a ND-8000 Nanodrop and RNA integrity was validated for all samples using the Agilent 2100
Bioanalyzer. For rRNA deplition, 2.5ug of total RNA were treated with the Ribo-zero™ magnetic
kit for bacteria (Epicentre). Three biological replicates per condition were subjected to sequencing
on a HiSeq2000 lllumina System apparatus using multiplexing and kits specially adapted to obtain
100 bp paired-end reads in stranded libraries. Liquid reference samples were sequenced by
Macrogen Inc. (Seoul). In all other cases, RNA-sequencing was performed in the Shanghai PSC
Genomics facility. Raw sequencing data will be available in the Sequence Read Archive under an
accession code.
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Read alignment, mapping and differential gene expression analysis

RNA-seq raw data quality was evaluated using FASTQC (version 0.11.4). The completely
sequenced genome of strain UY031 (Guarischi-Sousa et al. 2016) was used as reference and
R. solanacearum reads were mapped using Bowtie2 (version 2.2.6; (Langmead and Salzberg
2012) with stringent parameters (Puigvert et al. 2017). Alignments were quantified with HTSeq-
count (version 0.6.1; (Anders et al. 2015) using NCBI’s RefSeq sequences NZ_CP012687.1 and
NZ_CP012688.1. DESeq2 (version 1.12.3; (Love et al. 2014) package in R (version 3.3.2) was
employed to perform differential expression (DE) analysis of high quality RNAseq reads. Genes
with [log,(fold-change)|> 0.5 and q< 0.01 were considered as differentially expressed in planta
when compared to bacteria grown on solid medium. When liquid cultures were used as reference
conditions, |log,(fold-change)|> 2 and g< 0.01 parameters were used. Common and unique
differentially expressed gene lists, as well as Venn diagrams, were obtained using the online tool
http://biocinformatics.psb.ugent.be/webtools/Venn/.

Gene expression pattern clusterization

EBSegHMM package (version 1.12.0, (Leng et al. 2015)) in R (version 3.4.4) was used to cluster
global R. solanacearum UY031 gene expression according to expression profile similarity along
the different conditions. Non-prenormalized raw data of liquid rich medium, apoplast, early and
late xylem samples was used as input. Expression profile clustering was estimated by applying a
median normalization, 100 iterations and a False Discovery Rate (FDR) < 0.05. Only genes with a
PP value > 0.5 were taken into account.

To obtain expression profiles of the R. solanacearum UY031 T3E genes, a soft clustering analysis
was performed using Mfuzz package (version 2.38.0, (Futschik and Carlisle 2005; Kumar and M
2007) in R (version 3.4.4). Input data corresponds to the expression ratios obtained by DEseq?2 of
apoplast, early and late xylem samples compared to liquid rich medium as reference condition.
Fuzzifier parameter m was directly estimated as recommended in the Mfuzz manual and cluster
number was set at c=8. In a first round of 50 iterations only genes with a u>0.75 were considered.
To classify the rest of T3Es present in strain UY031, a p=0.5 was set for 20 additional iterations and
at u=>0.25 for 4 iterations. RipE2 is not included in the list since it is not present in the annotation
provided by NCBI.

Metabolic pathway detection

Amino acid sequences of differentially expressed genes were obtained from GenBank accessions
CP012687.1 (chromosome) and CP012688.1 (megaplasmid) and uploaded in the Kegg Mapper
tool (http://www.kegg.ip/kegg/tool/annotate sequence.html) to obtain KO identifiers. These
were plotted in IPATH3 (Yamada et al. 2011) to visualize metabolic pathways enriched in the
different conditions.

In planta monitoring of eps gene expression

To validate RNAseq data, a reporter strain of R. solanacearum UY031 with the eps promoter
fused to LUX genes (Cruz et al. 2014) was used. Bacteria were inoculated into potato plants
as previously described for all the conditions, and after sample collection, luminescence and
CFUs were measured separately for each plant. eps expression levels are expressed as Relative
Luminescent Levels divided by 10000 (R.L.U.) and normalized by the amount of CFUs per plant.
Samples from 6 different plants were used in each condition.
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Supplementary Figure 1. R. solanacearum growth curve, luminescence and symptom development in
potato plants.

A) Luminescence levels or B) bacterial growth and symtpom development in potato plants were monitored
over time to detect the precise time points at which similar bacterial yields but different symtpoms could
be detected.
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Supplementary Figure 3. Venn diagrams
showing overlap of DE genes in the three
in planta conditions when compared to
each in vitro reference.

Venn Diagram representing the amount of
MM _solid MM _lig common DE genes between the three in
planta conditions when compared to the in
vitro reference conditions.
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Supplementary Figure 4A. Metabolic pathways induced in planta compared to liquid RM or MM.

R. solanacearum up-regulated genes in apoplast, early or late xylem compared to liquid RM (top) or MM

(bottom) were mapped onto Kegg pathways using IPATH3. Pathways highlighted in green, yellow or red are
found in apoplast, early or late xylem, respectively.
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Supplementary Figure 4B. Metabolic pathways repressed in planta compared to liquid RM or MM.

R. solanacearum down-regulated genes in apoplast, early or late xylem compared to liquid RM (top) or
MM (bottom) were mapped onto Kegg pathways using IPATH3. Pathways highlighted in green, yellow or
red are found in apoplast, early or late xylem, respectively.
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Supplementary Table 1. Number of mapped reads onto the R. solanacearum UY031 genome.

Sample ID Total reads Aligned reads % Aligned reads
Apoplastl 21879209 18225945 83.30
Apoplast2 26766576 22641780 84.59
Apoplast3 24945027 20106785 80.60
Early xylem1 23554394 19887599 84.43
Early xylem?2 24102624 20115780 83.46
Early xylem3 25157995 18506738 73.56
Late xylem1 23270138 21909969 94.15
Late xylem?2 23309741 21562241 92.50
Late xylem3 24741904 23166640 93.63
MMsolid1 18148670 15865759 87.42
MMsolid2 24947872 23442027 93.96
MMsolid3 25550113 22916162 89.69
RMsoll 31412280 27487884 87.51
RMsol2 36020885 32022483 88.90
RMsol3 51577420 46015394 89.22
MMligl 30460739 17716297 58.16
MMlig2 30516094 20299314 66.52
MMlig3 29553234 18911203 63.99
RMligl 28623378 20467036 71.50
RMlig2 32546088 28018378 86.09
RMlig3 30741621 26841635 87.31

Supplementary table 2. DE genes in minimal compared to rich medium in solid plates and liquid

cultures.

UY031_NCBI log2FC padj Gene name Description

MMs vs RMs

RSUY_RS18280 -3,72 2,16E-5 - conserved hypothetical protein

RSUY_RS18995 -3,64 2,78E-8 hmgB fumarylacetoacetase

RSUY_RS01705 -3,54 2,38E-11 | - 4-hydroxyphenylpyruvate dioxygenase oxidoreductase
protein

RSUY_RS14695 -3,54 2,30E-12 | - acyl-CoA dehydrogenase oxidoreductase protein

RSUY_RS22930 -3,20 3,33E-12 | oprB putative porin B precursor outer (glucose porin)
transmembrane protein

RSUY_RS22935 -3,05 6,28E-9 xylF D-xylose-binding periplasmic ABC transporter

RSUY_RS14705 -3,05 2,80E-9 - carbonic anhydrase protein

RSUY_RS22940 -2,87 6,13E-10 | xylG xylose transporter ATP-binding subunit
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RSUY_RS19000
RSUY_RS22960
RSUY_RS00965
RSUY_RS18215
RSUY_RS22045
RSUY_RS19885
RSUY_RS00955
RSUY_RS18985
RSUY_RS22950
RSUY_RS11045
RSUY_RS22945
RSUY_RS00635
RSUY_RS198390
RSUY_RS01980
RSUY_RS03990
RSUY_RS14690
RSUY_RS12745
RSUY_RS14700
RSUY_RS21760
RSUY_RS10580
RSUY_RS09910
RSUY_RS14730
RSUY_RS15260
RSUY_RS07585
RSUY_RS12260
RSUY_RS12310
RSUY_RS14540
RSUY_RS23040
RSUY_RS22085
RSUY_RS22075
RSUY_RS08345
RSUY_RS19620
RSUY_RS00210
RSUY_RS17010
RSUY_RS02860
RSUY_RS17480
RSUY_RS05740
RSUY_RS14710
RSUY_RS19755
RSUY_RS19760

-2,86
-2,60
2,51
2,45
-2,38
2,36
-2,30
2,26
2,23
-2,20
-2,06
-2,05
-1,97
-1,97
-1,85
-1,83
-1,83
1,71
-1,68
-1,66
-1,57
-1,50
1,18
1,24
1,42
1,54
1,55
1,62
1,66
1,83
2,09
2,16
2,18
2,34
2,41
2,49
2,54
2,55
2,66
2,72

5,99E-3
2,96E-5
8,86E-9
7,40E-3
5,36E-3
5,84E-7
5,13E-6
8,02E-3
5,60E-3
2,80E-9
4,61E-4
5,84E-7
2,30E-12
6,78E-4
4,30E-3
5,36E-3
5,44E-4
7,62E-3
4,08E-3
6,81E-4
2,31E-4
8,40E-3
2,99E-3
4,94E-3
7,62E-3
2,13E-6
8,78E-5
7,86E-3
5,20E-4
2,16E-5
5,99E-3
8,64E-3
4,72E-4
5,98E-3
9,03E-4
2,33E-3
3,69E-3
7,56E-3
4,53E-3
9,45E-5

hmgA

gevT

xylH
phhA
kbl

hutH

TIS1021
hrpF
hreN

homogentisate 1,2-dioxygenase

hypothetical protein

glycine cleavage system aminomethyltransferase T
ornithine cyclodeaminase

transcription regulator protein

putative oxidoreductase protein

glycine dehydrogenase

hypothetical protein

putative oxidoreductase protein

two-component system response regulator

xylose transmembrane ABC transporter protein
phenylalanine 4-monooxygenase
2-amino-3-ketobutyrate coenzyme A ligase

putative signal peptide protein

histidine ammonia-lyase

putative transcription regulator protein
3-hydroxyacyl-CoA dehydrogenase type Il oxidoreductase
bifunctional isocitrate dehydrogenase kinase/phosphatase
3-hydroxybutyrate dehydrogenase

putative lipoprotein signal peptide

putative 2-hydroxychromene-2-carboxylate isomerase
hypothetical protein

hypothetical protein

hypothetical protein

putative oxidoreductase protein

putative glutathione peroxidase transmembrane protein
hypothetical transmembrane protein

transcription regulation repressor HEXR
two-component response regulator transcription regulator
putative lipoprotein

leucine-rich-repeat protein

hypothetical protein

hypothetical protein

putative signal peptide protein

abc-type transporter, periplasmic component protein
hypothetical protein

TIS1021 transposase

type Ill secretion system protein HrpB

type Ill secretion system ATPase
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RSUY_RS19535 2,74 1,25E-3 - hypothetical protein

RSUY_RS17485 2,80 1,25E-3 - hemin transport protein

RSUY_RS19745 2,84 1,21E-3 hre) Hrp conserved lipoprotein HRCJ transmembrane

RSUY_RS19785 2,85 2,63E-4 RipAC type Ill effector protein popc

RSUY_RS19735 2,89 4,49E-3 hrpK HRPK protein

RSUY_RS10220 2,91 5,43E-3 - hypothetical protein

RSUY_RS17475 2,91 5,51E-4 - transmembrane protein

RSUY_RS19700 2,92 6,10E-3 hrpV hypothetical protein

RSUY_RS01465 2,92 6,78E-4 hdfA hypothetical protein

RSUY_RS19615 2,99 8,27E-5 - putative lipoprotein

RSUY_RS17055 3,02 7,32E-3 - siderophore biosynthesis protein

RSUY_RS19775 3,05 2,77E-3 hrpB regulatory HRPB transcription regulator protein

RSUY_RS19695 3,07 2,99E-3 hrpw HRPW transmembrane protein

RSUY_RS19750 3,17 3,77E-3 hrpH HRPH protein

RSUY_RS09380 3,18 1,59E-4 RipM hypothetical protein RipM type IlI effector

RSUY_RS05745 3,23 1,97E-3 - putative signal peptide protein

RSUY_RS17655 3,32 4,72E-4 - hydrolase transmembrane protein

RSUY_RS09375 3,39 1,36E-6 - hypothetical protein

RSUY_RS19690 3,44 2,56E-4 hrpX hypothetical protein

RSUY_RS17060 3,47 8,08E-5 - aldolase protein

RSUY_RS12040 3,73 1,02E-10 | - putative transmembrane protein

RSUY_RS19605 3,88 5,34E-8 - hypothetical protein

RSUY_RS16550 4,02 4,78E-6 RipD type Il effector protein

RSUY_RS19790 4,04 1,39E-5 RipAB type Il effector protein popb

RSUY_RS05760 4,12 9,85E-4 - signal peptide protein

RSUY_RS18925 4,37 2,34E-5 metE 5-methyltetrahydropteroyltriglutamate-- homocysteine
methyltransferase

RSUY_RS22080 4,42 9,46E-7 RipF1_1 secreted protein POPF2 type Il effector

RSUY_RS19795 5,18 8,86E-9 RipX type Ill effector protein popal [contains: popa2 protein;
popa3 protein].

RSUY_RS19685 6,68 1,36E-11 | hrpY Hrp pilus subunit HRPY protein

MMI vs RMI

RSUY_RS19000 -6,51 2,41E-29 | hmgA homogentisate 1,2-dioxygenase

RSUY_RS18995 -5,97 2,41E-29 | hmgB fumarylacetoacetase

RSUY_RS00965 -3,96 3,22E-12 | gevT glycine cleavage system aminomethyltransferase T

RSUY_RS07380 -3,96 9,83E-9 nagH putative salicylate-5-hydroxylase small oxygenase
component oxidoreductase protein

RSUY_RS01995 -3,95 1,02E-13 | - -

RSUY_RS01990 -3,91 2,81E-13 | - transmembrane ABC transporter protein

RSUY_RS08185 -3,90 1,49E-18 | mocB rhizopine-binding protein precursor

RSUY_RS18280 -3,80 9,73E-3 - conserved hypothetical protein
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RSUY_RS11560
RSUY_RS08215
RSUY_RS07375

RSUY_RS00955
RSUY_RS08210
RSUY_RS18560
RSUY_RS01985
RSUY_RS08190
RSUY_RS11620
RSUY_RS08200
RSUY_RS11110
RSUY_RS01980
RSUY_RS20765
RSUY_RS18505
RSUY_RS07435
RSUY_RS07385
RSUY_RS11280
RSUY_RS11295
RSUY_RS07430
RSUY_RS08205
RSUY_RS11285
RSUY_RS08145
RSUY_RS20770
RSUY_RS11570
RSUY_RS11575
RSUY_RS08195
RSUY_RS20760
RSUY_RS22930
RSUY_RS22940
RSUY_RS22950
RSUY_RS11565
RSUY_RS11625
RSUY_RS02000
RSUY_RS20695
RSUY_RS20215
RSUY_RS08220
RSUY_RS00635
RSUY_RS20180
RSUY_RS22945

3,71
-3,69
-3,66

-3,65
-3,59
-3,57
-3,54
-3,46
-3,45
-3,44
-3,44
-3,41
-3,40
-3,35
-3,29
-3,27
-3,24
-3,19
-3,18
-3,17
-3,14
-3,12
3,12
3,11
-3,10
-3,10
-3,08
-3,06
-3,04
-3,03
-3,02
-3,01
-3,00
-3,00
-3,00
-2,99
-2,94
-2,94
2,91

6,96E-7
5,36E-10
6,63E-7

2,35E-22
2,08E-8
9,64E-6
2,16E-4
5,83E-7
9,76E-12
1,64E-5
6,32E-11
8,32E-9
6,33E-9
5,81E-4
5,73E-7
2,48E-6
7,00E-5
2,74E-3
1,16E-3
6,94E-5
6,29E-6
6,94E-5
1,84E-6
1,88E-4
1,44E-4
6,72E-4
9,24E-4
9,73E-3
1,91E-8
3,31E-3
1,63E-4
1,23E-3
1,25E-10
2,99E-6
6,94E-5
2,67E-3
2,09E-3
3,41E-4
1,14E-5

iolB
nagAb

gecvP
iolE
paaB

nuoC
jolC
fumA

scrB

nagG

sdhD

iolD
sdhB

scrA

nuoM

nuolL

oprB

xylG

nuoN

nuoB

phhA

xylH

hypothetical protein
putative myo-inositol catabolism protein

ferredoxin subunit of A ring-hydroxylating dioxygenase
oxidoreductase protein

glycine dehydrogenase

putative myo-inositol catabolism protein
phenylacetate-CoA oxygenase subunit PaaB
hypothetical protein

sugar atp-binding protein

NADH dehydrogenase subunit C

transferase kinase protein

fumarate hydratase protein

putative signal peptide protein

putative sucrose-6-phosphate hydrolase (Sucrase invertase)
general secretion pathway GSPG-like transmembrane
hypothetical protein

putative salicylate-5-hydroxylase oxygenase component
hypothetical protein

succinate dehydrogenase hydrophobic subunit
cytochrome p-450-like monooxygenase protein
putative acetolactate synthase protein

succinate dehydrogenase iron-sulfur subunit

pyridine nucleotide-disulphide oxidoreductase

PTS system, sucrose-specific (IIBC component) protein
NADH dehydrogenase subunit M

NADH dehydrogenase subunit L

sugar transmembrane protein

porin transmembrane protein

porin B precursor outer (glucose porin)

xylose transporter ATP-binding subunit

putative oxidoreductase protein

NADH dehydrogenase subunit N

NADH dehydrogenase subunit B

ABC transporter ATP-binding protein

transmembrane aldehyde dehydrogenase oxidoreductase
conserved hypothetical protein

putative isomerase-like tim barrel; protein
phenylalanine 4-monooxygenase

conserved hypothetical protein

xylose transmembrane ABC transporter protein
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RSUY_RS00950
RSUY_RS04415
RSUY_RS02010
RSUY_RS08225
RSUY_RS18770
RSUY_RS11290
RSUY_RS11615
RSUY_RS11600
RSUY_RS20700
RSUY_RS11340
RSUY_RS18940
RSUY_RS11595
RSUY_RS11610
RSUY_RS11590
RSUY_RS20775
RSUY_RS11555
RSUY_RS02005
RSUY_RS08050
RSUY_RS09870
RSUY_RS00910
RSUY_RS10860
RSUY_RS10885
RSUY_RS18240
RSUY_RS09370
RSUY_RS19075
RSUY_RS12565
RSUY_RS20605
RSUY_RS16300
RSUY_RS05740
RSUY_RS14975
RSUY_RS22285
RSUY_RS22300
RSUY_RS10890
RSUY_RS16975
RSUY_RS16650
RSUY_RS18580
RSUY_RS22305
RSUY_RS23055
RSUY_RS17025
RSUY_RS19770

168

-2,88
-2,88
2,87
-2,87
-2,85
2,84
-2,84
-2,81
2,79
2,77
-2,76
2,73
-2,68
-2,65
-2,63
2,61
-2,60
-2,59
-2,53
-2,49
2,19
2,26
2,53
2,61
2,61
2,66
2,75
2,80
2,83
2,92
2,92
3,07
3,08
3,09
3,11
3,13
3,24
3,29
3,36
3,41

9,24E-4
4,57E-4
1,36E-8
5,54E-4
1,18E-3
8,03E-4
2,53E-3
1,10E-4
5,52E-3
1,96E-4
7,86E-3
8,53E-3
1,81E-3
1,04E-4
7,89E-4
2,21E-4
8,03E-4
1,81E-4
3,13E-5
4,31E-8
3,66E-3
2,36E-3
2,89E-3
1,29E-3
1,12E-3
8,25E-9
3,58E-4
4,56E-3
3,33E-6
6,71E-4
4,09E-3
1,00E-5
7,30E-5
7,86E-3
6,78E-5
1,07E-3
1,65E-3
1,73E-3
4,89E-5
1,62E-3

sdaA2
rfbC

glpD

sdhA

nuoD

nuoG

acnA

nuoH

nuokE

nuol

scrR

hifX

putA

hrcT

L-serine dehydratase

dTDP-4-dehydrorhamnose 3,5-epimerase protein
glycerol-3-phosphate dehydrogenase

putative myo-inositol 2-dehydrogenase protein
hypothetical protein

succinate dehydrogenase flavoprotein subunit
NADH dehydrogenase subunit D

NADH dehydrogenase subunit G

beta alanine--pyruvate transaminase

aconitate hydratase

putative diaminopimelate decarboxylase protein
NADH dehydrogenase subunit H

NADH dehydrogenase subunit E

NADH dehydrogenase subunit |

DNA-binding sucrose operon transcription regulator
hypothetical protein

putative sugar-phosphate ATP-binding ABC transporter
hypothetical protein

putative isomerase rotamase signal peptide protein
trifunctional transcriptional regulator

hypothetical protein

hypothetical protein

hydrolase transmembrane protein

probable type Ill effector protein RipV2
hypothetical protein

hypothetical protein

signal peptide protein

putative transmembrane protein

hypothetical protein

hypothetical protein

hypothetical protein

tyrosinase oxidoreductase protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

signal peptide protein

ferric siderophore receptor outer membrane signal peptide

Hrp conserved HRCT transmembrane protein




RSUY_RS22310
RSUY_RS17045
RSUY_RS01425
RSUY_RS01465
RSUY_RS17060
RSUY_RS17020
RSUY_RS11155
RSUY_RS05000
RSUY_RS19535
RSUY_RS17040
RSUY_RS16550
RSUY_RS19670
RSUY_RS17015
RSUY_RS17065
RSUY_RS17655
RSUY_RS17050
RSUY_RS08775
RSUY_RS20405
RSUY_RS19785
RSUY_RS05745
RSUY_RS17055
RSUY_RS10220
RSUY_RS19775
RSUY_RS19605
RSUY_RS17010
RSUY_RS19740
RSUY_RS19675
RSUY_RS17510
RSUY_RS17505
RSUY_RS17035
RSUY_RS17030
RSUY_RS19680
RSUY_RS19710
RSUY_RS17480
RSUY_RS19690
RSUY_RS22080
RSUY_RS19705
RSUY_RS17485
RSUY_RS174390
RSUY_RS19795
RSUY_RS19685
RSUY_RS19790

3,47
3,47
3,49
3,66
3,84
3,85
3,86
3,86
3,93
4,01
4,08
4,10
4,16
4,21
4,26
4,34
4,34
4,37
4,40
4,42
4,46
4,48
4,49
4,55
4,75
4,80
4,92
4,94
5,09
5,27
5,35
5,38
5,50
5,57
5,60
5,66
5,90
6,32
6,99
7,30
7,84
8,63

1,91E-5
1,65E-3
6,14E-3
2,16E-4
3,13E-5
1,57E-9
1,57E-4
7,57E-3
1,94E-4
3,03E-7
2,40E-12
3,06E-17
1,72E-9
7,87E-16
4,50E-18
3,14E-14
2,54E-7
1,52E-4
4,25E-14
4,25E-14
3,14E-14
5,12E-21
1,29E-5
2,71E-5
7,88E-14
4,42E-7
4,77€-11
3,46E-14
7,88E-14
2,58E-25
3,75E-23
1,03E-14
1,96E-11
2,09E-5
2,36E-9
8,03E-21
2,39E-11
3,85E-8
2,29E-11
5,70E-19
3,37E-24
3,77E-48

RipD
hrpG

RipG7

RipAC

hypothetical protein

multidrug resistance 1 transmembrane protein
hypothetical protein

hypothetical protein

aldolase protein

sigma factor transcription regulator protein
putative hemin uptake protein

putative lipoprotein transmembrane

hypothetical protein

putative siderophore biosynthesis protein

type Il effector protein

response regulator transcription regulator protein
ferric siderophore receptor protein
diaminopimelate decarboxylase protein

hydrolase transmembrane protein

siderophore biosynthesis protein

type Il effector gala7 protein

transcription activator transcription regulator protein
type Il effector protein popc

putative signal peptide protein

siderophore biosynthesis protein

hypothetical protein

regulatory HRPB transcription regulator protein
hypothetical protein

hypothetical protein

HRPJ protein

hypothetical protein

hypothetical protein

ferric uptake transcriptional transcription regulator
ornithine cyclodeaminase protein

cysteine synthase A protein

HRPY-like protein

type Ill secretion system protein

abc-type transporter, periplasmic component protein
hypothetical protein

secreted protein POPF2 type Il effector

Hrp conserved HRCS transmembrane protein
hemin transport protein

outer membrane hemin receptor signal peptide protein
type llI effector protein popA

Hrp pilus subunit HRPY protein

type llI effector protein popb
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Supplementary Table 3. Proportion of up- and down-regulated genes in apoplast, early and late xylem
(versus RMs, MMI and MMs) in relation to other R. solanacearum gene expression analyses. Percentage
of common DE genes in each in planta condition compared to previous in planta gene expression analyses
(A-Meng et al. 2015; B-Brown and Allen 2004, C-Occhialini et al. 2005 and Valls et al. 2006, D-Jacobs et al.
2012, E-Puigvert et al. 2017, F-Khokhani et al. 2017). Colors were plotted using the Conditional Formatting
in Microsoft Excel.

RM solid MM liquid MM solid
Induced |Repressed| Induced |Repressed| Induced |Repressed
2 S Elg §Elg § €l 5 €l §Elg § €
R e b T
8 Z gl8Zzglg8Zzggdzyelsdzelgzy
< i o< 8 o< & o< 8 o< 8 o< 8 o
514 13| 7 4 4| 8 12 12|10 6 6| 4 35 0] 8 5 6|RNAseq-T2-dependent factorstomato xylem (A)
3 3 314 2 2111 3 3 204 0 0 3 5 2|IVET-tomatoxylem (B)
115 6/ 2 0 O 1 1 2/ 6 5 30 0| 6 5 4|Microarray- MM B-reg (C)
5 7 4 3 2 3 4 3 25 7 4 3 0 0/ 3 5 3|Microarray-MM G-reg(C)
0 0 0 0O 0 O O 0 0 Of 0 0O O 0O O OfMicroarray- MM BG-reg(C)
16,54 25| 9 2 4{12 19 15{15 13 10| 853 7|11 6 9|Microarray-tomato xylem UW551 UP (D)
6 2 4 26- 24] 9 4 3|15 28 18/ 13 0 7|11 20 15|Microarray-tomato xylem UW551 DOWN (D)
741200 5 2 1 8 15 13| 8 2 3| 5/41 14| 5 2 2|Microarray-tomato xylem GMI1000 UP (D)
4 0 1/10 19 151 6 2 2| 4 8 00 6 7|Microarray-tomato xylem GMI1000 DOWN (D)
17 36 815 14 10{10 5 7/ 9 9 11| 9 24 7|11 11 15|RNAseqg-Wild potato root (E)
11 24 921 18 14| 7 5 6[24 27 25| 6 18 0|11 9 18|RNAseqg-tomato xylem phcA-regulated (F)

Supplementary Table 4. Heatmap of the functional categories present in the in planta clusters.

Numbers indicate the percentage of genes of each category in the four clusters. Color-code is applied to all
categories except Metabolism, Transposases and Hypothetical proteins. D-Down, U-Up.
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Abstract

Finding chemical compounds that prevent and combat bacterial diseases is fundamental for
crop production. Bacterial virulence inhibitors are a promising alternative to classical control
treatments, such as bactericides or copper-based products, because they preserve the host
microbiome, they have a low environmental impact and they are less likely to generate bacterial
resistance. The major virulence determinant of most animal and plant bacterial pathogens is the
Type lll Secretion System (T3SS), which is increasingly regarded as an attractive target of novel
antimicrobial molecules. In this work, we screened 9 plant extracts and 12 isolated compounds
—including molecules effective against human pathogens— for their capacity to inhibit the T3SS of
plant pathogens and their applicability as virulence inhibitors for crop protection. The screen was
performed using a luminescent reporter system developed in the model pathogenic bacterium
Ralstonia solanacearum. Five synthetic molecules, one natural product and two plant extracts
were found to downregulate T3SS transcription, most of them through inhibition of the regulator
hrpB, without altering transcription of control genes nor substantially affecting bacterial growth.
In addition, for three of the molecules, corresponding to salicylidene acylhydrazide derivatives,
the inhibitory effect caused a dramatic decrease in the T3SS capacity, which was translated in
impaired plant hypersensitive response to the pathogen. These candidate virulence inhibitors
were then tested for their ability to protect plants against R. solanacearum and Pseudomonas
syringae. We demonstrate that salicylidene acylhydrazides can suppress T3SS functionality in
these two plant pathogens, limiting R. solanacearum multiplication in planta and protecting
tomato plants from bacterial speck caused by P. syringae. Our work validates the efficiency of
transcription reporters to discover compounds (natural or synthetic) or natural product extracts
that can be potentially applied to prevent bacterial plant diseases.
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Introduction

Few effective management options are available against bacterial plant diseases, such as
bacterial wilt caused by Ralstonia solanacearum or bacterial speck caused by Pseudomonas
syringae. Antibiotics and copper-based compounds had traditionally been used (Zaumeyer
1958), however their application is now restricted in many countries (Duffy et al. 2005), due
to their environmental impact. An important emerging strategy to combat pathogens seeks to
block the ability of bacteria to harm the host by inhibiting bacterial virulence factors (Rasko and
Sperandio 2010). Unlike antibiotics, virulence inhibitors do not kill the pathogen and should thus
preserve the host endogenous microbiome and exert little selective pressure, avoiding the rapid
appearance of resistance (Clatworthy et al. 2007).

The type Il secretion system (T3SS) is an attractive target for antimicrobial compounds since
it is essential for virulence in many pathogenic gram-negative bacteria (Puri and Bogyo 2009).
This system injects bacterial effector proteins into host cells to subvert its defences (Buttner
2016). In bacterial plant pathogens, the T3SS is encoded by the hrp genes, so called because
they play a key role both in the hypersensitive response (HR) elicitation and in pathogenicity
(Boucher et al. 1987). The HR is a programmed cell death reaction that takes place locally in
plants upon pathogen recognition at the site of infection (Huysmans et al. 2017). In the model
phytopathogenic bacterium R. solanacearum, the regulator HrpB directly activates transcription
of the genes encoding the structural units of the T3SS and its associated effectors (Genin et al.
1992; Occhialini et al. 2005; Valls et al. 2006). Amongst the genes controlled by HrpB is hrpY, that
codes for the major constituent of the T3SS pilus (Van Gijsegem et al. 2000).

As a strategy to block bacterial virulence, interdisciplinary efforts have identified some small
molecules that can specifically inhibit the synthesis or the functionality of the T3SS in human
pathogens of the genera Yersinia, Salmonella, Chlamydia and Pseudomonas (Kauppi et al. 2003;
Muschiol et al. 2006; Hudson et al. 2007; Yamazaki et al. 2012). Compounds with such activity
include salicylidene acylhydrazides, N-hydroxybenzimidazoles, cytosporone B, p-coumaric acid
and (—)-hopeaphenol (Kauppi et al. 2003; Kim et al. 2009; Li et al. 2009; Li et al. 2013; Zetterstrom
et al. 2013; Davis et al. 2014). Most of these anti-virulence agents lack bacteriocidal activity and
have been proven in in vitro or in vivo studies to inhibit symptoms or infection showing no toxic
effects on the host (Duncan et al. 2012). Treatment of infected animals has shown promising
results for Citrobacter rodentium (Kimura 2011), Yersinia pseudotuberculosis (Garrity-Ryan 2010),
Chlamydia trachomatis (Slepenkin et al. 2011) and Salmonella enterica (Hudson et al. 2007;
Nesterenko et al. 2016) infections. More recently, the plant phenolic compound p-coumaric acid
(PCA) was identified as an inhibitor of T3SS transcription in the phytopathogen Dickeya dadantii
(Li et al. 2009). Recent reports show that some PCA derivatives can suppress T3SS functionality
in Xanthomonas oryzae (Fan et al. 2017) and in Erwinia amylovora (Yang et al. 2014) in rice and
apple flower infection, respectively. Other PCA derivatives have been shown to be efficient in
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reducing blossom blight caused by E. amylovora on apple trees in the field (Sundin et al. 2016).

In this work, we have determined the effect of several plant extracts and some molecules
already described as T3SS inhibitors of bacterial animal pathogens against plant pathogens.
We have taken advantage of a luminescent reporter system developed for R. solanacearum
(Monteiro et al. 2012b) to select those compounds/extracts that specifically inhibit transcription
of R. solanacearum hrpB and hrpY genes. Positive candidates were tested for their ability to
suppress T3SS functionality in vitro and in vivo. Finally, their efficiency in controlling bacterial wilt
or bacterial speck in tomato plants was examined.

Results
In vitro screen for compounds that reduce hrpY transcription

We used R. solanacearum as a model bacterial plant pathogen to evaluate the potential T3SS
inhibitory effect of a number of pure compounds and plant extracts. We tested molecules already
described as T3SS inhibitors in human and animal pathogens, including p-coumaric acid and
analogues (PP1-6), cytosporone B (CB), salicylidene acylhydrazides (SA1-4), (-)-hopeaphenol
(HA) as well as the plant-derived extracts (E1-9). All tested molecules as well as their source are
summarized in Table 1. To detect and quantify their inhibitory effects we took advantage of a
strain that bears a transcriptional fusion of the hrpY promoter (PhrpY), controlling expression of
the T3SS pilus component, with the luxCDABE operon (Monteiro et al. 2012a).
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Figure 1. Expression of the T3SS pilus gene (hrpY) in the presence of different compounds.

Ralstonia solanacearum carrying the PhrpY::luxCDABE fusion was grown in minimal medium supplemented
with each compound/extract (detailed in Table 1) at 100 uM final concentration or with DMSO (control).
hrpY expression was quantified at 8 hpi by luminescence, normalised by cell density and represented with
respect to the value obtained with DMSO (control). Compounds/extracts marked with an asterisk showed
statistical reduction in hrpY expression compared to control conditions. Each measurement corresponds to
the average of four replicates.
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Table 1. List of compounds and plant extracts in evaluated this work.

ID Compound or the most abundant compound in extract Source of the material (Reference)

PP1 p-coumaric acid Synthetic plant phenylpropanoid (Li et al. 2009)

PP2 2,4-dihydroxycinnamic acid (umbellic acic) Synthetic plant phenylpropanoid (Li et al. 2009)

PP3 4-chlorocinnamic acid Synthetic plant phenylpropanoid (Li et al. 2009)

PP4 3,4-dihydroxycinnamic acid (caffeic acid) Synthetic plant phenylpropanoid (Li et al. 2009)

PP5 4-methoxycinnamic acid Synthetic plant phenylpropanoid (Li et al. 2009)

PP6 4-methylcinnamic acid Synthetic plant phenylpropanoid (Li et al. 2009)

CB cytosporone B Synthetic fungal compound (Li et al. 2013)

SA1 MEQO054 (benzoic acid N'-(2,3,4-trihydoxy-benzylidene)-hydrazide) Synthetic salicylidene acylhydrazide (Nordfelth et al. 2005)

SA2 | MEOO55 (4-nitrobenzoic acid N'~(2,4-dihydoxy-benzylidene)-hydrazide) mw%ﬁwwwmvmm__o\_a%m acylhydrazide (Nordfelth et al. 2005, Dahlgren

SA3 r&w“ﬂ%ﬁ-:io-cmﬂo_n acid N'-(3,5-dichloro-2-hydroxy-benzylidene)- Synthetic salicylidene acylhydrazide (Dahlgren et al. 2010)

SA4 UHMW__H%M%Vﬁ.ﬂwﬁﬂ_ﬂ\wmﬂmﬂo-vmsNO_n acd  N'-{4-diethylamino-2-hydroxy- Synthetic salicylidene acylhydrazide (Dahlgren et al. 2010)

HA (-)-hopeaphenol Plant natural compound (Zetterstrom et al. 2013, Davis et al. 2014)

E1l 4,11-dimethoxy-5-methyl-[1,3]dioxolo[4,5-b]acridin-10(5H)-one Melicope elleryana leaf extract (Crow and Price 1949)

E2 4-methoxy-6-[(E)-2-(4-methoxyphenyl)ethenyl]pyran-2-one Piper methysticum root extract (Bu'Lock and Smith 1960)

E3 3,7,8-trihydroxyserrulat-14-en-19-oic acid Eremophila microtheca leaf extract (Barnes et al. 2013)

E4 7-[3-(5,5-dimethyl-4-oxofuran-2-yl)but-2-enoxy]chromen-2-one Geijera parviflora leaf extract (Dreyer and Lee 1972)

- 4,4'-((1R,2R,3S,4S)-3,4-dimethylcyclobutane-1,2-diyl)bis(2- | Endiandra anthropophagorum root extract (Davis et al. 2007, Davis
methoxyphenol) et al. 2009)

E6 la-acetoxy-4b,8a-dihydroxy-6b,9a-dibenzoyl-b-agarofuran Denhamia celastroides leaf extract (Levrier et al. 2015)

E7 (E)-1,3-diphenylprop-2-en-1-one Syzygium tierneyanum leaf extract (Kumar et al. 2016)

E8 5,6-dimethoxy-10-methyl-2H-pyrano[2,3-f]quinolin-2-one Goniothalamus australis bark extract (Levrier et al. 2013)

E9 5-(4-methoxybenzyl)-6-methyl-[1,3]dioxolo[4,5-g]isoquinolin-6-ium Doryphora sassafras leaf extract (Carroll et al. 2001)
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This strain emits luminescence and does notrequire antibiotic selection as the promoter::reporter
fusion is stably integrated in monocopy in the bacterial chromosome. Bacteria were grown in
minimal medium —a condition ensuring maximal induction of hrpY expression —and luminescence
was directly measured 8 hours after incubation with each of the compounds and normalized by
cell density (OD, ). Figure 1 shows hrpY expression levels after incubation with each extract/
molecule normalized by expression levels in control conditions (DMSO addition). As shown in
Figure 1, CB, SA1-4, HA, E8 and E9 showed a statistically significant repression of hrpY expression.
The inhibitory effect was mild after addition of compounds CB, SA4, HA, E8 and E9 while SA1, SA2
and SA3 almost completely abolished hrpY expression. We thus selected these molecules as well
as a molecule and an extract with intermediate effects (SA4 and E8) for further characterisation.

SAZ
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hpi

—e—DMSO  —O—10uM  —-O=50pM  -O-100 pM

Figure 2. Time course expression of hrpY after addition of selected T3SS inhibitors.

hrpY expression was quantified at 4, 6, 8 and 24 hpi by direct luminescence quantification from bacteria
growing in minimal medium supplemented with SA1 to 4, HA or E8 at different concentrations or with DMSO
as control. Expression is represented as Relative Luminescent Units (RLU) normalized by bacterial density
(ODg,,) at each time point. Asterisks indicate the minimal effective concentration of each compound or
extract at the most informative time point. Each measurement represents the average of four replicates.
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Salicylidene acylhydrazides inhibit T3SS expression at the hrpB level

We performed a time-course analysis monitoring hrpY expression upon addition of varying
amounts of the identified inhibitors to determine their minimal effective concentration (Figure
2). This experiment revealed that a minimal concentration of 10 uM for SA2, SA3 and HA, and 50
uM for SA1, was sufficient to cause full inhibition, while for SA4 and E8, 100 uM was needed for
maximal effect. Next, to determine if the analysed substances caused a general inhibition of the
T3SS, and not only on hrpY, we measured transcription of hrpB —the master regulator controlling
expression of the T3SS genes — over time (Suppl Figure 1). As can be observed in figure 3, six
of the eight substances inhibiting PhrpY caused a comparable reduction in hrpB transcription,
implying a shutdown of all T3SS-encoding genes and the associated effectors controlled by this
regulator (Occhialini et al. 2005).
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Figure 3. Expression of the main T3SS regulator (hrpB) in the presence of different compounds.

Ralstonia solanacearum bearing the PhrpB::luxCDABE fusion was grown in minimal medium supplemented
with each compound/extract (detailed in Table 1) at 100 uM final concentration or with DMSO (control).
hrpB expression was quantified at 8 hpi by luminescence, normalised by cell density and represented with
respect to that in DMSO. Compounds/extracts marked with an asterisk showed statistical reduction in
hrpB expression compared to control conditions. Each measurement corresponds to the average of four
replicates.

To rule out that the observed effects were due to a general, unspecific inhibition of gene
expression we made use of a R. solanacearum strain containing the luminescence reporter under
the control of the heterologous promoter PpsbA. PpsbA is a chloroplastic promoter that shows
strong, constitutive expression when introduced in Gram-negative bacteria (Wang et al. 2007).
As shown in Figure 4A, at 8 hpi PpsbA was not affected by most compounds tested. A slight
but significant induction of PpsbA expression was detected after bacterial incubation with SA2,
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SA3 and HA (Figure 4A) showing that inhibition of the transcription of the T3SS was selective.
In contrast, incubation with SA1 caused repression of PpsbA expression, an effect due to the
slower bacterial growth caused by addition of this compound (see below and Figure 4B). Bacterial
growth defects were not observed during our gene expression analyses using reporter strains.
However, to accurately determine whether the used compounds affected bacterial viability,
we measured the growth of R. solanacearum PhrpY::Lux in liquid culture after addition of the
transcriptional inhibitors. Figure 4B shows that, at their minimal inhibitory concentrations, SA1
and HA are slightly bacteriostatic, as their effects can only be observed at short time points and
are not apparent after 24 h.

Salicylidene acylhydrazides inhibit T3SS effector translocation

To determine if transcriptional inhibitors of the T3SS impaired its functionality, we tested
their effect on the T3SS-dependent secretion of effector proteins in vitro. To this end, we used
a R. solanacearum strain producing an HA-tagged version of the T3SS effector AvrA. To ensure
AvrA-HA production in the presence of T3SS inhibitors, this tagged version was placed under
the control of the constitutive psbA promoter, which is highly expressed under our experimental
conditions (Cruz et al. 2014). As shown in Figure 5, incubation of bacteria with the strongest
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T3SS inhibitors — the salicylidene acylhydrazide derivatives SA1, SA2 and SA3 — inhibited AvrA
secretion, as this effector was detected only in the cytosolic bacterial fraction (C) and not in the
secreted fraction (S). These results support the lack of a functional T3SS in bacteria incubated
with these compounds, as AvrA could not be secreted to the medium through this apparatus.
This effect was accentuated for the strongest T3SS inhibitors, as bacterial incubation with the mild
inhibitor E8 allowed detection of secreted AvrA in the culture medium, although at lower levels
than the control condition (DMSO).

DMS0 SAT SA2 SA3 ES

a0/ Figure 5. Effector secretion is inhibited by

581 bacterial pre-incubation with salycidene
acylhydrazides.
- . R. solanacearum bearing the Pps-AvrA-HA
w Sesa o -_— - construct was grown for 8 hours in minimal
gy - = medium supplemented with congo red to

promote protein secretion and with each of
the T3SS inhibitors (SA1-3 and E8) at 100 uM.
Incubation with DMSO was used as a control to
verify that protein secretion was not altered.
The cytosolic (C) and secreted (S) protein
fractions were separated by centrifugation
followed by protein precipitation and AvrA was
detected with an anti-HA antibody. Coomassie-
stained SDS-PAGE membranes used in the
Western Blotting are also shown.

The AvrA effector secreted by the R. solanacearum strain used in this work has been shown to
trigger a Hypersensitive Response (HR) on tobacco plants (Poueymiro et al. 2009). To validate our
in vitro results and determine whether inhibition of T3SS secretion was physiologically relevant in
planta, we tested the influence of pre-incubating bacteria with salicylidene acylhydrazides on the
plant HR. N. tabacum and N. benthamiana plants were leaf-infiltrated with 5-fold R. solanacearum
dilutions obtained after 8-hour incubation with SA1-3 or DMSO (control). As shown in Figure 6,
HR was inhibited when N. tabacum leaves were infiltrated with bacteria grown in the presence of
some salicylidene acylhydrazides (SA1-3), showing that inhibition of effector secretion resulted in
evasion of recognition by the plant immune system. Similar results were obtained when using N.
benthamiana as host (Supplementary Figure 2).

180
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Figure 6. Hypersensitive response inhibition by salicylidene acylhydrazides.

Bacteria grown for 8 hpi in liquid minimal medium after addition of SA1-3 at 100 uM or DMSO alone were
serially diluted 5-fold in water (107, 5-10° 10° and 5-10° CFUs/ml top to bottom) and leaf-infiltrated in
Nicotiana tabacum. HR responses were photographed at 2 dpi. Numbers indicate the proportion of positive
leaves (showing HR inhibition due to T3SS suppressors) in relation to the total tested leaves.

Salicylidene acylhydrazides limit R. solanacearum growth in planta and protect
tomato plants from bacterial speck

The R. solanacearum reporter strains proved to be very useful to identify small molecules that
inhibit T3SS. As a first step to validate the ability of these compounds in limiting R. solanacearum
infection, we measured multiplication of bacteria that were infiltrated on tomato leaves alone
or in the presence of the inhibitors. As shown in Figure 7, a significant decrease in bacterial
growth was observed when the most effective T3SS inhibitors (SA1-3) were present. This result
demonstrates that salicylidene acylhydrazides are effective in limiting R. solanacearum growth
in planta, although no differences in wilting symptoms could be observed after watering tomato
plants with a R. solanacearum inoculum containing SA2 at 100 uM (Supplementary Figure 3).
However, as R. solanacearum infects plants through the roots, high amounts of inhibitors would be
needed to treat the soils and protect crops from bacterial wilt. Thus, we used the foliar pathogen
Pseudomonas syringae pv. tomato DC3000, which requires effector translocation via T3SS to
cause bacterial speck disease in tomato (Munkvold et al. 2009) to test the preventative effect of
the potent T3SS inhibitors (SA1-3). Tomato plants were sprayed with a solution containing these
compounds or with DMSO alone (control) and subsequently inoculated by spray with a bacterial
suspension. Symptoms were quantified using a necrosis index, and a clear symptom reduction
was observed at 3 dpi in plants that had been pre-treated with SA1-3 compared to control plants
(Figure 8). This was in accord with their inhibitory effect on the transcription and functionality
of the main bacterial virulence determinant: the T3SS. Taken together, our results indicate that
some salicylidene acylhydrazides show a protective effect against bacterial speck, suggesting that
they could be utilized as virulence inhibitors to control bacterial plant diseases in the field.
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Figure 7. Ralstonia solanacearum
growth in tomato is impaired by the
addition of compounds SA1-3.

R. solanacearum was leaf-inoculated
at 10° CFU/ml with SA1-3 at 100 uM.
Leaf disks were taken at 0 and 3 days
after inoculation to monitor bacterial
multiplication.  Bacterial growth s
represented as colony forming units
(CFU) per mm? in logarithmic scale
at day 3 and day O (immediately after
inoculation). Each point represents
the mean of three biological replicates
consisting on two different leaf disks.
Experiments were repeated three times
with similar results. Statistical groups
were obtained following Tukey’s HSD
test using p<0.05.

Figure 8. Symptom development

in tomato plants pre-treated with
T3SS inhibitors and inoculated with
Pseudomonas syringae.

Effect of T3SS inhibitors on disease
symptoms. Plants were pre-treated
with SA1-3 at 100 uM or with DMSO 1
hour before bacterial inoculation with
P syringae. Symptoms were recorded
three days post inoculation and are
represented as A) percentage of leaves
categorized in a disease scale from O
(no visible symptoms) to 6 (extensive
necrosis on >35% of the leaf), or as B)
average on percentage of affected leaf
surface with the corresponding standard
error. Statistical groups were obtained
with Tukey’s HSD test using p<0.05. The
experiment was performed three times
with similar results.



Discussion

An effective screening methodology to identify T3SS inhibitors

Bacterial plant diseases represent a major limitation in crop production and contribute to
significant economic losses yearly. Copper compounds and antibiotics have been successfully
employed as management strategies in fields since the early 1900s (Zaumeyer, 1958). However,
the use of chemical bactericides as crop protectants represents a threat to the environment,
and may result in a risk for public health due to the rapid emergence of resistances that could
eventually be acquired by clinical pathogens (Sundin et al. 2016). In this work, we screened 22
compounds and plant extracts in search for antimicrobial alternatives that downregulate gene
expression of the T3SS, the main virulence determinant of most pathogenic bacteria. We used
a luminescent reporter strain of the model phytopathogen R. solanacearum to directly monitor
expression of hrpY, which has the highest transcriptional output amongst the hrp genes (our own
unpublished data). We found eight compounds and extracts (CB, SA1-4, HA, E8 and E9) capable of
specifically repressing hrpY transcription to various degrees (Figure 1). Six of these inhibitors also
repressed hrpB expression (Figure 3 and Supplementary Figure 1) and thus seem to act upstream
of the hrp regulatory cascade. The exceptions are cytosporone B and E9, which might interfere
specifically with hrpY transcription. The effects on gene expression perfectly correlated with T3SS
functional analyses, as the strongest inhibitors SA1-3 were also able to inhibit in vitro and in vivo
effector production and secretion through the T3SS, whereas milder inhibitors such as E8 had a
minor effect on secretion (Figures 5). Our screening methodology has proved to be very effective,
probably due to the high sensitivity of the luminescent reporter used. This system could also
be scaled to 96-well plates or even be used qualitatively by presence/absence of light emission
(Kauppi et al. 2003).

R. solanacearum T3SS inhibitors are effective against several plant pathogenic bacteria

The R. solanacearum T3SS regulators targeted by the molecules identified here have
orthologues in various Xanthomonas ssp. and Burkholderia ssp. strains (Zou et al., 2006; Li et
al., 2011; Lipscomb and Schell, 2011), showing the potential of our screening method to isolate
virulence inhibitors that can be effective against other pathogens. Interestingly, we found that
the salicylidene acylhydrazide SA1, inhibited R. solanacearum T3SS expression and could also
protect plants from P. syringae infection (Figure 8). In fact, cross-inhibition is not surprising in our
case, as salicylidene acylhydrazides were selected for our screening because they had already
been shown to inhibit the T3SS of E. amylovora (Yang et al. 2014), whose T3SS is closely related
to P syringae (Alfano and Collmer 1997, Tang et al. 2006). In any case, our findings suggest that
salicylidene acylhydrazides act on proteins that affect T3SS expression, privileging this mode
of action over the alternative hypotheses proposed: direct effects on the T3SS basal apparatus
proteins or possible changes in iron availability (Wang et al. 2011).
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In contrast, despite the conservation of the hrp genes, some molecules seem to act in a species-
specific manner. This is the case of the plant phenolic compound p-coumaric acid (PCA) and its
derivatives, which were recently found to act as T3SS inhibitors in D. dadantii, E. amylovora and
P aeruginosa (Li et al. 2009, Yamazaki et al. 2012, Khokhani et al. 2013). We showed that neither
PCA nor some derivatives (PP1-3) were effective R. solanacearum T3SS inhibitors, similarly to
what was described for the closely related rice pathogen X. oryzae (Fan et al. 2017).

Effectiveness of salicylidene acylhydrazides as crop protectants against bacterial pathogens

Salicylidene acylhydrazides SA1-3 proved to be powerful inhibitors of the R. solanacearum T3SS,
our results demonstrated that SA1-3 inhibited its functionality in vivo and impaired bacterial
multiplication in planta (Figure 7). However, no symptom reduction was visible in tomato wilting
assays by soil-inoculating a R. solanacearum suspension containing one of these potent inhibitors
(Supplementary Figure 3). R. solanacearum is a soil-borne pathogen, and direct soil treatments
are usually challenging and cost-ineffective (Yadeta and BP 2013). On the other hand, aerial plant
treatments are widely used to control diseases caused by pathogens that infect the aerial part
of plants. Here we demonstrated the efficiency of such treatments under laboratory conditions,
as tomato plants sprayed with the potent T3SS inhibitors SA1-3 before P. syringae inoculation
displayed less disease symptoms compared to control plants (Figure 8). To assess the effectiveness
of inhibitors, previous studies have pre-treated bacteria prior to pathogenicity assays (Fan et al.
2017, Yang et al. 2014). A recent report showed that bacterial pre-treatment with other T3SS
inhibitors could impede their virulence in plants (Fan et al. 2017). To simulate a more realistic
application in the field, in this study plants instead of bacteria were pre-treated with the T3SS
inhibitor during the pathogenicity tests. This is the first report proving that T3SS inhibitors can
be applied to plants for protection against pathogens and opens the way to the development of
analogous molecules that are cost-effective crop protectants.

T3SS inhibitor analogues thus represent a potential and cost-effective source of antimicrobials
that could successfully control wilt diseases in fields. Salicylidene acylhydrazides can be efficiently
prepared in one step from commercially available starting materials. Finally, identification of such
functional analogues would open the way to explore new treatment strategies for vascular wilts
and other challenging bacterial plant diseases, for which no effective management strategy is
currently available (Yadeta and BP 2013).

Materials and Methods
Bacterial strains and gene cloning

The R. solanacearum GMI1000 luminescent reporter strains for hrpB and psbA promoters used
in this work were described elsewhere (Monteiro et al. 2012a, Cruz et al. 2014). Gene constructs
were introduced in R. solanacearum GMI1000 through natural transformation of linearized
plasmids and double-recombination events as described (Boucher et al. 1985). The hrpY
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reporter strain was constructed after transformation of Sfil-digested vector pRCG-PhrpY-lux. For
PRCG-PhrpY-lux construction, the hrpY promoter was PCR amplified from the genome of strain
GMI1000 with primers that added 5'Avrll and 3'Kpnl flanking sites and cloned into the pRCG-
PhrpB-Lux backbone (Monteiro et al. 2012b) using the introduced sites. The R. solanacearum
GMI1000 strain expressing an HA-tagged avrA gene under the psbA promoter was generated
after transformation with linearized plasmid pRCK-Pps-AvrA. pRCK-Pps-AvrA was created by
Gateway LR reaction (Invitrogen, USA) between plasmids pENTR/SD-AvrA and pRCG-Pps-GWY
(Cruz MPMI 2014). R. solanacearum was routinely grown in rich B medium (10g/I bactopeptone,
1 g/l yeast extract, 1 g/l casaminoacids, 0.5% glucose) supplemented with gentamycin 10 ug/ml
(solid media) or 5 pg/ml (liquid media) at 282C. For T3SS inhibition tests, the bacterial cultures
were grown in Boucher’s Minimal Medium (Boucher et al. 1985) supplemented with 20 mM
glutamate and 5 pg/ml gentamycin. Pseudomonas syringae DC3000 was routinely grown at 282C
on KB-agar plates supplemented with 25 pg/ml rifampicin and 50 ug/ml kanamycin or in liquid
Luria Bertani broth. The sequence of oligonucleotides used as primers is available upon request.

Compound/extract supply

A list of the compounds and plant extracts used in this work can be found in Table 1. Synthetic
plant phenylpropanoids (PP) 1-6 and cytosporone B (CB) were purchased from Sigma-Aldrich.
Salicylidene acylhydrazides (SA) 1-4 were provided by Dr. M. Elofsson (Dahlgren et al. 2010,
Nordfelth et al. 2005), and (—)-hopeaphenol (HA) (Zetterstrom et al. 2013, Davis et al. 2014) and
the 9 plant extracts (E) 1-9 were provided by Dr. R. Davis (Bu’Lock and Smith 1960, Carroll et al.
2001, Crow and Price 1949, Davis et al. 2009, Davis et al. 2007, Dreyer and Lee 1972, Kumar et al.
2016, Levrier et al. 2013, Levrier et al. 2015, Barnes et al. 2013).

The NatureBank biota repository (www.griffith.edu.au/gridd) was the source of the plant
material from which the extracts were derived. In order to generate the plant extracts, a portion
of dry plant material (300 mg) was added to a solid phase extraction (SPE) cartridge (Phenomenex
polypropylene SPE, 10 mm x50 mm,) and dichloromethane (8 ml) followed by methanol (8 ml) were
percolated through the material under gravity. Both organic extracts were combined and weighed
in order to create the extract that was tested. (—)-Hopeaphenol (>99% purity) was obtained from
the Davis Open Access Natural Product Library, which is currently housed at Compounds Australia
(Griffith University; www.compoundsaustralia.com). All compounds were dissolved in DMSO at a
final concentration of 100 mM and stored at-20 2C. Plant extract concentrations were calculated
according to their prevalent compound (specified in Table 1) molarity, dissolved in DMSO and
stored at 100 mM at-20 °C.

T3SS inhibition test

For the T3SS inhibition tests, R. solanacearum luminescent reporter strains were grown
overnight in rich B medium and diluted to an OD_ of 0.3 in 1.5 ml of fresh Boucher’s Minimal
Medium supplemented with the test compounds. Compounds were normally evaluated at 100
UM (or 10 and 50 uM when testing the minimal effective concentration). Plant extracts were used
at the equivalent molarity of their major compound (indicated in Table 1). 1.5 pl of DMSO was
used as a control condition. Growth and luminescence measurements were taken at 0, 4, 6, 8
and 24 hpi. Luminescence was measured using a FB12 luminometer (Berthold detection systems)
and is expressed as Relative Luminescence Units (luminometer values divided by 1000). Bacterial

growth was measured at 0D, in a V-1200 spectrophotometer (VWR).




Effector secretion and immunodetection

To induce production and secretion of AvrA effector protein, 2x10® cells/ml were inoculated in
10 ml of Minimal Medium supplemented with 5 pg/ml gentamycin, 10 mM glutamate, 10 mM
sucrose, 100 pg/ml congo red and 100 pg/ml of the test compound (or 10 pl DMSO) and grown
at 25 °C for 14 h. Bacterial cultures were centrifuged at 4000 x g for 10 minutes and the culture
medium supernatant was filter sterilized, mixed with 10 ml of cold 25% trichloroacetic acid and
incubated overnight at 42C. Samples were then centrifuged at 6000 x g for 30 minutes at 4 °C,
the supernatant was discarded and the protein pellet was washed twice with cold 90% acetone.
The bacterial pellet was dissolved in 50 ul phosphate buffered saline (PBS) 1X and 10 ul Laemmli
buffer 5X, sonicated for 90 sec (30% amplification, 10 sec ON/OFF intervals) using a Digital
Sonifier (Model 250/450, Branson) and boiled for 5 min. AvrA was detected by Western Blotting
using a primary anti-HA rat monoclonal antibody already conjugated to HRP (clone 3F10, Roche),
diluted 1:4000 in 40 ml Tris-buffered saline (TBS) buffer supplemented with 0.1% tween 20 and
1% skimmed milk. Immunodetected AvrA-HA was developed using Immobilon ECL (Millipore) and
membranes were photographed using a LAS-4000 mini system (Fujifilm).

Plant material and hypersensitive response assays

Nicotiana benthamiana, Nicotiana tabacum and Solanum lycopersicum cv Marmande plants
were grown for 3 weeks in pots containing peat soil in a greenhouse under long-day conditions
(16 h light at 25 C, 8 h dark at 22 oC).

For hypersensitive response assays, R. solanacearum GMI1000 bearing the PhrpY::luxCDABE
fusion was grown for 8 hours in Boucher’s Minimal Medium supplemented with glutamate and
the test compound at 100 uM (or with DMSO for the non-treated condition). Bacteria were
recovered by centrifugation, washed with sterile distilled water and adjusted to 107, 5x10°, 10°
and 10° cells/ml in sterile distilled water. Bacterial solutions were leaf-infiltrated in Nicotiana
tabacum and Nicotiana benthamiana plants. Hypersensitive response cell death was annotated
at 2 days post infiltration in N. tabacum plants and 5 days post infiltration in N. benthamiana
plants. For a better HR cell death visualization, N. benthamiana leaves were ethanol-bleached in
100% ethanol at 60 2C for 20 minutes.

R. solanacearum growth in planta

For in planta growth assays, R. solanacearum recovered from overnight cultures as described
above were hand-infiltrated in tomato leaves at a final concentration of 10° CFU/ml together with
compounds SA 1-3 at 100 uM (or with DMSO alone in the non-treatment condition). Two 5 mm-
diameter disks per biological replicate were taken from different infiltrated leaves, homogenized
and 10 pul of serial ten-fold dilutions plated in selective rich medium plates. Plates were incubated
at 28 2C until colonies could be counted. Samples were taken at day 0 and at day 3 after-infiltration.
Three biological replicates were used per treatment.

Virulence tests on tomato plants

R. solanacearum pathogenicity assays were performed as follows: 3-week old tomato plants
were acclimated for three days at 28 2C and 12/12 hour-photoperiod conditions. Roots were
wounded by disturbing the soil with a 1 ml pipette tip. Twenty five ml of a suspension 108 bacterial
cells/ml supplemented with 100 uM of the test compound (or DMSO alone for non-treated)
was used to water each plant. Twelve plants were used in each condition and wilting symptoms
were annotated per plant using an established semi-quantitative wilting scale ranging from 0 (no
wilting) to 4 (death) (Vailleau et al. 2007).
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P. syringae pathogenicity assays were performed as follows: 3-week old tomato plants were
sprayed with a 100 uM dilution of the test compound (or DMSO alone for non-treated) and air
dried for 1 hour. Each plant was then sprayed with 6 ml of a P. syringae suspension at a final OD =
0.2. To maintain high humidity, plants were placed in trays inside transparent boxes containing a
layer of water. A total of 20 plants were used in each test and 3-4 leaves were evaluated per plant.
Symptoms were annotated for each leaf 3 days post inoculation using a necrosis scale (0: healthy
leaf, 1: chlorosis, 2: necrosis in one leaflet, 3: chlorosis and necrosis in one leaflet, 4: necrosis in

several leaflets, 5: chlorosis and necrosis in several leaflets, 6: general necrosis).
Statistical analyses

The effect of the compounds on gene expression and in planta bacterial growth was determined
by the Analysis of Variance (One-Way ANOVA) followed by the Tukey’s HSD posthoc test using
the agricolae package (version 1.2-4) in R (version 3.3.3). Differences were considered to be
statistically significant at p<0.05.
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Supplementary Figure 1. Analysis of time course expression of hrpB in the presence of candidate T3SS
inhibitors.

hrpB expression was quantified at 4, 6, 8 and 24 hpi by direct quantification of luminescence from bacteria
growing in minimal medium supplemented with SA1 to 4, HA or E8 at 100 uM or with DMSO as control.
Expression is represented as Relative Luminescent Units (RLU) normalized by bacterial density (OD,,) at
each time point. Four replicates were used in each measurement and the experiment was repeated two
times with similar results.

DMSO SA1 DMSO SA2 DMSO  SA3

Supplementary Figure 2. Hypersensitive response inhibition by salicylidene acylhydrazides.

Bacteria grown for 8 hpi in liquid minimal medium after addition of SA1-3 at 100 uM or DMSO alone were
serially diluted 5-fold in water (5-106, 10° and 5-10° CFUs/ml top to bottom for left and central leaves,
107, 5-10° and 10° CFUs/ml top to bottom for right leaf) and leaf-infiltrated in Nicotiana benthamiana. HR
responses were photographed at 5 dpi. Leaves were ethanol-bleached for better HR visualization. Numbers
indicate the proportion of positive leaves (showing HR inhibition due to T3SS suppressors) in relation to the
total tested leaves, with the rest of leaves showing no effect.

191



3.5

25

7 —— DMSO

15 7 ——Rs
1 y4 +— Rs DMSO

Disease Index
N

05 / -m-RsSA2
o= / - O

dpi

Supplementary Figure 3. Wilting symptoms are unaltered in tomato plants pre-treated with SA2 prior
to Ralstonia solanacearum soil inoculation.

Symptoms were recorded over time on tomato plants inoculated with R. solanacearum by soil drenching
after watering with a DMSO solution (black triangles) or a SA2 solution (dashed line). As a control, plants
watered with DMSO (white diamonds) or inoculated with R. solanacearum (black squares) were also
included in the experiment. Disease progression was annotated per plant according to a scale ranging from
0to 4 (0- no wilting, 1- 25% wilted leaves, 2- 50%, 3- 75%, 4- dead plant). 12 plants were used per condition
and each measurement corresponds to the mean and standard error.
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R. solanaceaeum is the causal agent of bacterial wilt, a lethal disease with worldwide distribution
and associated to important economic losses (Hayward 1991). Strains belonging to phylotype
IIB-1 are of special concern since they are acclimated to temperate climates and have already
caused outbreaks in some European countries (Janse et al. 2004). In this work, we characterized
a lIB-1 strain highly aggressive on potato called UY031 (Siri et al. 2011) from several perspectives:
its genome (chapter 3), its methylome profile (chapter 4) and its transcriptome during plant
colonization (chapters 5 and 7). We also discovered a new player involved in bacterial adaptation
to plant intercellular spaces (chapter 6) and, finally, we performed a proof of concept study to
identify antimicrobial compounds to control bacterial plant diseases (chapter 8).

A new layer on the regulation of virulence gene expression in R. solanacearum?

Although the genomes of many R. solanacearum strains have been completely sequenced in
the last years, the first [IB-1 strain to have a closed genome was R. solanacearum strain UY031
(chapter 3). We used SMRT technology to completely sequence R. solanacearum UY031 genome
(5.4 Mb). This opened the path for the identification of virulence related genes in this strain and
revealed that it contains a repertoire of at least 60 T3Es. Genomic comparison with other R.
solanacearum strains, let us conclude that approximately 60% of the genes belong to the core
genome. This result indicates that there is a high percentage of variability between strains that
may account for variations in host specificity or aggressiveness. In addition, SMRT sequencing
(chapter 3) provided us for the first time with the DNA methylation profile of a R. solanacearum
strain.

Epigenetic marks have been extensively studied during the last years in eukaryotes, and
although they have diverged during evolution and across kingdoms, their origin is known to be
prokaryotic (Willbanks et al. 2016). DNA methylation has been mostly associated to Restriction-
Modification (RM) systems in prokaryotes, as a protective mechanisms against exogenous DNA
(Tock and Dryden 2005). Beyond RM-systems, adenine methylation (m6A) is the main epigenetic
modification controlling replication, DNA repair, transposition and gene expression in prokaryotes
(Casadesus and Low 2006; Low and Casadesus 2008). Furthermore, loci of several regulators,
such as OxyR or Fur, have been described to be controlled by adenine methylation, indicating
their potential transcriptional regulation at the methylome level (Sanchez-Romero et al. 2015).
Interestingly, loss of methylation has also been associated to increased virulence in Salmonella
enterica, Mycobacterium tuberculosis and the enterohemorrhagic Escherichia coli O157:H7
(Sanchez-Romero et al. 2015).

In chapter 4, we compared the methylomes of R. solanacearum UY031 and GMI1000 strains. The
analysis revealed a highly conserved methyl-transferase (MTase) responsible for the GTWWAC
motif methylation, which appeared to be preferentially present in upstream regions of coding
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genes. The upstream region of EpsR, the EPS biosynthesis regulator, contained two methylated
GTWWAC sites close to the promoter region in both strains.

In an attempt to explore the possible role of this orphan MTase on eps expression, we created
deletion mutants in both R. solanacearum strains and measured eps expression by using
luminescent reporters. We show that in both strains, a slight reduction in eps expression can be
detected when bacterial cultures were started with very diluted cell densities (10° CFU/ml). The
same expression pattern was detected in both strains, which had the same methylation profile
in the EpsR upstream region. These results point to the direction of a novel layer in the control
of virulence gene expression mediated by DNA methylation. To test this hypothesis, it would be
interesting to test whether genes with different methylation patterns between R. solanacearum
GMI1000 and UY031 in GTWWAC sites of upstream regions also show different expression
profiles. Finally, virulence tests using MTase deletion mutants will provide information about the
final impact of DNA methylation on R. solanacearum virulence.

Setting the path towards the study of R. solanacearum in planta gene expression

To date, a large battery of virulence factors in R. solanacearum has been identified (Meng 2013)
and much effort has been devoted to unveil the regulatory networks controlling their expression
(Peyraud et al. 2016). Yet, the study of the pathogen’s gene expression during disease raised
some inconsistencies with previous in vitro analyses. For instance, the assumption of an early role
of the T3SS appeared to be contradictory to hrp expression at advanced disease stages (Jacobs
et al. 2012; Monteiro et al. 2012a). Since then, many other in planta transcriptomes became
available all focusing at only one particular stage of the pathogen’s life cycle: xylem colonization
at the onset of the disease. (Meng et al. 2015; Ailloud et al. 2016; Khokhani et al. 2017). These
analyses led to the identification of new bacterial traits involved in the colonization of xylem
vessels (Jacobs et al. 2012; Dalsing and Allen 2014). The fact that R. solanacearum bears complex
regulatory networks to control expression of virulence factors in a bacterial population or plant-
cell contact dependent manner, suggests that there might be sets of early/late pathogenicity
determinants (Alvarez et al. 2010). In this line, some functional studies suggested an early role in
infection of some bacterial virulence factors, such as motility driven by flagella and chemotaxis
(Tans-Kersten et al. 2001; Yao and Allen 2006), while a late role was mainly assigned to EPS (Schell
2000). However, the coordinate expression of these virulence factors during the development of
the disease remained unknown.

In an attempt to better understand the interplay of different virulence factors that drive
pathogenicity in R. solanacearum, we studied its transcriptome at different and unexplored
stages of the infection process in potato plants. In our first approach, we analyzed the bacterial
transcriptome during root colonization of wild potato plants (chapter 5). With our method we
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were able to study bacterial gene expression in a realistic manner by bioinformatically selecting
the pathogen’s mRNAs from the total sample. Accuracy in our analysis was possible thanks
to the completely sequenced genome of the R. solanacearum UY031 strain (chapter 3). We
demonstrated that, compared to bacteria grown on rich medium, R. solanacearum induces the
expression of virulence-associated genes and down-regulates the expression of most metabolic
pathways. The notable exceptions were nitrogen (narl, ptsN), phosphate (pstS1, pstB) and sulfate
(cysl1) metabolism genes, which were induced at that stage. We were also able to identify several
differentially expressed genes reported to play a role in virulence in other pathogens, such as
the T3SS and T3Es, motility and stress-response related genes, and provided a list of candidate
genes necessary for root colonization. The fact that more than 30% of the genes overlapped to
previous reported in planta transcriptomes revealed two ideas. First, it validated our approach,
demonstrating that we were able to identify genes with a conserved role in plant colonization.
Second, the fact that many genes involved in xylem colonization also appeared at the root stage,
suggested that our samples contained a mixture of populations colonizing both the apoplast and
the xylem vessels.

Although this work contributed to the understanding of the pathogen behavior within the roots,
the main constraints were: the under-representation of low expressed genes due to low bacterial
RNA vyields, and the fact that we only studied an isolated stage out of the context of bacterial
plant colonization. To overcome these issues, we next studied the pathogen’s gene expression
during its transition across different infection stages by enriching our samples with bacterial cells
(chapter 7). Prokaryotic cells or RNA enrichment is the preferred approach for bacterial in planta
transcriptomes (Nobori et al. 2018) in order to have sufficient sequencing representation of the
whole genome. Our new approach, however, could be associated to several limitations. In the
first place, we used leaf instead of root apoplast to obtain a robust initial condition for our time-
course transcriptome, since it has been reported that bacteria deploy the same mechanisms in
both environments (Hikichi 2016). In any case, our results further validated the usefulness of leaf
apoplast as a mimic root condition, since we were able to detect the expression of genes whose
expression is upstream in plant cell contact-dependent regulatory cascades (eg. prh genes in the
T3SS signaling cascade). The other associated limitation to our leaf apoplast condition was the
artificial high bacterial yields that we infiltrated within leafs. Apoplast is the first environment
colonized by bacterial plant pathogens (Du et al. 2016), and it is known that R. solanacearum
does not multiply as extensively as in the xylem vessels (Vasse et al. 1995). Although we observed
an unexpected strong induction of quorum sensing (QS) and EPS biosynthesis genes in the
apoplast (reviewed in the next sections), the rest of virulence determinants followed an expected
expression profile along the infection process. Even virulence traits controlled by QS such as the
flagellum, which was reported to be repressed at high bacterial densities (Clough et al. 1997a),
showed the expected induction at early infection stages. Members of the T3SS signaling cascade,
also regulated by the cell-growth dependent regulator PhcA, also showed the expression profile
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expected from previous studies (Valls et al. 2006). Finally, the fact that approximately 15% and
20% of genes differentially expressed in apoplast and early xylem, respectively, were previously
foundin our root transcriptome, further supports the notion that root samples contained bacterial
populations in different environments, which we could better dissect in our second approach.

Deciphering the R. solanacearum genetic virulence program throughout infection

In this work, we focused on profiling the virulence gene expression of R. solanacearum at
different potato infection stages (chapter 7). As mentioned before, studying the whole infection
process rather than isolated stages strengthens its biological relevance. Our study shows that R.
solanacearum expression of virulence factors is dynamic, and that within the apoplast, bacteria
mostly expresses flagella and type IVa pili, Reactive Oxygen Species detoxification, T2SS and
some T3SS regulatory proteins. Largely, these results correlate well with previous studies. For
instance, type IVa pili are needed for bacterial adhesion to the host surfaces (Kang et al. 2002),
and similarly, it was reported that the flagellum was needed during root invasion but lost during
xylem colonization (Tans-Kersten et al. 2001). Likewise, previous results in the study of T2SS in R.
solanacearum showed that a mutant lacking this system lost completely its virulence (Kang et al.
1994). In addition, ROS are known to be rapidly produced by plants in response to a pathogen
attack (Bolwell et al. 2002). Therefore, it is not surprising that R. solanacearum antagonizes the
ROS effect by expressing ROS detoxification enzymes early in the infection process. Finally, T3SS
expression is also triggered by plant cell contact through the activation of the regulatory genes
Prh and HrpG (Marenda et al. 1998; Brito et al. 1999).

Regarding gene expression in the xylem, our data shows that the downstream T3SS regulator
HrpB, whose expression is known to be triggered both by HrpG via cell contact and by PrhG via
minimal medium (Plener et al. 2010), is in fact induced at early xylem conditions together with
downstream hrp genes encoding structural units of the T3SS pilus. These results reinforce the
notion that the HrpB and HprG-pathways may play different roles at different colonization steps
(Valls et al. 2006). We also observed an induction of the T6SS at this stage, in line with previous
studies that demonstrate the existence of a negative correlation between flagella and T6SS
(Zhang et al. 2012; Zhang et al. 2014). In early xylem conditions, R. solanacearum also appeared
to induce nitrogen respiration genes (Dalsing et al. 2015) and HCA degradation enzymes (Lowe et
al. 2015). In this same condition, we also noticed that bacteria synthesize arginine and degrade
other amino acids such as histidine, tyrosine, leucine and isoleucine. These metabolic activities
were previously validated by quantification of amino acid concentration before and after bacterial
growth in exogenous xylem sap (see annex (Zuluaga et al. 2013)). Interestingly, we observed a
general metabolic repression, including downregulation of transcription and translation, during
colonization of wilted plants. However, there was a clear up-regulation of many transcription
factors and T3Es in this late stage of the disease, contrasting to the previous scenario. Actually,
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the function of most R. solanacearum T3Es has not yet been elucidated (Deslandes and Genin
2014). This fact makes it difficult to interpret whether the “late” group of effectors are necessary
for nutrient uptake from plant cells or to adapt to the next environment in the pathogen life
cycle. Considering that there were sets of T3E with contrasting expression profiles, it would be
interesting to check their contribution at different stages of the disease. For instance, RipAD, RipAl,
RipD, PopF1 and PopS seem to play a specific role during apoplast colonization. Furthermore,
inactivation of RipD or PopS contributed to full disease development, while PopF1 rendered
bacteria completely non virulent (Cunnac et al. 2004; Meyer et al. 2006; Jacobs et al. 2013)
(Cunnac et al. 2004; Mevyer et al. 2006; Jacobs et al. 2013). Considering the difficulty in observing
a phenotype by the effect of a single T3Es, our data suggest that these T3E are actually involved
at the early infection stages. Future research will be addressed at unraveling the translocation
patterns of apoplastic (or early) and xylematic (or late) effectors by using the novel split-GFP in
vivo tracking system (Henry et al. 2017; Park et al. 2017).

As mentioned before and contrary to what was expected, we observed a strong induction
of QS networks and EPS biosynthesis genes in the apoplast. By using a different approach, we
demonstrated that the actual eps expression tendency was to decrease in the xylem vessels at
three different points of the infection, validating our transcriptomic results. An explanation to
this could be the fact that high bacterial densities were infiltrated in leaves, triggering an artificial
activation of QS mechanisms. As similar bacterial yields were present in the three in planta
conditions, it seems plausible that bacterial confinement within intercellular spaces was higher
than in the xylem vessels. It is thus tempting to speculate, that QS and EPS expression are high in
apoplastic microcolonies to promote biofilm formation. Later on, as bacteria multiply within the
xylem vessels, less expression levels per cell would be needed to induce a massive production of
EPS.

These results, however, seem contradictory to the above findings that bacteria during apoplast
colonization induce the expression of flagella. This observation raises the question whether EPS
and flagella are transcriptionally controlled by another system besides QS, or whether there are
microenvironments in the apoplast that lead to distinct bacterial populations: a motile community
expressing flagella, and another expressing high amounts of EPS within microcolonies attached
to host cells. In fact, the existence of phenotypically distinct bacterial subpopulations was already
proved for P syringae (Rufian et al. 2016). The development of dual reporters to target distinct
bacterial populations followed by single cell RNAseq will be key to test this hypothesis.

Altogether, our results shed light on the metabolic preferences of the pathogen in each in
planta condition, and suggests a spatiotemporal role of the different virulence factors along the
infection process. However, R. solanacearum also thrives in soil, waterways and reservoir weeds.
To complement this work, transcriptional changes of R. solanacearum at other stages of its life
cycle beyond the disease could be explored.
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New R. solanacearum virulence regulators

The transcriptome analysis of infected resistant roots compared to susceptible wild potato
plants (chapter 5) only revealed two R. solanacearum differentially expressed genes: a MarR
transcriptional regulator and a hypothetical protein. On one hand, this observation suggested that
the fate of the disease outcome was greatly influenced by the host plant rather than the pathogen.
In fact, major gene expression differences could be observed between the two plant accessions
upon infection (Zuluaga et al. 2015). On the other hand, we assumed the two differentially
expressed genes identified in the tolerant accession might be somehow involved in bacterial wilt
development. Since no described orthologues for the hypothetical protein could be found across
other species genomes, we focused on the characterization of the MarR transcriptional regulator
(re-named RepR in this work, chapter 6). Furthermore, repR also appeared to be induced in all in
planta conditions tested in our time-course transcriptome compared to bacteria grown in either
rich or minimal medium. Bacterial colonization in tolerant plants is limited by the formation of
chemical and structural barriers (Prior et al. 1994). Together with the facts that repR was up-
regulated in resistant versus susceptible plants and specially induced in leaf apoplast compared
to any other in planta condition in our time-course, we hypothesized that it would be involved in
early stages of the infection process.

By contrasting previous gene expression data, we learnt that PhcA, a global regulator controlling
the trade-off between growth and virulence in R. solanacearum, represses repR expression both
in vitro and in planta (Khokhani et al. 2017; Perrier et al. 2018). Notwithstanding PhcA induction in
the apoplast, this observation suggests that RepR is a member of the PhcA-regulon and might be
involved in pathogenicity. In fact, in planta growth assays in potato leaf apoplast and soil-soaking
virulence tests in potato and tomato further supported this hypothesis. On the contrary, RepR did
not appear to be involved in HR elicitation in tobacco, suggesting that its role in virulence goes
beyond the regulation of the T3SS, which is required for HR (Boucher et al. 1987). To understand
the mechanisms underlying RepR virulence regulation, an RNAseq analysis of the repR deletion
mutant was performed in potato leaf apoplast, revealing that it mainly acts as a metabolic
repressor. The RNAseq analysis identified the following RepR-regulated metabolic pathways:
lipopolysaccharide biosynthesis, benzoate, fatty acid and several amino acid degradation pathways
and cofactor metabolism. Additional experiments testing the actual metabolic capabilities of RepR
will illustrate the specific pathways that mediate bacterial adaptation to early infection stages.

In a similar fashion, the newly described catabolic repressor EfpR was reported to contribute
to bacterial fitness in the plant as well as virulence (Perrier et al. 2016). EfpR regulates EPS
production, motility and catabolism of many amino acids such as gamma-Amino-n-Butyric Acid
(GABA), Glutamate, Alanine and Histidine. The authors describe that EfpR gains adaptive loss-
of-function mutations during the infection process, in a way that the bacterium increases its
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metabolic versatility at advanced disease stages. We found up-regulation of EfpR in leaf apoplast,
which is line with the described process. The fact that loss-of-function mutations are a common
event in bacteria to regulate their adaptability to new environments (Hottes et al. 2013), makes
it tempting to speculate that RepR acts in a similar fashion as EfpR. In this case, it would be
interesting to test whether the RepR mutant increases its virulence when directly inoculated into
the xylem vessels.

Collectively, this data evidences the importance of regulatory switches controlling metabolism
and virulence in R. solanacearum, allowing a fine-tuned virulence gene expression dependent on

the infection stage.

Novel approaches to fight bacterial wilt disease

Plant vascular diseases are challenging to control due to the complexity of the pathogen
lifestyle (Yadeta and BP 2013). Specially controversial is brown rot disease, caused by a type of R.
solanacearum strains acclimated to temperate weathers (Fegan and Prior 2005). No treatment
showed efficiency in curing bacterial wilt, thus, efforts are on limiting bacterial spread and
preventing their entrance within the plant (Ellis et al. 2008). The most extended practices to
manage the disease in affected areas is the use of resistant cultivars, soil amendment, crop
rotation and surveillance of tools, seeds, and irrigation water (Yuliar et al. 2015).

In the last few years, several studies have focused on the development of specific bactericides
against R. solanacearum (Chen et al. 2016; Su et al. 2016), or the use of biological agents such
as R. solancearum specific bacteriophages and plant growth promoting rhizobacteria (Lemessa
and Zeller 2007; Fujiwara et al. 2011). Actually, some field trials using BCAs showed relative
successful results (reviewed in (Yuliar et al. 2015)). However, these alternatives have several
disadvantages. Bactericides, on one hand, eliminate not only the pathogen but also the beneficial
plant microbiome, and the high selective pressure drives the reappearance of resistances (Sundin
et al. 2016). BCAs, on the other hand, are associated to inconsistent colonization resulting in a
lower disease suppression than commercially acceptable. Problems involving production, storage
and application in the field are also associated to non-sporulating BCAs (Yuliar et al. 2015).

An alternative to solve these problems could be the development of new compounds that target
bacterial pathogenicity rather than viability (Clatworthy et al. 2007). To this end, we elaborated a
screening method using R. solanacearum luminescent reporter strains of several members in the
T3SS cascade, leading to the identification of some T3SS transcription inhibitors (chapter 8). Our
pilot test demonstrates that these salicylidene acylhydrazides are potential protectors of bacterial
diseases. However, the effectiveness of these compounds as crop protectants could only be tested
on an aerial pathogen due to the complexity of soil-borne bacteria. Future research should be
directed towards the identification of affordable analogues of T3SS inhibitors and development of
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effective soil treatments. Moreover, the study of R. solanacearum’s gene expression at different
infection stages will provide knowledge on traits that are crucial for the transition from one stage
to the next. Therefore, defining signature genes of each stage and targeting these traits will limit

disease development.

In summary, we have provided new insights on R. solanacearum virulence gene expression
mediated by DNA methylation and we characterized RepR, a novel player controlling virulence in
R. solanacearum. This work has also contributed to expanding the knowledge on R. solanacearum
virulence gene expression during distinct in planta colonization steps and opens the path for
future research in the pathogen physiology during its life cycle.
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CONCLUSIONS

chapter







From the main goals in this work, we extract the following conclusions:

Genome and methylome profiling of R. solanacearum UY031

1.

The genome of strain UY031 has a size of 5.4 Mb and contains at least 60 T3Es that were
annotated. R. solanacearum bears a core genome that consists on more than 60% of its genes.

R. solanacearum UY031 harbors a non-conserved phage-borne type Il Restriction-Modification
system targeting a novel motif (CAACRAC).

. The gene RSUY_RS11230 encodes a conserved orphan MTase that has two methylated

motives (GTWWAC) located upstream of epsR and contributes to eps expression at low
bacterial densities in R. solanacearum UY031 and GMI1000.

Characterization of repR, a new candidate virulence gene in R. solanacearum

4.

repR encodes a MarR-transcriptional regulator conserved within the R. solanacearum species
complex.

repR is specifically induced in planta and plays a key role in bacterial fitness during apoplast
colonization.

repR contributes to R. solanacearum virulence in potato and tomato plants but does not affect
HR elicitation in tobacco plants.

RepR potentially mediates R. solanacearum adaptation to plant apoplast by acting as a
metabolic repressor.

Understanding the R. solanacearum UY031 transcriptomic changes during the infection process

8.

10.

11.

12.

Compared to growth in rich medium, R. solanacearum UY031 induces virulence-related
genes and nitrogen, sulfate and phosphate metabolism, while represses most of its metabolic
activities during root colonization.

Leaf apoplast is a robust mimic condition of root colonization that allows the identification of
early virulence factors.

Expression of R. solanacearum virulence factors and metabolic pathways is dynamic across
the different infection stages.

Exopolysaccharide biosynthesis can be induced at early infection stages, when the bacterium
multiplies in the apoplast.

R. solanacearum expresses distinct sets of T3Es at different plant colonization stages. A large
amount of T3Es is transcribed in the xylem at advanced disease stages.
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Identification of T3SS inhibitors to combat bacterial plant diseases — Proof of Concept Study

13.The R. solanacearum luminescent reporters constitute a useful tool in the screening for T3SS
inhibitors.

14. Salicylidene acylhydrazides are strong T3SS inhibitors in R. solanacearum.

15. Some salicylidene acylhydrazides prevent effector translocation in vitro and in vivo and limit R.
solanacearum multiplication in planta.

16. Although the use of alicylidene acylhydrazides in preventing bacterial wilt was not proved,
they showed potential in protecting tomato plants from Pseudomonas syringae infections.

206



SUMMARY IN ENGLISH






The plant pathogen Ralstonia solanacearum is the causal agent of bacterial wilt, a highly
aggressive disease responsible for important worldwide economic losses. Many virulence factors
in R. solanacearum have been already identified; however, their transcriptional regulation during
disease development remained unknown.

In an effort to better characterize the gene expression changes driving bacterial virulence, we
first provided the complete genome sequence of the potato R. solanacearum UY031 strain as a
tool to perform robust transcriptomics in planta. By taking advantage of the novel sequencing
technology called SMRT, we also supplied hints on the methylome profile and its contribution to
virulence gene expression in UY031.

In this work, we performed two different in planta transcriptome approaches at different potato
infection stages. On one hand, we analyzed the bacterial gene expression during root colonization
and demonstrated that, although it is cost-ineffective, microbial transcriptomes in planta at low
bacterial densities are possible without a prior enrichment of prokaryotic RNA. Furthermore, we
identified a novel player controlling bacterial fitness during early infection stages that we named
RepR for Repressor Regulator, since we discovered that it is a repressor of specific metabolic
pathways. On the other hand, we performed a time-course transcriptome and show that
expression of R. solanacearum virulence factors and metabolism is dynamic along the infection
process. With our system, we validated the expression patterns of known virulence factors such
as the Type Ill Secretion System (T3SS) or the flagellum, and unraveled the profiles of others like
Type IVb pili or the T6SS. Contrary to the assumption that the T3SS might play only a role at early
infection stages, we demonstrate that effector transcription is extremely high in advanced disease
stages.

Finally, we performed a pilot test to identify T3SS inhibitors and demonstrate that some
salicylidene acylhydrazides can potentially prevent bacterial plant diseases via T3SS transcription
inhibition. This work adds growing knowledge on the pathogen behavior and its physiology at
different points of the disease, which could eventually lead to the identification of new drugs
targeting keys steps in disease development.
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ReEsuM EN CATALA






Ralstonia solanacearum és 'agent causant del marciment bacteria en plantes, una malaltia
altament agressiva i responsable de considerables perdues economiques d’impacte mundial.
Molts factors de virulencia de R. solanacearum han sigut identificats, pero la seva regulacio
transcripcional al llarg del desenvolupament de la malaltia encara es desconeixia.

En un intent de caracteritzar els canvis en l'expressid genética que modulen la virulencia del
bacteri, en primer lloc hem proporcionat la seqléencia completa del genoma de la soca de
patateres R. solanacearum UYO31 com a eina per a dur a terme transcriptomes robustos dins de
la planta. Gracies a la nova tecnologia de seqlenciacid anomenada SMRT, també proporcionem
algunes pistes sobre el seu perfil de metilacié i la contribucié d’aquest en I'expressié de gens de
virulencia a UY031.

En aquest estudi hem realitzat dos transcriptomes del bacteri en patateres en diferents estadis
d’infeccid. Per una banda hem analitzat I'expressié genética bacteriana durant la colonitzacio de
I'arrel i hem demostrat que, malgrat ser poc rentable, és possible analitzar el transcriptoma del
bacteri dins de la planta sense enriquir previament les mostres amb ARN procariota. Aixi mateix,
hem identificat un nou membre que regula I'eficacia biologica del bacteri durant els estadis inicials
de la infeccio que hem anomenat RepR, de Repressor Regulador, ja que hem descobert que
reprimeix rutes metaboliques concretes. Per altra banda, hem fet un transcriptoma a diferents
estadis de la infeccié i demostrem que I'expressio de factors de viruléncia i del metabolisme de
R. solanacearum és dinamica al llarg del procés infectiu. Amb el nostre sistema, hem validat els
patrons d’expressio de factors de viruléncia ja coneguts, com el Sistema de Secrecio de Tipus llI
(SST3) o el flagel, i hem desxifrat els perfils d’altres factors com el dels pilus de tipus IVb o el SSTé6.
En contra de I'assumpcio que el SST3 juga principalment un paper als estadis primerencs de la
infeccio, hem demostrat que la transcripcié de molts efectors és extremadament alta en estadis
avancats de la malaltia.

Finalment, hem dut a terme una prova pilot per a identificar inhibidors del SST3 i hem demostrat
que algunes salicidén-acilhidrazides tenen potencial per a prevenir malalties bacterianes de
plantes mitjancant la inhibicid de la transcripcid del SST3. Aquest treball afegeix nou coneixement
en el comportamentila fisiologia del patogen en diferents estadis de la malaltia, que amb el temps
podria contribuir a la identificacid de nous farmacs dirigits en passos claus en el desenvolupament
de la malaltia.
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Ralstonia solanacearum is a soil and waterborne pathogen that can infect a wide range
of plants and cause the devastating bacterial wilt disease. To successfully colonize a host,
R. solanacearum requires the type Ill secretion system (T3SS), which delivers bacterial
effector proteins inside the plant cells. HrpG is a central transcriptional regulator that
drives the expression of the T3SS and other virulence determinants. hrpG transcription
is highly induced upon plant cell contact and its product is also post-transcriptionally
activated by metabolic signals present when bacteria are grown in minimal medium
(MM). Here, we describe a transcriptional induction of hrpG at early stages of bacterial
co-culture with plant cells that caused overexpression of the downstream T3SS effector
genes. This induction was maintained in a strain devoid of prhA, the outer membrane
receptor that senses bacterial contact with plant cells, demonstrating that this is a
response to an unknown signal. Induction was unaffected after disruption of the known
R. solanacearum pathogenicity regulators, indicating that it is controlled by a non-described
system. Moreover, plant contact-independent signals are also important in planta, as
shown by the hrpG induction triggered by apoplastic and xylem extracts. We also found
that none of the amino acids or sugars present in the apoplast and xylem saps studied
correlated with hrpG induction. This suggests that a small molecule or an environmental
condition is responsible for the T3SS gene expression inside the plants. Our results also
highlight the abundance and diversity of possible carbon, nitrogen and energy sources
likely used by R. solanacearum during growth in planta.

Keywords: R. solanacearum in planta, plant inputs in hrp regulon, apoplast and xylem contents, novel induction

of HrpG, pathogenicity mutants, sugars and aminoacids tomato fluids

INTRODUCTION

The life cycle of most bacterial plant pathogens includes a long
phase of survival or multiplication in the environment, entry
and colonization of plants, and high multiplication in specific
plant tissues that leads to symptom development in suscepti-
ble hosts. The bacterium successfully adapts to these disparate
niches through differential gene expression in response to spe-
cific environmental signals (Mole et al., 2007; Saha and Lindeberg,
2013).

Ralstonia solanacearum is a soil-borne pathogen that infects
more than 200 host species from over 50 botanical families
(Peeters et al., 2013). Nonetheless, this pathogen can live as a
saprophyte in the soil when there are no hosts available (Schell,
2000; Mansfield et al., 2012). In order to deal with the physi-
ological demands of these contrasting situations, the bacterium
possesses a complex regulatory network that responds to both
environmental and internal cues (Schell, 2000; Genin and Denny,
2012). The main pathogenicity determinant in R. solanacearum
is the type III secretion system (T3SS), which translocates effec-
tor proteins into the plant host cells (Coll and Valls, 2013). The
T3SS is encoded by the hrp gene cluster and is regulated by plant
and metabolic signals (Brito et al., 1999; Aldon et al., 2000). Plant
signals are sensed by the outer membrane receptor PrhA, which

responds to still-unknown cell wall components (Aldon et al.,
2000) and transduces the signal through PrhR, Prhl, and PrhJ to
induce the central hrpG regulator (Brito et al., 1999, 2002). HrpG
controls the downstream HrpB activator that regulates transcrip-
tion of the hrp genes and related T3SS effectors (Brito et al., 1999,
2002; Valls et al., 2006; Genin and Denny, 2012). Metabolic sig-
nals are also sensed in this complex regulatory network by PrhG,
a close paralog of HrpG. PrhG is responsible for activating hrpB
in response to plant cell contact (Plener et al., 2010). HrpG has
been proposed to be a master regulator playing a role in the
transition from saprophytic to parasitic life style by integrating
the plant cell contact signal (Aldon et al., 2000), the metabolic
inputs triggered in minimal medium (MM) (Brito et al., 1999),
and a quorum sensing signal through the PhcA regulator (Genin
et al., 2005). As a result, HrpG co-regulates the induction of
the T3SS and other virulence determinants (Valls et al., 2006).
PhcA is a global density-dependent regulator that indirectly sup-
presses hrpB expression by either lowering prhIR transcription
(Genin et al., 2005; Yoshimochi et al., 2009a) or repressing hrpG
(Yoshimochi et al., 2009b). It was recently reported that prhG
is activated by PhcA, proposing that R. solanacearum switches
from HrpG to PrhG to ensure hrpB activation in a cell density-
dependent manner (Zhang et al., 2013). On the other hand, PhcA
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controls exopolysaccharide production via XpsR, motility and cell
wall-degrading activities via pehSR and quorum sensing through
the transcriptional activator solR, responsible of sensing the acyl-
homoserine-lactone (AHL) (Brito et al., 1999; Aldon et al., 2000;
Genin et al., 2005).

Despite the wealth of knowledge gained in the last years, we
remain quite naive about the environmental inputs that elicit
the R. solanacearum hrp regulon in natural conditions, as most
gene regulation studies have been performed in in vitro cul-
ture. Discrepancies with recent gene expression analyses in planta
(Monteiro et al., 2012) suggest that the bacterium may receive
unknown signals during saprophytic life. In this work we aimed
to further our understanding of the environmental inputs that
control the hrp regulon and identified a novel regulatory sig-
nal triggering hrpG expression at early stages of the interaction
with Arabidopsis cells. We demonstrate that this signal is not
dependent on PrhA or PrhJ, and that, contrary to what was cur-
rently known, hrpG can be strongly activated by plant apoplast
and xylem saps in the absence of cell-wall derived signals. We
describe the most abundant carbon and nitrogen sources avail-
able in planta for pathogen growth and conclude that none of
them seems to influence the newly described hrpG induction.

RESULTS AND DISCUSSION

THE HrpG REGULON IS INDUCED BY A CELL CONTACT-INDEPENDENT
SIGNAL WHEN R. solanacearum GROWS IN THE PRESENCE OF PLANT
CELLS

HrpG is a central transcriptional regulator that drives the
expression of the T3SS and other virulence determinants in
R. solanacearum (Genin and Denny, 2012; Zhang et al., 2013).
Studies on hrpG expression have often been carried out measur-
ing transcriptional output from cultures grown overnight in MM
or in co-culture with plant cells (Marenda et al., 1998). In order
to gain a better understanding of hrp regulation earlier in the
plant-pathogen interaction, we performed a time course exper-
iment in co-cultures of R. solanacearum with Arabidopsis cells
by measuring transcription of hrpG every hour. To this end, we
used a modified bacterial strain containing the hrpG promoter
fused to the luxCDABE operon integrated in a permissive site
of the chromosome (Monteiro et al., 2012). With this strain,
real time information of hrpG transcription could be obtained
by measuring luminescence. To our surprise, the wild type (wt)
strain showed a bimodal induction of hrpG, with clear induc-
tion of the HrpG promoter during the first 2h of co-culture
with plant cells (Figure1). This early induction was signifi-
cant, although less strong than the one observed at later times
(8-16h). PrhA is the outer membrane receptor responsible for the
well-described hrp gene induction upon contact with plant cells
(Marenda et al., 1998). To check if the two hrpG induction peaks
observed were mediated by PrhA, we introduced the PhrpG::lux
construct in the prhA mutant background and evaluated lumines-
cence. Interestingly, the strong induction at 2 h of co-culture with
plant cells was maintained while the second peak was abolished
(Figure 1). Thus, the outer membrane receptor PrhA mediated
the second induction peak but was dispensable for hrp induc-
tion at early stages. This was confirmed by the fact that the early
induction also remained unaltered in a strain deficient for Prh],

= Wt —=l=phA ()

20

FIGURE 1 | Expression profile of the hrpG promoter during bacterial
co-culture with Arabidopsis cells. The wild-type R. solanacearum strain
GMI1000 (wt, solid line) or its prhA-defficient derivative (prhA::€, dashed
line) carrying the PhrpG::LuxCDABE fusion were grown in Gamborg
medium in the presence of plant cells and luminescence measured at
different time points. A representative result using three biological
replicates is shown. Promoter output is presented as relative luminescence
units (R.L.U) produced by the lux reporter corrected by cell density
estimated by ODggo. Error bars indicate standard deviations.

the regulator that transduces the PrhA cell-contact induction to
HrpG (data not shown). In these experiments, high variability in
gene expression was observed at early times, likely due to the fact
that cultures were still adapting to the new growth conditions in
co-culture after dilution. However, a robust induction resulting in
the early expression peak was always detected.

In order to test the relevance of the initial hrpG induction
on downstream genes, we measured the expression profiles of
the type ITlI-secreted effector avrA and the gene coding for the
R. solanacearum ethylene-forming enzyme (efe). These genes were
selected because avrA is controlled by HrpG and HrpB while the
efe gene is specifically regulated by HrpG in a HrpB-independent
manner (Valls et al., 2006). The R. solanacearum PavrA-lux and
Pefe-lux strains were created and luminescence was measured as
shown in Figure 2. Absolute expression levels of the avrA, efe,
and hrpG promoters differ due to different promoter strength,
but remarkably, expression of both downstream genes showed
the bimodal profile, maintaining an early induction at 2h of
co-culture with plant cells (Figure 2). Differences in the magni-
tude of the early induction in these genes might be explained
by additional regulatory inputs that over impose to the HrpG
action. We presume that this induction could have implications
in plant-pathogen interactions, since pathogen effectors are being
expressed and likely secreted to the host within few hours of
contact with the host cells.

THE PrhA-INDEPENDENT INDUCTION OF HrpG 1S NOT MEDIATED BY
ANY OF THE KNOWN PATHOGENICITY REGULATORS

Next, we used a classical genetics approach to determine if
any of the known regulatory pathways mediated the newly-
identified signal. To this end, we tested hrpG induction in
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FIGURE 2 | Exp profile of HrpG- d genes in It
with Arabidopsis cells. Luminescence was measured from
R. solanacearum GMI1000 carrying fusions of the avrA or efe promoters to
the luxCDABE reporter (PavrA-lux or Pefe-lux, respectively). Growth
conditions and units as in Figure 1.

R. solanacearum mutants defective in the main pathogenicity reg-
ulators (Supplementary Table 1). The analyzed mutants were:
solR, a quorum sensing transcriptional activator responsible of
sensing the AHL; vsrA, which activates xpsR and represses motil-
ity; vsrC, an activator of EPS and motility that represses pectinase
activity; xpsR, which induces EPS synthesis; phcA, the master
regulator that represses hrpG in culture, and pehR, which acti-
vates the pectinase-encoding gene pehA and motility (Genin
and Denny, 2012). All these mutants were transformed with
the hrpG promoter fused to the lux operon and luminescence
measured in co-culture with plant cells. Figure 3A shows the
expression profiles in the wt or the phcA, pehR, vsrC, solR, xpsR,
and vsrA mutants. All mutants showed a similar expression pro-
file, except for phcA, that showed a strongly enhanced hrpG
expression, as expected due to the well-described PhcA inhibi-
tion on hrp gene expression (Genin et al., 2005). Figure 3B shows
a zoom-in of the hrpG expression profile during the first 3h
of co-culture. All the regulatory mutants maintained the early
cell-contact-independent induction of hrpG, indicating that none
of them is directly mediating the inducing signal. This find-
ing suggests that there are yet unknown triggers of hrp gene
expression.

PLANT CELL CONTACT IS NOT ESSENTIAL FOR HrpG INDUCTION in
planta

To test whether plant cell contact-independent induction also
occurs in planta, we extracted apoplast and xylem fluids from
tomato plants as described in (Coplin et al., 1974; Rico and
Preston, 2008) and performed hrpG expression profiles from bac-
teria growing in both exudates (Figure 4). In agreement with our
previous observations, we observed high expression of the HrpG
promoter comparable to the induction we detected in co-cultures
(Figure 3) when bacteria were grown in plant extracts in the
absence of plant cells (Figure 4). However, differences in growth
rate and bacterial physiology in plant extracts and co-cultures
with plant cells make it difficult to compare the induction tim-
ings in both conditions. These results indicate that, contrary to
what has been hypothesized until now, cell contact-independent
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FIGURE 3 | Expression profiles of the hrpG promoter in wild type
R. sol. or virul | Y in Iture with
Arabidopsis cells. The wt or the prhA, solR, xpsR, phcA, vsrA, vsrC, and
pehR disruption mutants carrying the PhrpG::LuxCDABE fusion were
grown in Gamborg medium in the presence of plant cells and luminescence
measured at different time points (A). Zoom-in of hrpG expression during
the first 3 h of co-culture with Arabidopsis cells to better appreciate that all
mutants show comparable expression profiles as the wild type in the first
induction peak during growth in the presence of plant cells (B). A
representative result using three biological replicates is shown. Promoter
output is presented as relative luminescence units (R.L.U) produced by the
lux reporter corrected by cell density estimated by ODggo. Error bars
indicate standard deviations.

induction of R. solanacearum hrpG is also triggered in planta in
addition to the well-established cell wall contact response medi-
ated by PrhA (Aldon et al., 2000; Brencic and Winans, 2005; Rico
and Preston, 2008). The precise plant molecules or environmen-
tal cues responsible for the newly described hrp gene induction
remained unknown.

NO AMINOACID OR SUGAR IN TOMATO EXTRACTS CORRELATES WITH
HrpG EXPRESSION

To shed light on the nature of the signals involved in contact-
independent hrp gene induction in planta, we performed
an analysis of the sugars and amino acids present in both
tomato xylem sap and apoplastic fluid before and after sus-
taining growth of R. solanacearum. These fluids were chosen
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because they correspond to the two main compartments where
R. solanacearum grows inside the plant (Vasse et al., 1995; Ward
et al., 2010). Since the observed hrpG induction peaked at 7h of
growth in the apoplastic fluid but remained roughly unchanged
in the xylem, we searched for an aminoacid or sugar whose abun-
dance diminished after 7 h of R. solanacearum growth in apoplast
sap and that showed a similar pattern or remained constant in
xylem cultures. Molecule contents for both xylem and apoplast
were measured by chromatography at time 0 and at 7 or 21 h after
bacterial growth and are presented in Tables 1, 2. Surprisingly,
sugars and aminoacids concentrations were similar at either 7 or
21 h of bacterial growth; thus, only the latter time point is shown.
However, none of the detected molecules showed the expected
abundance profile, indicating that common aminoacids or sugars
do not play a role in the induction of hrpG and the subsequent
trigger of the main R. solanacearum virulence determinants in
planta.
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FIGURE 4 | Expression profile of the hrpG promoter in both apoplast
and xylem exudates. Induction of the hrpG promoter in bacteria grown in
cell-free plant exudates. A representative result using three biological
replicates is shown. Promoter output is presented as relative luminescence

units (R.L.U) produced by the lux reporter corrected by cell density
estimated by ODggo. Error bars indicate standard deviations.

Table 1 | Sugar in |
of R. solanacearum.

before and after growth

Apoplast Xylem
— bacteria + bacteria — bacteria + bacteria
Sucrose 193.43 21.22 ND ND
Fructose 166.74 0 8.54 0
Glucose 110.93 10.04 4.08 0
Galactose 14.67 0.72 0 0
Mannose 11.54 10.94 0 0

Sugar concentrations in mg/l determined from tomato xylem sap or the
apoplastic fluid before (— bacteria) or after (+ bacteria) sustaining growth of
R. solanacearum for 21 h.

PLANT SUGARS ARE READILY CONSUMED BY R. solanacearum
DURING GROWTH IN TOMATO

The possible carbon and energy sources used by R. solanacearum
during saprophytic growth inside its plant hosts remain
unknown. Thus, although we could not identify the hrpG induc-
ing signal, the sugar content analyses provided interesting clues
on the biology of the bacterium inside the plant. From the results
presented in Table 1, it is apparent that the tomato apoplast is
rich in sugar contents, in agreement to what has been reported
(Rico and Preston, 2008). In addition, we were able to determine
that, despite the general assumption that it mainly contains water
and minerals, xylem sap was rich in sugars as well. The tomato
apoplast showed a high concentration of sucrose, glucose, galac-
tose, mannose and fructose, while the xylem contained glucose
and fructose, although at lower concentrations (Table 1). Growth
of R. solanacearum in these extracts indicated that the bacterium
likely catabolizes all abundant apoplast or xylem sugars, which

Table 2 | Ami id in |
growth of R. solanacearum.

before and after

Apoplast Xylem
— bacteria + bacteria — bacteria + bacteria

Gaba 599.4 0 62.2 0
Asp 281.1 0 13.2 0.7
Glu 274.3 0 13 2
Ala 156.7 13.7 1.7 1.7
Gln 146.9 0 (9515] 0
Urea 133.6 0 0 0
Leu 85.6 8.4 24.7 0
Val 83.5 7.8 51.7 23.8
Pro 76.3 0 4.1 0
Asn 64.2 0 94 1.2
Lys 53.9 121 49.4 96
Phe 48.9 2.9 5 0
lle 46.5 10.6 24.8 0
Phser 34 20.2 29 12.6
Arg 27 9 28.2 102.6
Tyr 21 1.4 6.8 0
Ser 19.4 0 5.5 2.7
His 19 1.6 25 0.45
Orn 14.6 0 1.2 4.7
Taur 0 4 0 4
Hylys 0 518 0 5.3
1-Mhis 4 11.2 16.3 20.1

Aminoacid concentrations in micromolar units determined from tomato xylem
sap or the apoplastic fluid before (— bacteria) or after (+ bacteria) sustaining
growth of R. solanacearum for 21 h. Red shading indicates the most abundant
aminoacids in each compartment that seem to be metabolized by the pathogen.
Blue shading denotes aminoacids whose concentrations increased after bac-
terial growth. Abbreviations are as follows: Ala, alanine; Arg, arginine; Asn,
asparagine; Asp, aspartic acid; Gaba, gamma aminobutyric acid; Glu, glutamic
acid; Gln, glutamine; His, histidine; Hylys, hydroxylysine, lle, isoleucine; Leu,
leucine; Lys, lysine; Orn, Ornithine; Phe, phenylalanine; Phser, phosphoserine;
Pro, proline; Ser, serine; Taur, taurine, Tyr, tyrosine;Val, valine.
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were undetectable after bacterial inoculation. The only excep-
tion was the less abundant mannose, which did not seem to be
metabolized by bacteria growing in the apoplast and was unde-
tected in the xylem sap (Table 1). Interestingly, studies of two
different R. solanacearum lectins (RSL) showed contrasting affin-
ity to sugars. RSL was found to bind fucose and arabinose in a
higher degree than mannose (Sudakevitz et al., 2002) while RS-
IIL recognizes fucose, but displays a higher affinity to fructose and
mannose (Sudakevitz et al., 2004). A variable pattern of carbon
source utilization correlating with genomic variability has been
reported among Pseudomonas spp (Rico and Preston, 2008). It
would be interesting to test if such metabolic diversity is present
also in the R. solanacearum species complex and if it correlates
with sugar abundance in different plant hosts.

AMINOACID CONTENTS in planta VARY IN DIFFERENT TOMATO
COMPARTMENTS AND AFTER BACTERIAL INFECTION

Interesting conclusions could also be extracted from the anal-
yses of the amino acid content and concentrations measured
in apoplast and xylem fluids before and after bacterial growth.
Table 2 shows all aminoacids and related compounds detected in
both apoplast and xylem, ordered from the most to the less abun-
dant in the apoplast. Similar to what had been reported previously
(Rico and Preston, 2008), the most abundant amino acid in this
tomato intercellular compartment was gamma aminobutyric acid
(GABA), followed by aspartic and glutamic acids (Table 2, 1st
column). It was also apparent that the xylem presented a very
different amino acid composition from the apoplast, with glu-
tamine as the most abundant aminoacid, followed by asparagine
and GABA (Table 2, 3rd column). Marked differences in abun-
dance were detected for urea, which was undetectable in xylem
but highly abundant in the apoplast and aspartic acid, glutamic
acid and alanine, major components of the apoplast that were
much less abundant in the xylem (Table 2). These results demon-
strated the variability of resources present in plant compartments
and suggest that R. solanacearum has to cope with these con-
trasting environments and switch its metabolism along the plant
colonization process.

Bacterial growth also impacted the amino acid composition
of plant fluids in vitro. The amino acid profiles could be divided
into those whose concentrations increased after bacterial growth
(Table 2, blue shading) and the rest, which often decreased
after bacterial growth. Interestingly, the most abundant amino
acids were depleted in both compartments after bacterial growth
(Table 2, red shading), suggesting bacterial adaptation to pref-
erentially use the most abundant carbon sources. Arginine and
lysine are the major exceptions to this rule, since their concentra-
tions were high but almost always increased after bacterial growth
in our in vitro experiments. Other amino acids whose abundance
increased by bacterial metabolism were the least abundant in
plant extracts, in agreement with the idea that they do not play
a role in pathogen growth (Table 2, blue shading). Interestingly,
higher amounts of aminoacids seemed to be released by bacteria
in the xylem than in the apoplast. In particular, lysine, arginine
and ornithine, which were abundantly produced by the bacte-
ria in the xylem but naturally present in the apoplast and rather
consumed by the pathogen growing in this fluid (Table2). It

was previously reported that tryptophan, phenylalanine, tyro-
sine, leucine, valine, and GABA concentrations increased when
R. solanacearum grew on tobacco and tomato xylem 3-5 days after
inoculation (Coplin et al., 1974). Likewise, Ward et al. (2010)
recently described that the levels of tryptophan, tyrosine and
phenylalanine increased in abundance in Arabidopsis plants after
Pseudomonas syringae infection, while sucrose levels decreased.
All these aminoacids where found abundantly in our study and
rapidly consumed by R. solanacearum. We hypothesize that the
pathogen might be able to reconfigure the host metabolism to
induce the production of the aminoacids required for its growth.
Experiments are under way to validate this hypothesis.

CONCLUSIONS

In this work we identified a novel regulatory signal triggering
hrpG expression at early stages of the interaction with Arabidopsis
cells. Challenging current knowledge (Aldon et al., 2000; Brencic
and Winans, 2005; Rico and Preston, 2008), we show that the
transcriptional induction of hrpG at early stages of bacterial
co-culture with plant cells, which caused overexpression of the
downstream T3SS effector genes is independent of bacterial con-
tact with plant cells as demonstrated by the hrpG induction in
the outer membrane receptor mutant strain prhA. The precise
plant molecules or environmental cues responsible for the newly
described hrp gene induction remained unknown. This induction
was unaffected after disruption of the known R. solanacearum
pathogenicity regulators, indicating that it is controlled by a
non-described system. Moreover, our work suggests that plant
contact-independent signals might also be important in planta, as
shown by the hrpG induction triggered by apoplastic and xylem
extracts. However, it must be taken into account that bacterial
cultures with either plant cells or plant extracts do not perfectly
mimic the spatial and environmental conditions encountered
during growth in planta. New inputs when bacteria grow par-
asitically inside the plant host and the real contribution of the
signals already described in these natural conditions remain to be
determined.

Finally, we gained insight into the plant metabolic resources
available for pathogen growth and concluded that invading bac-
teria not only have to cope with plant defenses but also with
contrasting niches inside the host. An example of this adap-
tation is the specific response of the HrpG virulence regu-
lon to the unknown metabolic or environmental plant signals
described here.

MATERIALS AND METHODS

BACTERIAL STRAINS, CULTURE MEDIA, AND GROWTH CONDITIONS
Bacterial strains and plasmids used in this study are listed in
Supplementary Table 1. R. solanacearum was routinely grown
in rich B medium (10 g/l bactopeptone, 1g/l yeast extract and
1 g/l casamino acids) or Boucher’s MM (200 g/l KH,POy, 50 g/l
(NH4)2S04, 10 g/l MgSO4-7H20, KOH 10N, 1.26 g/l FeSO4,-
7H20) at 30°C. For bacterial growth in plant extracts, 10ml
aliquots of xylem sap or apoplastic fluid in 50 ml erlenmey-
ers were inoculated with the R. solanacearum strain GMI1000
transformed the PhG-lux reporter fusion. The hrpG promoter
was PCR-amplified from a ¢cDNA library using primers that
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added AvrIl and Kpnl restriction sites upstream and down-
stream of the sequence, respectively. This PCR fragment was
cloned into pGEM-T-EASY (Life Technologies, Paisley, UK), giv-
ing rise to pG-PhG. The PhG promoter was then excised from
pG-PhG using AvrII-Kpnl and cloned into the same sites of
PRCG-GWY (Monteiro et al., 2012), creating the plasmid pRCG-
PhG-GWY. Finally, to generate pRCG-PhG-lux a Sfil-KpnI frag-
ment containing the entire LuxCDABE operon, excised from
plasmid pRCGent-Pep-lux (Monteiro et al., 2012), was cloned
into the same sites of pRCG-PhG-GWY. This plasmid bears the
PhG::LuxCDABE reporter fusion and a gentamycin-resistance
gene, all flanked by two homology regions for recombination
into the bacterial chromosome. Similarly, pRCG-PavrA-lux and
PRCG-Pefe-lux were generated by cloning a Kpnl/BgIII fragment
from plasmid PavrA and pG-Pefe into the same sites of pRCG-
GWY, respecively. PCR amplifications were performed with the
proofreading Pfx DNA polymerase (Life Technologies, Paisley,
UK) following the manufacturer’s conditions and other general
molecular biology techniques were performed as described in
(Ausubel et al., 1994).

ARABIDOPSIS CO-CULTURE ASSAYS AND LUMINESCENCE
MEASUREMENTS

Co-culture expression assays were carried out using Arabidopsis
cells LT87 grown in Gamborg B5 (GB5). For co-culture assays,
bacteria were diluted from overnight cultures grown in B
medium to an O.D.gppy = 0.1 in 20 ml-cultures of seven day-old
Arabidopsis culture cells. Samples were taken every hour to mea-
sure cell density and luminescence. To carry out 24 h time course
experiments, two cultures were started with 10 h of delay and the
results of the two cultures superimposed. To recover only bacterial
cells grown in the presence of Arabidopsis cells, 1 ml aliquots of the
co-cultures were filtrated through a 20 um-pore nylon membrane
as described before (Monteiro et al., 2012). Luminescence mea-
surements of filtered bacteria were done with a Berthold FB-12
luminometer and promoter output of the reporter was expressed
as relative luminescence units (RLU) referred to cell density esti-
mated as the O.D.gqp in a Shimadzu UV-1603 spectrophotometer.

APOPLAST AND XYLEM EXTRACTIONS

Apoplast extraction was carried out as described in (Rico and
Preston, 2008). Briefly, tomato leaves were cut, washed with dis-
tilled water and dried with a paper towel. Then, one to three leaves
were introduced into a 50 ml syringe with 20 ml of distilled water
and pressure—vacuum cycles applied until the leaves were com-
pletely infiltrated. After infiltration, leaves were carefully removed
from the syringe and blotted with a paper towel. Each leaf was
then introduced into a 5 ml tip placed inside a 50 ml conical tube
containing a 1.5 ml collection tube. Apoplast extract was collected
by spinning the tubes at 0.6 g for 5min at 4°C. The fraction col-
lected in the 1.5 ml tube was centrifuged again for 10 min at 0.8 g
at 4°C. The supernatant was collected and stored in at —20°C
until used.

Xylem sap extraction was performed as described by (Kehr
and Rep, 2007). Briefly, 5 week-old tomato plants were cut at the
stems ~10 cm above ground with a razor blade. The cut stem was
rinsed with 2 ml of distilled water and dried with a paper towel to
remove the content from cut cells and the first exuded sap. Xylem

sap spontaneously oozing from the stem was recovered after dis-
carding the first two drops. Collection tubes were placed on ice
and the sap collected for up to 6 h. Xylem sap was filtered through
a 0.2 wm pore filter and kept frozen at —20°C until used.

ANALYSIS OF AMINOACID AND SUGAR CONTENTS

Apoplastic and xylem samples (10 ml each) both before and
after bacterial growth, were analyzed for their amino acid con-
tent by cation exchange chromatography at the Scientific and
Technologic Centers from the University of Barcelona (CCITUB).
The internal control (norleucine) was added to apoplast and
xylem samples and then dried. Samples were resuspended in
lithium citrate buffer at pH2.2 and then filtered and injected
into the chromatography system (50-100l). An automated
aminoacid autoanalyzer (Biochrom 30) was used. For sugar quan-
tification, samples (100 1) were filtered and injected into Aminex
HPX-87P (300 x 7.8 mm) + Aminex HPX-87C (300 x 7.8 mm)
(BioRad) serial columns in a Waters 717 plus autosampler chro-
matograph: refractive index Water 2414 at 37°C and S = 256.
Bacterial content from apoplast and xylem was filtered using a
Whatman FP 30/0.45 CA-S pore size 0.45 pm.
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The plant metacaspase AtMC1 in pathogen-triggered
programmed cell death and aging: functional linkage
with autophagy

NS Coll*", A Smidler"®, M Puigvert, C Popa?, M Valls?® and JL Dangl"*>57

Autophagy is a major nutrient recycling mechanism in plants. However, its functional connection with programmed cell death
(PCD) is a topic of active debate and remains not well understood. Our previous studies established the plant metacaspase
AtMC1 as a positive regulator of pathogen-triggered PCD. Here, we explored the linkage between plant autophagy and AtMC1
function in the context of pathogen-triggered PCD and aging. We observed that autophagy acts as a positive regulator of
pathogen-triggered PCD in a parallel pathway to AtMC1. In addition, we unveiled an additional, pro-survival homeostatic function
of AtMC1 in aging plants that acts in parallel to a similar pro-survival function of autophagy. This novel pro-survival role of AtMC1
may be functionally related to its prodomain-mediated aggregate localization and potential clearance, in agreement with recent
findings using the single budding yeast metacaspase YCA1. We propose a unifying model whereby autophagy and AtMC1 are
part of parallel pathways, both positively regulating HR cell death in young plants, when these functions are not masked by the

cumulative stresses of aging, and negatively regulating senescence in older plants.
Cell Death and Differentiation (2014) 21, 1399-1408; doi:10.1038/cdd.2014.50; published online 2 May 2014

An emerging theme in cell death research is that cellular
processes thought to be regulated by linear signaling path-
ways are, in fact, complex. Autophagy, initially considered
merely a nutrient recycling mechanism necessary for cellular
homeostasis, was recently shown to regulate cell death,
mechanistically interacting with components that control
apoptosis. Deficient autophagy can result in apoptosis'™
and autophagy hyper-activation can also lead to programmed
cell death (PCD).* In addition, the pro-survival function of
autophagy is mediated by apoptosis inhibition and apoptosis
mediates autophagy, although this cross-regulation is not fully
understood.®

In plants, autophagy can also have both pro-survival and
pro-death functions. Autophagy-deficient plants exhibit accel-
erated senescence,®® starvation-induced chlorosis,®”°
hypersensitivity to oxidative stress'® and endoplasmic reticu-
lum stress."" Further, autophagy-deficient plants cannot limit
the spread of cell death after infection with tissue-destructive
microbial infections.'>'® The plant phytohormone salicylic
acid (SA) mediates most of these phenotypes.® Autophagy
has an essential, pro-survival role in situations where there is
an increasing load of damaged proteins and organelles that
need to be eliminated, that is, during aging or stress.
Autophagy has an opposing, pro-death role during devel-
opmentally regulated cell death'*'® or during the pathogen-
triggered hypersensitive response PCD (hereafter, HR) that

occurs locally at the site of attempted pathogen attack.®'”
The dual pro-death/pro-survival functions of plant autophagy
remain a topic of active debate.

Also under scrutiny are possible novel functions of
caspases and caspase-like proteins as central regulators of
pro-survival processes. Caspases were originally defined as
executioners of PCD in animals, but increasing evidence
indicates that several caspases have non-apoptotic regula-
tory roles in cellular differentiation, motility and in the
mammalian immune system.'8-2°

Yeast, protozoa and plants do not have canonical
caspases, despite the occurrence of morphologically hetero-
geneous PCDs.2" More than a decade ago, distant caspase
homologs termed metacaspases were identified in these
organisms using structural homology searches.?? Meta-
caspases were classified into type | or type |l metacaspases
based on the presence or absence of an N-terminal
prodomain, reminiscent of the classification in animals into
initiator/inflammatory or executioner caspases, respectively.
Despite the architectural analogy between caspases and
metacaspases, differences in their structure, function, activa-
tion and mode of action exist.?32°

Metacaspases mediate PCD in yeast,?*" leishmania, -
trypanosoma®* and plants.?* We demonstrated that two type |
metacaspases, AtMC1 and AtMC2, antagonistically regulate
HR in Arabidopsis thaliana.®® Our work showed that AtMC1 is
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a positive regulator of HR and that this function is mediated by
its catalytic activity and negatively regulated by the AtMC1
N-terminal prodomain. AtMC2 antagonizes AtMC1-mediated HR.

Besides AtMC2, new examples of metacaspases with a pro-
life/non-PCD role are emerging. Protozoan metacaspases are
involved in cell cycle dynamics®**%=8 and cell proliferation.®
The yeast metacaspase Yca1 alters cell cycle dynamics*® and
interestingly, is required for clearance of insoluble protein
aggregates, thus contributing to yeast fitness.*'

Here, we explore the linkage between plant autophagy and
AtMC1 function in the context of pathogen-triggered HR and
aging. Our data support a model wherein autophagy and
AtMCH1 are part of parallel pathways, both positively regulating
HR cell death in young plants and negatively regulating
senescence in older plants.

Results

Autophagy components and AtMC1 act additively to
positively regulate HR. Autophagy is induced by activation
of plant intracellular NLR (nucleotide-binding domain and
leucine-rich repeat containing) immune receptors upon
pathogen recognition, and thus can be a positive regulator
of HR in Arabidopsis young leaves.'®'” To ascertain whether
AtMC1- and autophagy-mediated HR are part of the same
pathway, we crossed Arabidopsis atmc1 knockout plants®® to
two different autophagy-deficient knockout mutants: atg5*?
and atg78a.'® ATG5 and ATG18a are each required for
autophagosome formation at different points of the autophagic
pathway.”*® We infected 2-week-old wild-type Col-0, atmc?,
atgs, atg18a, atmci1 atgh and atmci1 atgi8a plants
with Pseudomonas syringae pathovar tomato strain (Pto
DC3000 expressing the type Il effector avrRom1 Pto
DC3000(avrRpm1)). Recognition of AvrRpm1 triggers HR
mediated by the intracellular NLR receptor RPM1.** We
quantified HR using a single-cell death assay,® and we
observed suppression of RPM1-mediated HR both in atmc1°®
and in autophagy-deficient mutant plants. When combined,
autophagy and atmc1 deficiencies had an additive effect on
HR suppression (Figure 1a). Thus, autophagy and AtMC1
mediate independent pathways triggered by NLR activation
that contribute to HR.

Using the same assay, we observed that the lack of AtMC2,
a negative regulator of AtMC1-mediated HR cell death,* has
no effect on autophagy-mediated HR cell death
(Supplementary Figure 1). In atme1 and autophagy-deficient
mutants, HR suppression does not result in increased
susceptibility to Pto DC3000(avrRpm1), uncoupling HR and
pathogen growth restriction.® Thus, the additive HR suppres-
sion in atmc1 atg18a double mutants did not result in
enhanced pathogen proliferation (Figure 1b).

We also investigated whether atmc? mutants were defec-
tive in autophagy. Figure 1c and Supplementary Figure 2
show Col-0 and atmc1 transgenic plants expressing the
autophagosome marker GFP-ATG8a with or without concana-
mycin A treatment.*® Plants lacking atg78a (or atg5) are
defective in autophagosome formation.'® '3 Atmc1 mutants
displayed normal autophagosome formation (Figure 1c).

Recently, the plant cargo receptor NBR1 was demonstrated
to be a selective autophagy marker that constitutively
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over-accumulates in autophagy-deficient plants.*> We per-
formed immunoblot analysis of mock- or Pto DC3000
(avrRpm1)-treated plants using anti-NBR1 antisera to address
whether selective autophagy was induced during HR. We
observed slightly increased NBR1 accumulation 12-h post-
inoculation in all lines tested (Figures 1d and e), indicating that
selective autophagy is not induced after RPM1 activation at a
time point when the HR cell death is complete (Figure 1).
Atmc1 plants expressed wild-type NBR1 levels in either
uninfected controls or following RPM1 activation, indicating
that AtMC1 deficiency alone did not result in NBR1-mediated
selective autophagy defects. As expected, atg18a and atmc1
atg18a mutants express higher NBR1 levels than wild-type
plants because of defective selective autophagy.*® This NBR1
over-accumulation is more pronounced in atmc1 atg18 double
mutants, indicating that AtMC1 may have a role in selective
autophagy when bulk autophagy is defective.

SA accumulation negatively regulates the contribution of
autophagy, but not of AtMC1, to RPM1-mediated HR.
SID2 encodes the chloroplastic isochorismate synthase 1,
the rate-limiting SA biosynthetic enzyme required for the
increased accumulation of this phytohormone observed
following pathogen recognition.*® To investigate if the HR
suppression phenotypes observed in young autophagy- and
atmc1-deficient plants were SA dependent, we quantified HR
in wild-type, atmc1, atg18a, sid2, atmc1 atg18a, atmc1 sid2
and atg18a sid2 and atmc1 atg18a sid2 plants (Figure 2).
Sid2 plants supported wild-type HR cell death levels,
indicating that SA accumulation is dispensable for RPM1-
mediated HR.*” Interestingly, we observed that the loss of
SA accumulation restores nearly wild-type levels of HR in
atg18a, but not in atmc1 plants (Figure 2). This suggests that
SA accumulation negatively regulates the contribution of
autophagy to RPM1-mediated HR in atg18a sid2, but does
not significantly regulate the AtMC1 contribution in atmc?
sid2. This observation also reinforces our hypothesis that
autophagy and AtMC1 participate in separate HR signaling
pathways. In atmc1 atg18a sid2 plants, the lack of SA
accumulation reverts only partially HR suppression, indicat-
ing that the additive effects on HR observed in atmc1 atg18a
cannot be solely explained by the sum of both deficiencies.
It is worth noting that at the developmental stage used for
the single-cell HR assay, atmc1, atgi8a and atmci
atg18a expressed essentially equivalent basal SA levels
(Supplementary Figure 3).

The plant respiratory burst NADPH oxidase encoded
by AtrbohD is required for the reactive oxygen species
(ROS) burst downstream of RPM1 activation, but contributes
only modestly to regulation of RPM1-mediated HR
(Supplementary Figure 4).4® Consistent with these data, the
lack of an NADPH-dependent ROS burst did not alter HR
suppression in atmci, atg18a or atmci atg18a mutants
(Supplementary Figure 4), indicating that this ROS burst acts
independently or upstream of AtMC1 and autophagy.

Autophagy components and AtMC1 act additively to
negatively regulate senescence. Autophagy-deficient
plants exhibit an early senescence phenotype, evidenced
by premature leaf chlorosis.®® Interestingly, atmc1 mutants
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Figure 1 Autophagy components and AtMC1 act additively to positively regulate HR. (a) Two-week-old plants of the indicated phenotypes were vacuum infiltrated with
500000 colony-forming units (CFU)/ml of Pto DC3000(avrRpm1) or MgCl,. After 12 h, plants were stained with the cell death dye Trypan blue. To quantify cell death, all dead
cells per field of vision ( x 10 magnification) were counted. Values correspond to the average of 20 leaves per genotype and treatment + 2 x S.E. Letters indicate a significant
difference following post-ANOVA Student's t-test (o = 0.05). The experiment is representative of three independent replicates. (b) Two-week-old plants of the indicated
phenotypes were dip inoculated with 2.5 x 107 CFU/ml of Pto DC3000(avrRpm?1). Bacterial growth was monitored at days 0 and 3 after infection. Values indicate the average
of four samples per genotype = 2 x S.E. The experiment was repeated three times. (c) One-week-old transgenic Col-0 and atmc1 plants constitutively expressing GFP-ATG8
were treated with 1 M concanamycin A to allow autophagosome visualization in the vacuole of root cells using confocal microscopy. BF, bright field. Inlets show x 16
magnifications of the central part of each root shown. (d) Western blot analysis of the NBR1 cargo receptor protein using plants of the noted genotypes treated as in (a). The
band corresponding to NBR1 is marked with an asterisk. Coomassie-stained Rubisco (R) was used as a loading control. (e) Densitometry analysis of the samples in (d) using
Multi Gauge (Fujifilm, ScienceLab 2005, version 3.0, Minato, Tokyo, Japan)

also senesce prematurely (Figure 3a). In atmc1 atg18a, this
early senescence phenotype is enhanced and progresses
faster than in either Col-0, atmc1 or atgi18a plants
(Supplementary Figure 5). These observations indicate that
similar to autophagy, AtMC1 is also required for correctly

timed leaf senescence and that autophagy and AtMC1 act
additively on these processes.

Quantitative PCR analysis using the senescence marker
SAG12* confirmed the early senescence phenotype in
5-week-old atmc1, atg18a and atmc1 atg18a plants at the

Cell Death and Differentiation
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transcriptional level (Figure 3b). We did not detect any
differences in SAG12 expression in 2-week-old plants. This
indicates that the HR suppression phenotypes observed in
atmc1, atg18a and atmci atgi8a mutants cannot be
explained by the early senescence onset, which occurs later.

Early senescence in autophagy-deficient plants, but not
in atmc1 plants, requires SA accumulation. It was
previously shown that the onset of early senescence and
growth retardation in autophagy-deficient plants is correlated
with SA hyper-accumulation.® We confirmed and extended
this result, showing that the lack of SA accumulation in sid2
atg18a largely reverts the early senescence phenotype of
atg18 (Figure 3a). In contrast, AtMC1-regulated senescence
processes occur independently of SA accumulation, as
evidenced by the sid2 atmc1 early senescence phenotype.
In addition, the fact that the lack of SA cannot fully revert the
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Figure 2 SA accumulation negatively regulates the autophagy contribution to
RPM1-mediated HR, but does not significantly regulate the AtMC1 contribution.
Two-week-old plants of the indicated phenotypes were vacuum infiltrated with
500000 colony-forming units (CFU)/ml of Pto DC3000(avrRpm1) or MgCl,. After
12 h, plants were stained with the cell death dye Trypan blue. To quantify cell death,
all dead cells per field of vision ( x 10 magnification) were counted. Values indicate
the average of 20 samples per genotype and treatment + 2 x S.E. Letters indicate
a significant difference following post-ANOVA Student's ttest (o =0.05). The
experiment is representative of three independent replicates

extreme early senescence phenotype of atmc1 atg18a
indicates that the additive effects on this phenotype cannot
be solely explained by the sum of both deficiencies and that
other — yet unknown — factors likely mediate this additivity.

atmc1 and atg18a mutants are hypersensitive to the SA
agonist BTH and to externally generated ROS. We next
treated atmc1, atg18a and atmc1 atg18a with either the SA
agonist benzo(1,2,3)thiadiazole-7-carbothioic acid S-methyl
ester (BTH) or different ROS-generating agents. BTH treat-
ment resulted in leaf chlorosis in both atmc? and atg18a, and
this phenotype was enhanced in atmc1 atg18a but not in wild-
type plants (Figure 4a). Leaf chlorosis was accompanied by
increased ROS production and cell death (Figures 4b and c).
The phenotype caused by BTH on these plants, grown under
short-day conditions, is reminiscent of untreated plants grown
4 weeks under short-day conditions and then transferred to
long-day conditions (Figure 3a). This suggests that light-
dependent increases in SA accumulation trigger autophagy
and AtMC1-mediated processes important for the proper
remobilization of resources to reach a timely senescence.

To study the effect of ROS on autophagy or AtMC1-
regulated processes, plants were treated with rose bengal,
methyl viologen or the fungal toxin fumonisin B1 (FB1) and cell
death progression was visualized using Trypan blue (Figures
4d and e). Methyl viologen treatment resulted in confined cell
death in wild-type plants, modestly enhanced cell death in
atmc1 and atg18a, and runaway cell death in atmc1 atg18a.
These results suggest that both AtMC1 and autophagy have a
function in downregulating the toxicity of ROS. Similar results
were observed using rose bengal and FB1 as ROS
accumulation triggers (Figure 4b). Together, these results
indicate that the primary roles of autophagy and AtMC1 in
older plants may be to protect the cells against the
consequences of increasing ROS and SA levels during aging.
Furthermore, aging autophagy- and atmc1-deficient plants
cannot restrict cell death caused by the necrotrophic fungus
Botrytis cinerea (Supplementary Figure 6).°° We infer from
these results that autophagy and AtMC1 also act additively to
limit cell death following necrotroph infection.
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Figure 3 Autophagy components and AtMC1 act additively to negatively regulate senescence. (a) Early senescence was SA-dependent in autophagy-deficient plants but
SA-independent in atmc1 mutants. Pictures show plants grown for 3 weeks under short-day conditions and then transferred to long-day conditions for 4 additional weeks.
(b) Quantitative real-time PCR analysis of the senescence marker gene SAG12 in 2- and 5-week-old plants of the indicated genotypes, normalized to EF-1c. The S.E.
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bengal (RB), methyl viologen (MV), the fungal toxin FB1, stained with Trypan blue to visualize cell death. (d and e) Quantification of cell death in (d) performed as in (c)

A fraction of full-length AtMC1 localizes to insoluble
aggregates. The budding yeast Saccharomyces cerevisiae
expresses a single type | metacaspase (Ycal), which
mediates catalytic site-dependent PCD in this organism.26~%'
However, Ycal also can be localized to insoluble protein
aggregates where it promotes aggregate clearance indepen-
dent of the Ycat catalytic site.*’ Yca1 localization in protein
aggregates is mediated by its N-terminal putative prodomain.
We hypothesized that AtMC1 may also target protein
aggregates and mediate its clearance, independent of its
pro-death role during HR. Such a function could explain the
early senescence and ROS/SA hypersensitivity of atmc1
plants. Furthermore, it could account for the observed
enhancement of the SA and ROS sensitivity phenotypes of
atmc1 atg18a, since those plants would lack two comple-
mentary pro-life processes required to cope with the strains
of aging.

We studied AtMC1 subcellular localization in plants
conditionally overexpressing AtMC1-HA (Figure 5a).%° Total
protein extract (T) contained equal amounts of full-length and
cleaved, presumably active AtMC1 (Figure 5a, left). Most of
the cleaved AtMC1 localized in the soluble fraction (S),
whereas full-length AtMC1 was also present in the micro-
somal/insoluble fraction (M + A). Subsequent solubilization of
the microsomal/insoluble fraction revealed that AtMC1, in

particular the full-length form, was insoluble (A). This indicates
that a fraction of full-length AtMCH1 likely localizes to insoluble
protein aggregates. We performed the same fractionation
using plants expressing the catalytic dead version of AtMC1
(AtMC1-C99A-C220A-HA).*> The catalytic dead AtMCH1
protein remained mostly insoluble. Taken together, these
data indicate that at least part of the full-length AtMC1
localizes to insoluble aggregates independently of its catalytic
activity, similar to yeast Ycat.

We also tested AtMC1 localization when expressed under
the control of its native promoter (atmc1 pAtMC1::AtMC1-HA)
using untreated or pathogen-treated young plants and older
plants. Figure 5b shows that natively expressed AtMC1
protein accumulation is induced by pathogen-triggered HR
cell death and aging. As expected, AtMC1 aggregate
localization reaches its maximum in aging plants.

Subsequently, we analyzed aggregate content in Col-0,
atmc1, atg18a and atmc1 atg18a under basal (Figure 5d),
pathogen-induced cell death and aging conditions using the
total and soluble fractions as a loading control (Figure 5c).
Early senescing atmc1 and atg18a mutants showed a higher
aggregate content than wild-type plants. In atmc1 atg18a
plants, aggregate over-accumulation was even more marked
as expected from their additive phenotypes (Figure 5d). We
hypothesize that localization mediates clearance of insoluble

Cell Death and Differentiation
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4-week-old Col-0 plants conditionally overexpressing AtMC1-HA (left) and AtMC1-C99AC220A-HA (right) were subjected to cellular fractionation. Total protein extract (T) was
fractionated into a supernatant containing the soluble proteins (S) and a pellet, containing microsomal proteins and aggregates (S + A). This pellet was further fractionated into
a supernatant, containing most of the microsomal proteins (M), and a pellet, containing insoluble protein aggregates (A). After separation on an SDS-PAGE gel, the fractions
were either Coomassie-stained or analyzed by immunoblot using anti-HA, anti-cytosolic ascorbate peroxidase (CAPX) and anti-plasma membrane (PM) H* ATPase. The HA
antibody recognized full-length AtMC1 (FL) and cleaved, putatively active AtMC1 (C). (b) atmc1 pAtMC1::AtMC1-HA plants were grown for 3 weeks under short-day conditions
(3w SD), treated with 500 000 CFU/ml of Pto DC3000(avrRpm1) (3w SD + Pto DC3000(avrRpm?1)) or transferred to long-day conditions (3w SD + 4w LD) and western blot
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soluble (c) and insoluble aggregate fractions (d) of plants of the indicated genotypes treated as in (b)

aggregates and thus contributes to cellular homeostasis and
stress responses in a process that acts genetically in parallel
to autophagy. This function is independent of, and does not
preclude, the pro-death catalytic activity-dependent function
of AtMC1 during HR cell death, which is most evident in
young, non-stressed tissues.

Discussion

Autophagy and AtMC1 act in separate pathways as
positive regulators of pathogen-triggered HR cell death.
We previously demonstrated that AtMC1 is a positive
regulator of HR cell death triggered by activation of different
plant intracellular NLR innate immune receptors.® A similar
pro-death function was reported for autophagy.'®'” These
findings were in sharp contrast to other studies, where
autophagy was proposed as a pro-survival mechanism
during HR cell death in plants.®®"%2 These apparent
discrepancies can be reconciled in a model where autophagy
has a pro-death role locally in the HR site, whereas in the
surrounding uninfected tissue, autophagy promotes survival,
protecting cells beyond the HR site from unnecessary
damage.®®®* Signaling gradients that establish cell death
control borders at sites of pathogen recognition have been
demonstrated in plants.*®>>°8 Importantly, the studies that
reported a pro-survival role of autophagy during pathogen-
triggered HR cell death used relatively old plants.®°12
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With age, autophagy mutants become prematurely senes-
cent and accumulate high levels of ROS that can drive
accumulation of SA, potentially increasing their vulnerability
to ER stress. Activation of defense responses upon infection
may further destabilize the already altered homeostasis in
autophagy mutants, rendering them unable to restrict cell
death. Consistent with this proposal, prevention of SA
accumulation suppresses premature senescence and
runaway cell death after pathogen infection in atg5.®

We therefore assayed young autophagy mutant plants
treated with low-dose bacterial inocula more closely mimick-
ing natural infections to avoid the unwanted effects of
combinatorial stresses. Our data confirm previous findings
defining autophagy as a positive regulator of HR.'®'7
Autophagy and AtMC1 act separately to contribute to HR,
as evidenced by the further suppression of cell death in atmc?1
atg18a. However, the independent pathways thus defined
cannot account for full HR, as cell death suppression in the
double mutant is incomplete. Hence, there must exist
(an)other pathway(s), which account for the remaining HR.

The idea that AtMC1 and autophagy function in separate
pathways during HR is supported by the fact that they are
differentially regulated. The metacaspase AtMC2 negatively
regulates AtMC1 % but not autophagy. SA mediates the pro-
death function of autophagy, but not of AtMC1. In fact, SAis a
negative regulator of the combined contributions to HR
regulated by AtMC1 and undefined contributors to HR, as



illustrated by the nearly complete recovery of HR in atg718a
sid2 and the partial recovery of HR in atmc1 atg18a sid2. The
recovery of HR in atg18a sid2 is not due to altered basal SA
levels in these mutants. Our data are in agreement with
previous findings establishing that SA can act as a negative
regulator of HR.*° Furthermore, our results are consistent with
the idea that autophagy can be both a positive and a negative
regulator of HR depending on the spatio-temporal context (HR
site versus adjacent tissues or young versus old tissue).”%*
Finally, our data also show that HR suppression phenotypes
in atme1, atg18a and atmc1 atg18a is not accompanied by
altered bacterial growth in any of these lines, further
decoupling HR from pathogen growth restriction.®®

The suppressed cell death phenotype in plants lacking
AtMC1 is not due to defective autophagy. In order to explore
the role of selective autophagy in pathogen-triggered HR and
the possible linkage of AtMC1 to this process, we used the
recently identified NBR1 autophagosome cargo protein
marker.*® Autophagy-deficient mutants accumulate higher
NBR1 basal levels than wild-type,*® which are further
increased during the HR onset after RPM1 activation. This
indicates that NBR1-mediated degradation of target proteins
by autophagy may have an important role in HR cell death,
perhaps contributing to vacuolar collapse.

Autophagy and AtMC1 independently control timely
senescence in aging plants. Considering that autophagy
has a main role in nutrient recycling,®”° it is not surprising
that autophagy-deficient plants are prematurely senescent.®
Furthermore, SA levels increase during senescence; this
increase has been proposed to accelerate senescence once
initiated.®® Autophagy mutants start accumulating SA at an
earlier developmental stage than the wild-type® ' and this
over-accumulation underlies their premature senescent
phenotype, as SA removal in these mutants results in normal
timing of senescence.®

Besides its role in senescence, SA, in conjunction with ROS,
is a potent defense regulator during infection.®'®? Treatment
with the SA analog BTH causes chlorosis, ROS hyper-
accumulation and cell death in autophagy-deficient plants, but
not in wild-type plants. This hypersensitivity could result from
accumulation of damaged proteins and organelles in these
plants because of impaired autophagy-dependent recycling,
which renders them less able to cope with further stress. Like
autophagy-deficient plants, atmc? plants are prematurely
senescent and hypersensitive to BTH, ROS and necrotrophic

a HR cell death

b
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fungi. In atmc1 atg18a plants, this phenotype is enhanced,
indicating that the proteins act independently to downregulate
these responses. Thus, AtMC1 has an additional, pro-survival
homeostatic function in aging plants that acts in parallel to a
similar pro-survival function of autophagy in aging.

A possible role of AtMC1 in protein aggregate clearance.
Our data show that a fraction of the total full-length AtMCA
localizes to insoluble protein aggregates and this accumulation
increases with age. Similar to yeast, aggregate localization of
AtMC1 is also mediated by its N-terminal prodomain, and
AtMC1 localization to protein aggregates does not require its
catalytic activity. Furthermore, atmc1 and atg18a plants, and to
a further extent atmc? atg18a, over-accumulate insoluble
protein aggregates with age, which may be the cause of their
premature senescence. The observed additive effects corro-
borate our notion that both pathways act independently to
restrict insoluble protein aggregate accumulation.

Our hypothesis that AtMC1 functions in aggregate clearance
is supported by the autophagy-like phenotypes of aging atmc1
null mutants: premature senescence and ROS hypersensitivity
AtMC1-mediated aggregate clearance and autophagy could
constitute two complementary processes controlling cellular
homeostasis during stress responses and aging by virtue of
their ability to eliminate accumulated cellular debris.

A proposed model integrating the dual pro-death/
pro-survival functions of AtMC1 and autophagy at different
developmental stages. In young plants, we defined pro-
death functions for autophagy and AtMC1 in HR control, as
these functions were not masked by the cumulative stresses
of aging. Figure 6a schematically shows a young plant cell
undergoing HR after pathogen recognition. Under basal
conditions, AtMC1 activation is prevented by the action of
several negative regulators (AtMC2, LSD1% and probably
other, unknown). Pathogen recognition leads to activation of
intracellular NLR innate immune receptors, which results in
local HR. In these circumstances, AtMC1 contributes to HR.
Alternatively, enhanced auto-processing or processing by
other metacaspases may contribute to accumulation of
active AtMCH1 in the cell. We speculate that the pro-death
function of autophagy could be mediated by an active
overload of the vacuole because of autophagy induction
during HR, ultimately leading to vacuolar lysis. Interestingly,
it has been recently reported that in Norway spruce the
programmed vacuolar cell death that normally occurs in the
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Figure 6 Proposed model integrating the dual pro-death/pro-survival functions of AtMC1 and autophagy at different developmental stages. (a) Pro-death functions of
autophagy and AtMC1 in HR control in young plants. (b) Pro-survival role of autophagy and AtMC1 in aging cells
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embryo suspensor requires autophagy, which lies down-
stream of a type Il metacaspase,’® indicating that the
interactions between the various cell death regulators may
vary depending on the cellular scenario.

In aging cells, the pro-survival functions of AtMC1 and
autophagy are revealed by the constant increase of damaged
proteins and organelles that accumulate in the cell and require
clearance (Figure 6b). In this developmental scenario,
autophagy is induced to clear aggregates via their autophago-
some-mediated delivery to the vacuole. We hypothesize that
AtMC1 also contributes to this process by independently
targeting aggregates and facilitating their degradation. Our
genetic framework sets the stage for the elucidation of these
mechanisms.

Materials and Methods
Plant materials and growth. All experiments were performed using
Arabidopsis thaliana accession Col-0. Single mutant lines have been previously
described elsewhere: atmc? and atmc2® atg5 (SALK_020601),” atgi8a
(GABIB51D08),"  atrbohD>® 1pm1-3%° and sid2leds16.*® Transgenic Col-0
355::GFP-ATG8a plants are described in Thompson et al*® and atmci
35S::GFP-ATG8a plants were obtained by transformation using the floral dip
method.5*

Plants were grown under short-day conditions (9-h light, 21 °C; 15-h dark, 18 °C)
for most experiments. To study senescence, plants were transferred to long-day
conditions (15-h light, 21 °C; 8-h dark, 18 °C) 3 or 4 weeks after germination.

Cell death assay and bacterial growth. Single HR cell death events
after infection with Pto DC3000(avrRpm1) were quantified according to Coll et al.*®

Growth of Pto DC3000(avrRpm1) was tested using dip inoculations as previously
described.®®

Chemical treatments. Plants were grown 4 weeks under short-day
conditions before treatment. For BTH treatment, plants were sprayed 300 uM
BTH supplemented with 0.005% Silwett.

To monitor oxidative stress, a 2 ul drop of 100 «M Methyl viologen, a 10 y drop
of 2mM rose bengal or a 5 ul drop of the necrotrophic fungal toxin FB1 were applied
onto the abaxial surface of the leaf.

Stains. In order to visualize dead cells after chemical treatments, leaves were
stained with Trypan blue as described.®*¢” H,0, accumulation in leaves treated
with BTH was visualized using 3,3'-diaminobenzidine staining as previously
described.>® To quantify cell death and H,0, accumulation from the pictures, total
leaf area and cell death or stained area was measured using ImageJ (Bethesda,
MD, USA), and the ratio (area of cell death/ total leaf area) was calculated.

Infection with the necrotroph Botrytis cinerea. Five-week-old plants
were sprayed with 1 x 10° spores/ml of Botrytis cinerea. Symptoms were visually
followed for 1 week.

Total SA measurement. Total SA (free SA + glucose-conjugated SA, SAG)
was measured as previously described,®® using as starting material 100mg of
leaves from 2-week-old plants grown under short-day conditions (untreated).

RT-qPCR. Plant RNA was obtained from 2-week-old plants grown under short-
day conditions or 5-week-old plants grown for 3 weeks under short-day and then
transferred to long-day conditions. RNA was extracted using TRIzol (Life
Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions.
RNA was treated 30min with Ambion TURBO DNase (Life Technologies) to
eliminate DNA contamination. Two microgram RNA was reverse transcribed using
the Ambion RETROscript kit random decamers (Life Technologies).

RT-qPCR was performed using the Life Technologies SYBR Green PCR Master
Mix in a total volume of 25 ul: 12.5 ul SYBR Green PCR Master Mix, 1 ul cDNA, 1 pl
forward primer (10 uM), 1 p reverse primer 2 (10 M) and 9.5 ul H,0. The reaction
was run at 95 °C for 5 min, followed by 40 cycles at 95 °C for 15's, 55 °C for 30 s and
72°C for 30s. Relative expression of SAG12 was calculated using the AACt
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method.% SAG12 (At5g45890) expression was first normalized to expression of the
housekeeping gene elongation factor1z: (At5g60390).

Confocal laser scanning microscopy. Seeds from transgenic lines
expressing 35S::GFP-ATG8a in the Col-0 wild-type or atmc? mutant backgrounds
were surface sterilized in a 50% bleach and 0.2% Triton X-100 solution for 10 min.
Sterile seeds were plated onto solid MS medium plates (Murashige-Skoog Vitamin
and Salt Mixture (Life Technologies), 2.4 mM MES (pH 5.7) and 0.9% Phyto Agar
(Duchefa Biochemie, Haarlem, The Netherlands)). After 3 days vernalization at
4°C in the dark, seedlings were grown for 1 week under short-day conditions.
Seedlings were subsequently transferred to MS liquid medium (Murashige-Skoog
Vitamin and Salt Mixture (Life Technologies), 2.4 mM MES (pH 5.7)) with or
without 1 M concanamycin A and incubated for 15h in the dark.

Roots were imaged using a Zeiss LSM 710 confocal laser scanning microscope
(Zeiss, Oberkochen, Germany). All images were collected using a 40x/1.2NA
C-Apochromat water immersion objective. Imaging of cells expressing GFP was
performed using 480 nm excitation Scan parameters including pinhole, gain and
offset were identical for each experiment to ensure image accuracy. Images were
analyzed using the ZEN 2009 software (Zeiss).

Protein analysis. For the analysis of NBR1 protein accumulation, 2-week-old
plants were vacuum infiltrated with ~250000 colony-forming units/ml of
Pto DC3000(avrRpm1). Leaf samples were snap frozen in liquid nitrogen 12h
after infection and mechanically ground in 250 4l of plant extraction buffer (20 mM
Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100 and 0.1% SDS, 5 mM
DTT and 1: 100 dilution of Protease Inhibitor Cocktail (Sigma, St. Louis, MO, USA)).
Protein extract was centrifuged 15 min at 10000 x g at 4 °C. The supematants were
collected, boiled on SDS-loading buffer (120mM Tris, pH 6.8, 50% glycerol, 6%
SDS, 3mM DTT and 1% Bromophenol blue) and separated on 7.5% SDS-PAGE
gels. Immunoblot analysis was performed using a 1:1000 dilution of anti-NBR1
polyclonal antibody.

Cell fractionation. Plants were grown 4 weeks under short-day conditions. In
all, 200mg of leaf tissue was ground in 4 ml sucrose buffer (20 mM Tris (pH 8),
0.33M sucrose, 1mM EDTA (pH 8) and 1:100 dilution of Protease Inhibitor
Cocktail (Sigma)) and filtered through Miracloth (Millipore, Billerica, MA, USA).
Samples were centrifuged 5 min at 4 °C at 2000 x g to remove large particles. The
supernatants were subsequently centrifuged 10min at 4°C at 6000 x g. An
aliquot of the supernatant was collected representing the total protein fraction (T)
and the rest was centrifuged at 100000 x g at 4 °C for 90 min. The supernatant
(S) of this centrifugation was the soluble fraction. To separate microsomal proteins
from protein aggregates in the pellet (M + A), sucrose buffer containing 0.3%
Triton X-100 was added. The pellet was redissolved by pipetting and incubation at
4°C for 1h. Triton X-100-treated M 4- A was then centrifuged 50000 x g at 4 °C
for 90 min. The supernatant (M) of this centrifugation represented the microsomal
fraction, whereas the pellet (A) corresponded to insoluble protein aggregates.
Protein extracts were boiled on SDS-loading buffer and separated on 12% SDS-
PAGE gels. Gels were either Coomassie-stained or subjected to immunoblot
analyisis using a 1:5000 dilution of anti-HA monoclonal antibody (3F10, Roche,
Basel, Switzerland), 1:10000 anti-cAPX (Agrisera, Vénnas, Sweden) and
anti-plasma membrane H ™ ATPase (Agrisera).

Alternatively, we used a modified version of the protocol described in Lee et al.*'
obtaining similar results. Essentially, 1 g of plant tissue was ground in liquid nitrogen
and 2ml of buffer B was added (Buffer B: 50 mM Tris, pH 7.5, 1 mM EDTA, 1%
glycerol, 0.1% Nonidet P-40 and protease inhibitor cocktail (Roche)). Cell debris
was eliminated by passing the protein extract through a Miracloth filter (Millipore)
and two sequential spins of 2000 and 3000 x g at 4 °C. Equal amounts of
supernatant were collected (total) and centrifuged at 100 000 x g at 4 °C for 90 min.
The supernatant of this centrifugation corresponded to the soluble (S) fraction. The
pellet was washed three times by adding buffer B supplemented with 2% Nonidet
P-40 and centrifugation at 15000 x g for 30 min. The resulting insoluble protein
aggregate fractions were resuspended in an equal volume of buffer B (10 x
concentrated relative to the total and soluble fractions) and sonicated using a
Bioruptor (Diagenode, Seraing, Belgium). In all, 6 x loading buffer was then added
and after boiling the samples for 10 min they were loaded on SDS-PAGE gels.

Silver staining. For silver staining, 40 ul of cell equivalents of the total, soluble
and aggregate fractions (10 x concentrated) were loaded on 12% SDS-PAGE gels.
Gels were fixed for 1h in a 50% methanol, 37% formaldehyde and 12% acetic acid
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