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INTRODUCTION






CHAPTER1:
MOLECULAR INSIGHTS INTO PLANT-
PATHOGEN INTERACTION

The type lll secretion system (T3SS) outlines the main virulence strategy of most gram-
negative bacteria, consisting of a specialized molecular machinery, used to directly
inject effector proteins inside host cells (Burkinshaw & Strynadka, 2014; Charro &
Mota, 2015). Homologous type Il secretion systems have been predominantly
assigned to pathogens, including human-associated pathogen species of
Enterobacteriaceae like Yersinia, Shigella, Salmonella, Escherichia coli, Citrobacter,
bacteria from y-proteobacteria group as Vibrio cholerae and parahemolyticus, and
species from Chlamydiaceae group. However, T3SS can be also found inplant
pathogens from y-proteobacteria like Pseudomonas syringae, Xanthomonas pathovars,
Erwinia amylovora, Pantoea stewartii and (-proteobacteria Ralstonia solanacearum.
The T3SS presents a needle-like complex, consisting of a membrane-embedded basal
structure and an external needle (Chatterjee et al., 2013). When the needle tip complex
gets in contact with the host cell, a translocon is assembled permitting translocation of

type Il effectors by creating a pore in the host membrane (see Figure 2).

Type lll effectors (T3E) are of special interest in the context of host-pathogen
interaction since they have a central role in virulence and disease by targeting key
cellular processes (Deslandes & Rivas, 2012; Fraiture & Brunner, 2014; Zhou & Zhu,
2015). Bacterial effectors are often multifunctional proteins with different, but subtle
activities and a wide array of virulence targets (Galan, 2009; Macho & Zipfel, 2015).
Many effectors display multifunctionality, derived from their modular architecture,
comprising domains that mediate distinct functions (Dean, 2011). T3Es like
Pseudomonas aeruginosa ExoS and ExoT possess individual modules with different
role/function on host cell morphology (Engel & Balachandran, 2009; Huber et al., 2014;
Rangel et al., 2014). T3Es manipulate host cell pathways by mimicking the function of
key host proteins or mediate their subcellular localization, by targeting plant-specific
transcription factors, by inhibiting translation and metabolic stress pathways or
exploiting a specific form of host-mediated fatty acid modification (Boyle & Martin,
2015; Dean, 2011, Kay et al., 2007; Lemaitre & Girardin, 2013).

The functional study of T3Es from phytopathogenic bacteria has witnessed tremendous

progress in the last years (Deslandes & Rivas, 2012; Marin & Ott, 2014). However, the



INTRODUCTION: MOLECULAR INSIGHTS INTO PLANT-PATHOGEN INTERACTION

number of T3Es with an assigned function in planta only outlines the tip of the iceberg
(Coll & Valls, 2013; Degrave et al., 2015). The study of T3Es has been particularly
complicated as these effectors belong to complex repertoires that feature internal
redundancy, so the deletion of an individual T3E has little effect on virulence
(Deslandes & Genin, 2014; Grant et al., 2006; Kvitko et al., 2009; Poh et al., 2008).
Effectors from Ralstonia solanacearum AWR family or AvrE superfamily of effectors
from most type lll-dependent phytobacteria have been shown to have overlapping
effects and jointly contribute to disease development (Degrave et al., 2015; Sole et al.,
2012). However, redundancy will eventually clear up as we enlarge our knowledge on

biological assays that help eliminating the “lack of phenotype” problem.

Plant-pathogen interactions combine mutual attack and defense responses, illustrating
a constant “dialogue” between the host cell and the invading pathogen. The zig-zag
model proposed by Jones and Dangl in 2006 was extremely helpful in understanding
molecular mechanism underlying plant-microbe interactions (Jones & Dangl, 2006).
This divides plant immunity in two branches. On one side, plant cells recognize
microbial/pathogen-associated molecular patterns (MAMPs/PAMPS) via extracellular
pattern-recognition receptors (PRRs) and trigger PAMP-triggered immunity (PTI). The
second branch, termed effector-triggered immunity (ETI) is activated when the plant
resistance proteins recognize and respond to bacterial effectors, suppressing PTI. ETI
leads to disease resistance, often accompanied by the hypersensitive response (HR), a
form of programmed cell death (Jones & Dangl, 2006). This model describes a
stepwise and permanent modulation of resistance and susceptibility from both sides:

hosts and pathogens.

However, one of the criticisms faced by the zigzag model is that the conceptual division
between PTI and ETI does not exist, and all the events take place at once (Thomma et
al., 2011). Others argue that the model does not take into account environmental
factors like biotic and abiotic stresses that could influence the outcome of host-
pathogen interactions (Pritchard & Birch, 2014). According to Pritchard & Birch (see
Figure 1), activation of the host PTI leads to callose deposition -defined as a basal
resistance against the pathogen-. Injection of a type Il effector by the pathogen inside
the host cell results in a reduction of callose deposition and increased pathogen
growth. Under this circumstances both PTI and ETI can be active at the same time: the
plant simultaneously produces callose and reduces the rate of effector translocation
inside the cell. Moreover, resistance proteins that recognize specific effectors can also

contribute to lowering pathogen levels by triggering HR. Actually, host resistance
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mechanisms can modulate the levels of the pathogen inside plant cells at any given
moment. Conversely, bacteria can reduce callose deposition and secrete more
effectors to be translocated inside plant cell to manipulate host pathways (Pritchard &
Birch, 2014). Importantly, this model can be adapted to either biotrophic, necrotrophic

or symbiotic microbes.

During the last years, modelling and systems biology have contributed to expand our
knowledge of plant-pathogen interactions. Particularly helpful have been whole-
genome approaches and mathematical models of the host metabolic networks and
central signaling pathways activated by pathogens attack (Kim et al., 2014; Pathak et
al., 2013; Pinzon et al., 2011; Sankar et al., 2011). Still, the complexity of the plant-
microbe interactions increases the need to develop a new model that can integrate the
environmental context and its influence on host response in addition to the spatio-

temporal regulation of pathogen growth and virulence (Pritchard & Birch, 2014).
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FIGURE 1. Current view schematically depicting the cellular events underlying

plant-microbe interactions (Pritchard & Birch, 2014).

In addition to large-scale and mathematical approaches to study plant-pathogen
interactions, it is essential to elucidate the function and targets of single T3Es to
understand both pathogenesis and the immune response of the plant. So far, the plant
pathogen with the best characterized effectome —effector collection- is Pseudomonas
syringae (Dean, 2011; Lindeberg et al., 2012). P. syringae different effectors have been
shown to function as cysteine proteases, ubiquitin ligases, acetyltransferases, ADP-

ribosyltransferases and kinase inhibitors (Deslandes & Rivas, 2012; Lewis et al., 2009).
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Nonetheless, great advances have been made to characterize type Il effectors from
other plant pathogens like Xanthomonas species (AvrAC, AvrBs3, XopD) and Ralstonia
solanacearum (PopP2) (Figure 2), or to identify novel effector proteins important for
bacterial virulence (Teper et al., 2015). The study of T3E is being complicated by their
redundancy or the hypersensitive response, which can mask effector activity. In
addition, T3Es are often very toxic, causing host cell death and impeding monitoring of
intracellular events, like the case of Pseudomonas syringae HopAAl-1 or XopX from
Xanthomonas euvesicatoria (Munkvold et al., 2008). These limitations, together with
the premise that T3E target key cellular processes conserved among eukaryotes have
appointed the need to use alternative approaches to investigate the functional roles of

secreted effector proteins.

/ T : Plant cell
T3 effectors —

FIGURE 2. Schematic representation of the main processes targeted by T3Es in

plant cells.

Examples of effector proteins from plant-associated bacteria injected inside host cells through
the type lll secretion system. Once inside host, T3Es interfere with plant immunity, hormone
signalling, vesicle trafficking pathway, protein degradation or DNA and RNA processing.
Adapted from (Deslandes & Rivas, 2012; Lewis et al., 2009).



CHAPTER 2:
YEAST ASA HETEROLOGOUS MODEL SYSTEM TO
UNCOVER TYPE III EFFECTOR FUNCTION

Heterologous expression in Saccharomyces cerevisiae has offered promising and
effective strategies to investigate bacterial T3Es function. The observation that T3E
altering central host pathways also target analogous processes in yeast has
established this organism as a model system for studying effector function (Curak et
al., 2009). These studies are facilitated by the availability of unique databases and
resources comprising genetic and phenotypic information on more than 6000
functionally annotated yeast genes (some reviewed in (Siggers & Lesser, 2008))
(Botstein & Fink, 2011; Koh et al., 2015). Likewise, yeast provides powerful genomic
and proteomic technologies that can be exploited to investigate subcellular localization,
biochemical activity or cellular targets of T3E (Chong et al., 2015; Howson et al., 2005;
Huh et al., 2003; Suter et al., 2006). For large-scale functional analysis of type lll
effectors, one can make use of yeast deletion collections (Giaever & Nislow, 2014) or
overexpressing (Gelperin et al., 2005; Sopko et al., 2006), protein chips (Zhu et al.,
2000), or synthetic genetic arrays, comprising a global genetic interaction network that
covers 75% of all genes in the budding yeast (Baryshnikova et al., 2010a; Costanzo et
al., 2010). In addition, yeast has been used as a model organism for studying
eukaryotic processes for more than 50 years (Duina et al., 2014), therefore functional
assays can be employed to screen for proteins altering conserved pathways (Sisko et
al., 2006; Slagowski et al., 2008; Tabuchi et al., 2009). Finally, yeast is emerging as a
suitable alternative in gain-of-function analyses of T3E in plants, due to the absence of

genes encoding for resistance proteins in its genome (Siamer et al., 2014).

Different approaches using yeast systems biology have been widely exploited to
investigate the function of bacterial effectors from animal pathogens, including species
of bacteria from y-proteobacteria group such as Vibrio cholerae and parahemolyticus,
Enterobacteriaceae likeYersinia, Shigella, Salmonella, Escherichia coli, or Citrobacter,
and species from Chlamydiaceae group (previously reviewed in (Curak et al., 2009;
Siggers & Lesser, 2008; Valdivia, 2004)). The current knowledge on type Il effectors
from plant pathogens Pseudomonas syringae, Xanthomonas pathovars, Erwinia
amylovora and Pantoea stewartii obtained by using yeast as a model system will be

discussed below.
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EFFECTOR FUNCTION

2.1 Approaches using yeast for T3E characterization

The main challenge in the study of T3Es is not only elucidating their biological function,
but identification of their physiological targets. As a start-up strategy, one can employ
yeast two-hybrid screens (Uetz et al., 2000) to determine host proteins targeted by
T3Es. Nevertheless, because of the high toxicity of some type Il effectors (for example
Yersinia YopT or IpgB2 from Shigella), yeast transformants cannot be recovered (Alto
et al., 2006; Shao et al., 2002). Alternative successful approaches have emerged and
are currently being used to a better understanding of host-pathogen interactions.

Heterologous expression of T3E in yeast

Many research groups use inducible promoters to express bacterial effectors in yeast,
as some of these proteins have proved to cause high toxicity on yeast cells. The
“preferred” choice was the strong galactose-controlled GAL1/10 promoter. With four
exceptions (Arnoldo et al.,, 2008; Siamer et al.,, 2014; Stirling & Evans, 2006; Von
Pawel-Rammingen et al., 2000), all the other type Ill effectors studied in yeast were
expressed under the control of GAL1/10 promoter (see Table 1). This promoter system
ensures strong expression of genes once the inducer galactose is added to the
growing media. However, background or leaky expression of genes can be observed
for GAL1/10 system in the absence of induction (Belli et al., 1998).

In some cases, strong expression of the effector may be limiting, as it can hinder
screening for a particular phenotypic characteristics. In order to decrease expression
levels of the bacterial effectors, weaker inducible promoters like MET3 or CUP1 can be
used as an alternative (Arnoldo et al., 2008; Von Pawel-Rammingen et al., 2000). For
instance, the use of CUP1 promoter by Arnoldo and coworkers guaranteed optimal
expression levels of P. aeruginosa ExoS for the drug inhibitor screen (Arnoldo et al.,
2008).

Alternatively, some groups successfully employed tetracycline-responsive promoters
for the controlled expression of T3Es (Siamer et al., 2014; Stirling & Evans, 2006) (S.
Fujiwara et al., in press) (see Results, Chapter 1, this work). This activator-repressor
dual system comprise regulatory DNA sequences from prokaryotes, allowing gene
expression to be tightly regulated in response to concentrations of tetracycline or its
analogues (Gossen & Bujard, 1992; Gossen et al., 1995). In the Tet-Off system,

expression of the gene is turned on in the absence of tetracycline or doxycycline.
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INTRODUCTION: YEAST AS A HETEROLOGOUS MODEL SYSTEM TO UNCOVER TYPE III
EFFECTOR FUNCTION

On the contrary, gene expression is turned on after addition of doxycycline in the Tet-
On system. Main advantage of these systems, especially for Tet-On vectors, is the very
low background or leaky expression of the genes, almost undetectable in the absence
of induction (Belli et al., 1998). Expression levels of the genes in Tet systems compare
favorably to levels obtained from strong promoters, counting 70% of those achieved by
the GAL1 promoter (Gari et al., 1997). In addition, the prokaryotic regulatory proteins
act highly specific on their targets, avoiding pleiotropy (Harkin et al., 1999). On the
contrary, in the GAL1 system, as regulation of gene expression requires a nutrient
change, this might have pleiotropic effects on yeast metabolism. Thus, phenotypes

observed might be a result of a shift in nutrient availability.

Strategies for optimization of gene expression control also include using different copy
number plasmids, which allows tuning the concentrations of the inducers. A wide array
of yeast vectors is now available for expression of heterologous proteins (Alberti et al.,
2007; Giuraniuc et al., 2013; Tabuchi et al., 2009), ranging from centromeric origin
plasmids (low copy humber — 1-3 copies) to 2 vectors, which are maintained at a high
copy number of 30-50. Low levels of heterologous expression allow highly sensitive
screening conditions in high-throughput analyses (Salomon et al., 2012; Slagowski et
al., 2008), avoiding non-specific phenotypes. Similarly, in co-localization studies,
expression of T3Es from a low copy number vector permits distinction of specific
subsets of yeast structures targeted by the T3E (see the case of Salmonella SspA
(Lesser & Miller, 2001)). Targeted homologous recombination can be used to introduce
a single gene copy and ensure stable expression of the effector (Ham et al., 2008;
Stirling & Evans, 2006) (see Results, Chapter 1, this work).

Gene expression control using different concentrations of the inducers also provides
extra information on toxicity of T3Es. By modulating the amounts of repressing glucose
or inducing galactose and counting viable yeast cells, Rabin and coworkers revealed a
guantitative assay of ExoU toxicity, concluding that minimal expression of this T3E is
sufficient to Kill yeast (Rabin & Hauser, 2003).

Once expressed in the yeast heterologous system, T3E can be assessed subcellular
localization by fusion to an epitope tag. These studies are facilitated by the availability
of DNA-binding dyes for different yeast cellular compartments (DAPI, fluorescent
rhodamine, Mitotracker). Moreover, co-localization studies and co-immunoprecipitation

assays using yeast GFP clone collections or mRFP reporter strains (Huh et al., 2003)
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can also be performed, to decipher T3E localization patterns and/or its interactors.
Finally, yeast offers many tools for rapid genetic manipulation, extremely helpful in

effector functional mutations/domains analysis.

Testing known cellular processes/pathways

The yeast system has provided great knowledge on eukaryotic processes like
cytoskeleton dynamics, MAPK signaling, vesicle trafficking, or cell cycle (Duina et al.,
2014). Experimental tools and resources emerging from these yeast studies have
facilitated and contributed to identification of the precise target or conserved process
affected by T3Es. For instance, many effector proteins were shown to affect cell cycle
in yeast (Huang et al., 2008; Rodriguez-Escudero et al., 2005; Rodriguez-Escudero et
al., 2006; Salomon et al., 2011). Using flow cytometry analyses and synchronization at
a specific phase of cell cycle, one can determine the point where bacterial effectors are
acting to induce growth arrest. Furthermore, staining of cell-cycle related structures
using antibody markers helps monitoring progression and alteration of this process. For
instance, staining of cells expressing Chlamydia CopN with anti-tubulin antibodies
showed disruption of the spindle apparatus, required for mitosis (Huang et al., 2008).

Similarly, plenty of tools are available to study yeast cytoskeleton dynamics. Fusion
proteins like Cdc10-GFP allowed analysis of septin structures in the case of E. coli type
[l effectors Map and EspF, suggesting blocking of cell polarity (Rodriguez-Escudero et
al., 2005). Yeast presents a high conservation of cell polarity among eukaryotes (Park
& Bi, 2007; Styles et al., 2013), which permitted extensive research of this mechanism.
Studies of bacterial effectors causing cell depolarization have used fluorescent markers
to highlight yeast compartments. For instance, actin and related structures as cortical
patches or actin cables can be visualized by staining with rhodamine-labeled phalloidin.
Likewise, other processes like respiration or chitin biosynthesis can be studied using
specific dyes: tetrazolium-based redox dyes (Sisko et al., 2006) or calcuofluor-white
staining (Rodriguez-Escudero et al., 2005), respectively.

A significant group of T3E from animal (Salmonella tyhphimurium, Yersinia spp.,
Shigella flexneri, Vibrio cholerae) and plant pathogens (Pseudomonas syringae) target
MAPK signaling pathways. Phosphorylation of MAP kinases in the four MAPK signaling
pathways in yeast can be monitored using specific antibodies against the dually
phosphorylated activation domain of mammalian p42/44 MAPK (Martin et al., 2000). In
addition, yeast lacZ reporter strains comprising regulatory elements responsive to
activation of MAPK pathways can be used to gain insight on perturbation of these

signaling pathways by T3E (Alam et al., 2011).
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Similarly, transcriptional reporters were successfully exploited to monitor vesicle
trafficking. A reporter strain responsive to endoplasmic reticulum (ER) stress was
employed to demonstrate Xanthomonas XopE2 failed to activate molecular signaling
from ER to the nucleus (Bosis et al., 2011). Also, alteration of endocytosis as a result of
T3E action was detected using FM4-64, a vacuolar and endosomal fluorescent dye
(Siamer et al., 2011). In order to screen for pathogenic proteins altering host vesicle
pathways a powerful resource is the yeast carboxypeptidase Y (CPY) - invertase (Inv)
system (Shohdy et al., 2005). In normal conditions, the CPY-INV hybrid protein is
sequestered inside the vacuole, and as it cannot reach the surface, the cell cannot
hydrolyze exogenous sugar. Perturbation of vesicle trafficking brings the hybrid protein
to the surface and its secretion can be monitored by the formation of a brown
precipitate, an indicator of sugar production. Later on, Tabuchi and coworkers adapted
this system in a yeast strain isogenic to yeast deletion collections (Tabuchi et al.,
2009). Although developed for the first time to screen for Legionella pneumophila type
IV effector proteins (Shohdy et al., 2005), this system provides an excellent platform to
be exploited in identification of type Il effector proteins modulating host membrane

trafficking.

Finally, biochemical activities of T3E have been also revealed using different enzymatic
assays. For example, activity of T3E as RhoGTPases, either as GTPase activating
proteins or guanine nucleotide exchange factors, can be evaluated by the percentage
of GTP-bound (Lesser & Miller, 2001; Von Pawel-Rammingen et al., 2000). Also, in the
case of Shigella IpaH9.8, in vitro ubiquitination assays deciphered its biochemical
activity as an E3 ubiquitin ligase for a MAPKK in the mating pathway (Rohde et al.,
2007). Lastly, ADP-ribosyltransferase assays were performed to monitor incorporation
of ADP-ribose from Pseudomonas aeruginosa ExoS into its yeast interactor Ras2 by

means of radioactive enzymatic substrates (Arnoldo et al., 2008).
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Effector repertoire screens

Most bacterial pathogens are estimated to deliver between 20-100 type Il effector
proteins inside host cells (Kenny & Valdivia, 2009). Many of these secreted proteins
have been assigned a biological or biochemical function, but a great number of type Il
effector functions still need to be identified (Dean, 2011; Degrave et al., 2015; Scholze
& Boch, 2011). Yeast has emerged as a powerful resource in large-scale phenotypic
analysis of bacterial effectors, as growth inhibition phenotypes in this organism were
shown to be a result of alteration of eukaryotic conserved pathways by T3Es (Curak et
al., 2009).

The pioneer study using this approach revealed seven effector proteins from
Pseudomonas syringae DC3000 strain inhibiting yeast growth (Munkvold et al., 2008).
For some of them that have been previously assigned an enzymatic function, this study
by Munkvold and coworkers confirmed their role in virulence. Additionally, the
screening discovered a previously uncharacterized effector, HopAAl-1. Further
analysis showed expression of HopAA1l-1 leads to cell death in both yeast and plants,
confirming to a certain degree conservation of effector function across kingdoms
(Munkvold et al., 2009).

A similar approach has been employed to identify Xanthomonas euvesicatoria effectors
inhibiting growth in yeast (Salomon et al., 2011). This screening discovered additional
effectors which inhibited growth under stress conditions. Analysis of phenotypes in the
presence of various stressors has proved to be extremely helpful to identify cellular
processes targeted by low toxicity type Il effectors, yet showing crucial roles in
pathogenesis (Salomon et al., 2011). Effector repertoire screening under normal and
stress conditions in Pseudomonas syringae plant pathogen confirmed six out of the
seven effector proteins (Salomon et al., 2012) showed to inhibit growth in a previous
study (Munkvold et al., 2008). Interestingly, five additional T3Es displayed growth
inhibition phenotypes only in the presence of stressors. Among them, HopX1 was
shown to have an important role in infection, by attenuating activation of MAPK
signaling pathways (Salomon et al., 2012).
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Phenotype suppressor screens

Yeast deletion mutant collections provide unique resources used in large-scale
phenotypic analyses to decipher biological functions, responses to stress and
mechanisms of drug action (Giaever & Nislow, 2014). These collections comprise
homozygous and heterozygous mutants deleted in all ~6000 known yeast ORFs, out of
which ~5000 are non-essential genes. Based on this former observation, Tong and
coworkers exploited yeast deletion strains to assess functional relationships between
non-essential yeast genes and uncover potential redundant functions (Tong et al.,
2001). This approach, termed synthetic genetic array (SGA) analysis, consists of
screening for mutations that either suppress or enhance the phenotype caused by
other mutations.

SGA was applied to study T3E function. The ~5000 viable deletion yeast mutants were
used to screen for growth defects associated to expression of T3Es. Tested T3Es are
toxic to yeast cells, therefore those deletion mutants suppressing growth inhibition
phenotype should uncover the corresponding target(s) of the T3E. In 2006, Alto and
coworkers defined this technique as pathogenic genetic array (PGA) analysis, and
exploited it to identify T3E Shigella IpgB2 modified processes in yeast. Likewise, two
other groups employed yeast suppressor screens to uncover specific cellular
processes targeted by Shigella OspF and DspA/E from Erwinia amylovora, respectively
(Kramer et al., 2007; Siamer et al., 2014). In the case of DspA/E, as several deletion
mutants were identified to suppress DspA/E-induced growth arrest, additional trials
were performed to quantify growth recovery in liquid cultures by counting the number of
viable cells. This assay provided information on the suppressor strength and increased

the specificity of the screening (Siamer et al., 2014).

Alternatively, one can use heterozygous essential gene knock-out library to unveil
effector targets. This consists of identifying haploinsufficiency profiles that appear as a
result of lowering the dosage of a gene from two copies to one copy (Suter et al.,
2006). Effector-induced haploinsufficiency is defined as hypersensitivity to effector
expression, therefore corresponding gene(s) deleted in mutants selected as
hypersensitive encode potential effector targets. While screens with homozygous
deletions highlight genes important for effector function, haploinsufficiency is highly
specific and is expected to uncover the primary target for the effector. So far, this
strategy has not been used to study effector function; however, it is a powerful tool for

future investigations in this field.
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Conversely, available yeast overexpressing strains collections (Gelperin et al., 2005;
Sopko et al., 2006) have been effectively used in phenotype suppressor screens to
elucidate T3E function. This approach relies on the hypothesis that high amounts of
effector targets should result in yeast growth recovery if the effector functions to
inactivate these host proteins. The seminal work published by Shao and coworkers
exploited a yeast gain-of-function screen to identify a Rho family of small GTPases as
potential targets of the Yersinia effector YopT, suggesting that the cysteine protease
function of YopT is conserved between animals and yeast (Shao et al., 2002). Effector
targets were shown to be conserved across kingdoms using the yeast methodology
described above. Arnoldo and coworkers confirmed type |l effector ExoS targets small
GTPases from Ras superfamily in both mammals and yeast by overexpressing yeast
homologues of P. aeruginosa ExoS human targets and screening for a growth rescue

phenotype (Arnoldo et al., 2008).

Similarly, gain-of-function screening using overexpressing yeast strains strengthened
complementary findings on effector function. For instance, Salmonella SteC was shown
to down-regulate the yeast MAPK mating pathway. Interestingly, the MAPK kinase in
the mating pathway Cdc42 was found as a suppressor of SteC toxicity in yeast,
confirming gain-of-function screening is a robust method to elucidate T3E molecular

targets (Fernandez-Pinar et al., 2012).

Synthetic lethality screens

Synthetic lethality screens have been successfully exploited to detect T3E-modified
targets or organelles. This methodology implies screening for yeast deletion strains
hypersensitive to the expression of the type Il effector. Furthermore, specific pathways
affected among these deletion strains, allegedly targeted by the T3E, can be
deciphered using the yeast synthetic lethality interaction network, actually containing
more than 10.000 genetic interactions between 2795 genes (Baryshnikova et al.,
2010b; Bosis et al., 2011; Costanzo et al., 2010). Synthetic lethality (SL) interactions
were identified by SGA analysis and occurs if an allele of a gene combines with the
allele of another gene to generate a double mutant phenotype (Costanzo et al., 2010).
Based on this observation, inviable double-mutant progenies show functional
relationships between genes. SL interactions may include genes acting in the same
pathway or genes from two parallel pathways, functionally interconnected (Tong et al.,
2001).

By screening for null alleles hypersensitive to expression of a bacterial effector, as the

case of Shigella OspF, one can assess functional relationships between yeast genes

17



INTRODUCTION: YEAST AS A HETEROLOGOUS MODEL SYSTEM TO UNCOVER TYPE III
EFFECTOR FUNCTION

and T3Es toxicity (Kramer et al., 2007). To identify pathways impaired among the 83
deletion strains found as hypersensitive to OspF expression, Kramer and coworkers
proposed two types of analysis. First, statistical data-mining tool identified 25 gene
ontologies, enriched among these strains, referring to four biological processes,
including cell wall organization and biogenesis. Secondly, using existing SL interaction
data, it was shown that OspF is congruent, therefore shares SL interaction partners (Ye
et al., 2005), with genes altered in cell wall biogenesis. Complementary assays
confirmed OspF inhibited cell wall integrity MAPK signaling pathway in both mammals
and yeast (Kramer et al., 2007). Comparison of OspF loss-of-function screening results
with analogous synthetic lethality data was extremely helpful in the identification of the

cellular process altered by this T3E.

Some years later, Bosis and coworkers optimized this methodology, showing that an
array of 90 deletion strains in the yeast collection covered the majority (69%) of the
interacting genes (Bosis et al., 2011). These strains were tested to predict host cellular
process affected by Xanthomonas XopEZ2, a bacterial effector whose targets were
previously unknown. The screen discovered 12 congruent genes involved in cell wall
biogenesis and organization (Bosis et al., 2011). Confirmation of this result with other
functional assays showed that XopE2 affects the endoplasmic reticulum stress
response. In addition, the deletion strains in the array were screened for
hypersensitivity to the Shigella type Il effector OspF. Interestingly, 13 genes congruent
with OspF were found, out of which 8 genes were also described in the previous study
(Kramer et al., 2007). This finding appointed that less than 2% of the deletion strains in
the yeast collection are sufficient to identify cellular processes altered by bacterial

effectors.

Protein affinity purification and uLC-MS/MS

Interaction studies using type Il effectors as baits have been complicated by the low
concentration of these proteins inside infected host cells. Heterologous expression of
T3Es in yeast oversteps these limitations, as it was shown that yeast supplies sufficient
protein abundance for further analysis (Hardwidge et al., 2006). In 2006, Hardwidge
and coworkers performed proteomic analysis of E. coli T3E binding partners in yeast,
providing important clues on effector activity inside hosts (Hardwidge et al., 2006). For
this, yeast proteins associated to E. coli effector proteins were isolated by affinity

purification, followed by isotope-coded affinity tag labelling and pLC-MS/MS.

Importantly, proteomic analysis of yeast proteins enriched in the effector-containing

samples correlated with phenotypes previously observed in yeast. For instance, yeast
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cells expressing EspG showed actin depolarization and loss of coordination during bud
development (Hardwidge et al., 2005; Rodriguez-Escudero et al., 2005).
Correspondingly, EspG sample was enriched in Gpil7 and EIml, two proteins
regulating actin polarization and nuclear division (Hardwidge et al., 2006). Another E.
coli effector studied using this proteomic approach is Map, whose expression in yeast
interferes with normal distribution of cortical actin and causes chitin enrichment of the
cell wall (Rodriguez-Escudero et al., 2005). As expected, Map co-purified with Sec6, a
subunit of the exocyst complex, mediating polarized targeting of post-Golgi vesicles to
the plasma membrane and Crhl, a cell wall protein localizing to chitin-rich areas
(Hardwidge et al., 2006; Jepson et al., 2003). This is also consistent with findings in
mammalian cells, where the T3E Map induces actin polymerization required for

filopodia formation and bacterial entry (Jepson et al., 2003).

Screens for drugs inhibiting pathogen growth

Yeast may be used to identify lead compounds that inhibit T3E activity and restore
yeast growth, as it was the case in the screen for small molecule inhibitors of
Chlamydia pneumoniae CopN effector protein and ExoS T3E from Pseudomonas
aeruginosa (Huang et al., 2008; Arnoldo et al., 2008). In the context of host-pathogen
interactions, discovery and development of natural or synthetic anti-virulence
compounds emerged as a novel strategy to counteract drug resistance and host
toxicity (Brown et al., 2014; Su et al., 2015; Xie et al., 2014). Due to the high
conservation in cellular and molecular mechanisms between yeast and human or plant
cells, Saccharomyces cerevisiae has proven to be a powerful resource to identify and
characterize small molecules inhibitors of pathogens growth (Hughes, 2002; Piotrowski
et al., 2015; Voisset & Blondel, 2014).

Using a phenotype-based chemical screening in yeast, Arnoldo and coworkers
discovered 6 potential inhibitors against T3E ExoS toxicity (Arnoldo et al., 2008). One
of them, named exosin, also reduced ExoS cytotoxic effect in mammalian cells. In
yeast, growth inhibitory effect caused by ExoS is mediated by its ADP
ribosyltransferase activity (Stirling & Evans, 2006), therefore exosin was tested for
modulation of ExoS enzymatic activity. Indeed, exosin was confirmed to act as a
competitive inhibitor of ExoS ADP-ribosyltransferase activity in vitro (Arnoldo et al.,
2008). Moreover, this inhibitor molecule is only specific against ExoS, as it could not
protect against infection with P. aeruginosa strains expressing other bacterial proteins
like ExoT, ExoU or ExoY.
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A chemical biology approach using yeast was also employed to elucidate role of T3E
CopN in virulence caused by Chlamydia pneumoniae (Huang et al., 2008). On the
basis that expression of CopN severely affected yeast growth, Huang and coworkers
screened a library of more than 40.000 small molecules for those able to restore this
growth inhibition phenotype. The discovery of two drug inhibitors gave rise to
“functional knock-outs” of CopN, exploited to demonstrate that this effector is required
for intracellular growth and replication of Chlamydia pneumoniae (Huang et al., 2008).
Interestingly, small molecule inhibitors of C. pneumoniae CopN did not reduce toxicity
after infection with Chlamydia trachomatis, showing that this method is highly specific
and that these chemical compounds, including exosin, target a unique function of
bacterial effectors (Huang et al., 2008). In conclusion, yeast cell-based screening
provided a successful alternative to study the role of CopN in disease, previously

limited by the lack of tools for targeted gene disruption.

Transcriptomic analyses using DNA microarrays

Transcriptomic analyses in yeast have been exploited as complementary genome-
screening procedures in confirmation of T3E activities already assessed by other
techniques (Alto et al., 2006; Kramer et al., 2007). Gain-of-function screening of yeast
cells expressing Shigella IpgB2 showed that this bacterial effector alters small GTPase
Rhol signaling (Alto et al., 2006). To confirm this result and at the same time, discover
other potential IpgB2 functions, Alto and coworkers performed mRNA profiling in yeast
cells expressing IpgB2. Gene transcription profiles induced by expression of IpgB2
strongly correlated to those of yeast Rhol, proving IpgB2 GTPase mimicry activity (Alto
et al., 2006). Furthermore, comparison of IpgB2 profile with the transcriptional profile
resulting from induction of another RhoGTPase Cdc42, showed that IpgB2 specifically
activates Rhol-, but not Cdc42-dependent signaling. Similarly, Shigella OspF
expression in yeast resulted in down-regulation of genes involved in the cell wall
integrity pathway (Kramer et al., 2007). This finding confirmed the fact OspF inhibits
cell wall integrity MAPK signaling pathway, a result previously revealed by a loss-of-

function screening.

Importantly, these studies were facilitated by the availability of a wide panoply of yeast
transcriptomic profiles obtained in response to nutrient limitation or different
environmental stresses (Brion et al., 2015; de Groot et al., 2007; Gasch et al., 2000;
Tai et al., 2005). On this basis, mRNA profiling can also be used as a kick-off strategy
in deciphering conserved processes or molecular targets of T3Es with unknown

function. Genome-wide transcriptomic analysis of yeast cells expressing the T3E
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AWRS5 from the plant pathogen Ralstonia solanacearum revealed a profile reminiscent
of inhibition of a central regulatory pathway conserved across kingdoms (see Results,
Chapter 3, this work).

2.2 Conserved cellular processes targeted by bacterial T3E in yeast

Heterologous expression of T3Es in S. cerevisiae has resulted in a number of
observable phenotypes, the most common of which is growth inhibition (Table 1 and
Figure 3). This effect seems to be highly specific to T3Es, as inhibition of yeast growth
was only observed for 9 out of 505 essential Pseudomonas aeruginosa ORFs (Arnoldo
et al., 2008) and 32 out of 216 ORFs tested from Chlamydia trachomatis (Sisko et al.,
2006). Likewise, between 6.5% and 8% genes from Salmonella enterica serovars
affect yeast growth (Aleman et al., 2009). On the contrary, toxicity is common amongst
Pseudomonas syringae and Vibrio cholerae effectors, 7 and 11, respectively, out of 27
effectors tested inhibit growth in yeast (Alam et al., 2011; Munkvold et al., 2008).
Moreover, screening for yeast growth inhibition phenotypes among Shigella
translocated proteins was extremely helpful in identification of effector proteins, as
IpaJd, previously missed by other experimental procedures (Slagowski et al., 2008).

= Growth inhibition

= Disruption of the
cytoskeleton

= Rho G signaling modulation
MAPK interference

u Modulation of PCD

m Perturbation of

trafficking/secretion
= Membrane alteration

FIGURE 3: The most common phenotypes observed in S. cerevisiae upon T3E

expression.

Growth inhibition is a rather unspecific phenotype that can be caused by alterations in
a panoply of cellular activities. To narrow down and/or to increase the range of
detection of the precise yeast process targeted by bacterial effectors, a number of
assays have been performed, including analysis of cell morphology and budding,
growth under stress conditions or in ethanol/glycerol plates to force respiration, among
other observations (Munkvold et al., 2008; Rodriguez-Pachon et al., 2002; Salomon et
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al., 2011). Importantly, growth under conditions that affect yeast cellular function, as for
example salt or osmotic stress, has been shown to increase yeast sensitivity to
effectors and helped identification of additional T3Es that caused toxicity. In a screen of
Shigella effectors, 4 out of the 18 effectors tested showed growth inhibition phenotypes
under normal conditions and 5 additional effectors inhibited yeast growth in presence of
stress (Slagowski et al., 2008). Similarly, screening of 21 T3Es from Xanthomonas
euvesicatoria revealed 7 effectors affecting yeast growth under normal conditions and
7 more when applying different stressors (Salomon et al., 2011). These analyses often
traced the cause of growth inhibition to a specific arrest in cell cycle (Table 1). In other
cases, toxicity was the indirect result of effector interferences with the cytoskeleton,
organellar membranes or specific signaling pathways (see below), so that other

phenotypes combine with growth arrest (Table 1).

Growth inhibition phenotypes have also been exploited to define the functional domains
of bacterial effector proteins. For instance, the same domains or conserved aminoacid
residues of Yersinia YopT, YopE, YopO (Nejedlik et al., 2004; Shao et al., 2002; Von
Pawel-Rammingen et al., 2000), Shigella IpgB2 (Alto et al., 2006), Pseudomonas
aeruginosa ExoT (Garrity-Ryan et al., 2004), or Xanthomonas euvesicatoria XopE1l
and XopE2 (Salomon et al., 2011) are required to cause similar phenotypes in yeast
and mammals. This indicates that the phenotype may be due to targeting of conserved
eukaryotic processes. In a similar manner, these phenotypes led to the identification of
functional differences between homologous T3Es of same or distinct species,
extending the knowledge toolbox on effector function (Huang et al., 2008; Witowski et
al., 2008). As an example, only YspM effector from Yersinia enterocolitica strain Y295,
but not its homologue from Y. enterocolitica strain JB580, caused inhibition of yeast
growth. This conveyed to the demonstration that toxicity toward eukaryotic cells is due

to the presence of a conserved histidine domain (Witowski et al., 2008).

22



€¢

"IX81 8Y1 Ul UBAIB aJe suoljelnaigae UoWLWod JaYl0 "SUIXOPaIoIy] ‘'sxi] ‘auolyrein|b ‘HSO ‘saseq ureys Buo| ‘gD ‘eselajsueiyfonwed

aules ‘1ds ‘esuodsal uigloid papoun ‘Ydn ‘dnoib ereydsoyd ‘d "suonigiyul S1BJIpUl S|OQWIAS | pue SUONBAIDR BledIipul SMoly ‘(pal drep
Ul Sloloale paleldosse-fewiue pue [ewiue ‘usalb ul si010all8 paleloosse-jue|d) uiblio saivads uo Buipuadap sajbueloal papod-i0jod Aq padiew ale Ssio1da)T

"S101934J3 ||| 9dA1 [el1e19eg Aq palabrel sessasoid fenj@d 1SeaA ¥ 34N9I4

: 3DNIWIAYIALNI JOYDATO  3ASNOASIY | o3 N NOILYE¥NLY3d NOILY¥3LTY
:  ONITYNOIs BALRVIOWSO  3INOWOMIHd  qqym 9935 ONIMDIZAVEL F1DISIA ANVHIWIW
[ MdYW HOIH 3 ONLLYW

£ 1S3UYY
i HLMOYD

NOLITIANSOLAD
dH1 4O NolLdNnysId

aseasiq

_
_
_
_
_
_
_
_ 20ue)sisal
_
_
_
_
_
_
_

mzo_bq._:n_oz
\ I ONITVNOIS

VZdd-55°PD
A
1

1130 1SV3A

NOLLONNA ¥O.LDdddd III 4dAL HHAOONI OL WHLSAS THAOW SNODOTOYALIH V SV . LSVAA ‘NOLLONAOULNI



INTRODUCTION: YEAST AS A HETEROLOGOUS MODEL SYSTEM TO UNCOVER TYPE III
EFFECTOR FUNCTION

Disruption of the cytoskeleton

Disruption and/or rearrangement of the cytoskeleton are common strategies that
bacterial T3E employ in order to direct their entry into host cell and carry out their
function (de Souza Santos & Orth, 2015; Jelenska et al., 2014; Radhakrishnan &
Splitter, 2012; Rottner et al., 2005). Yeast has proven a very powerful resource to
identify bacterial T3Es that affect host cytoskeletal function, due to the well-established
knowledge and techniques related to yeast actin and microtubule dynamics (Mishra et
al., 2014; Styles et al., 2013). 12 out of 37 T3E characterized in yeast target this

process (Table 1).

Heterologous expression in yeast of DSpA/E effector protein from the phytopathogen
Erwinia amylovora was shown to cause defects in cell polarization and endocytosis
delay, two processes that depend on a functional actin cytoskeleton (Siamer et al.,
2011). Interestingly, this plant-associated effector whose function and molecular
mechanism were unknown is part of a T3E family that share a common WxxXE motif,
required both for virulence and avirulence activities in plants (Ham et al., 2009). In
animals, the T3E WxxxE family present in several bacterial pathogens including E. coli,
Salmonella or Shigella perturbs host actin cytoskeleton (Orchard & Alto, 2012).
Exploiting a yeast suppressor screen, Siamer and coworkers found later on that mutant
yeast strains impaired in sphingolipid biosynthesis restore the polarization defects seen
after expression by DspA/E (Siamer et al., 2014). This is not surprising as
sphingolipids are linked to actin cytoskeleton organization by guaranteeing proper
localization of actin regulators (Niles & Powers, 2014; Tabuchi et al., 2006) and have
been shown to play major roles in depolarization and repolarization of actin following

salt stress in yeast (Balguerie et al., 2002).

Other T3E proteins target microtubule cytoskeleton, preventing normal functioning of
cell-cycle processes (Duro & Marston, 2015). Through monitoring cell-cycle
progression in mammals and yeast, Huang and coworkers showed that Chlamydia
pneumoniae CopN-expressing cells accumulated at the G2/M transition and presented
a delay of host cell division (Huang et al., 2008). Moreover, CopN expression resulted
in abnormal microtubule spindles, indicating that nuclear division is affected. In
mammalian cells, expression of CopN led to altered integrity of the microtubule
network. CopN conserved its activity to induce a cell cycle block from yeast to
mammals, a bacterial strategy also used by other T3E, as P. aeruginosa ExoT or
Salmonella PheA, to redirect resources of the host cell to promote multiplication of the
bacterium (Na et al., 2015; Shafikhani & Engel, 2006).
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Effector protein EspG from enteropathogenic bacteria Escherichia coli and Citrobacter
rodentium was shown to disrupt native microtubule structure in both mammals and
yeast (Hardwidge et al., 2005; Rodriguez-Escudero et al., 2005). The presence of a
uniqgue long microtubule extended along cell surface in yeast cells expressing EspG
revealed that nuclear division was uncoupled from bud development (Hardwidge et al.,
2005). Interestingly, EspG can also perturb actin function. In mammalian cells, EspG
induces formation of actin stress fibers. Yeast actin cytoskeleton is distinct from that of
mammals, comprising three components: cortical patches, actin cables and actin rings
(Mishra et al., 2014). Expression of EspG in yeast resulted in mislocalized actin cortical
patches. As a consequence, yeast cells expressing EspG lost their ability to control
actin polarization. Expression in yeast of other two E. coli T3E, EspD and Map, also
caused depolarization of cortical actin to different levels (Rodriguez-Escudero et al.,
2005). EspD blocked actin polarization to the bud, although to a less severe degree
than reported for EspG. On the contrary, Map expression strongly interfered with cell
polarity mechanism, leading to disruption of septins (Rodriguez-Escudero et al., 2005),
proteins required for actin ring assembly in yeast (Styles et al., 2013). Expression of
these effectors in yeast provided important clues on their function, suggesting an
important link between actin cytoskeleton and disrupted microtubules. Besides cell
cycle, Map and EspG have been shown to modulate G protein signaling (Alto et al.,
2006; Dong et al., 2012; Hardwidge et al., 2004; Matsuzawa et al., 2004; Selyunin et
al., 2011), a pathway that connects microtubule network and actin dynamics (Mack &
Georgiou, 2014).

Rho family of small GTPases: “favorite” targets of bacterial effector proteins

Many type Il effector proteins have been shown to modulate activity of yeast Rho
GTPases (Table 1 and Figure 4), either to facilitate bacterial invasion into host cell or to
escape the phagocytosis and immune response (Lemichez & Aktories, 2013; Popoff,
2014).

The Rho-family GTPases belong to the Ras superfamily and function as molecular
switches regulating membrane trafficking, actin dynamics, cell cycle or nuclear import
(Croise et al., 2014). In response to extracellular stimuli, these small G proteins cycle
between an active GTP-bound state, usually anchored to the membrane and an
inactive GDP-bound state, present in the cytoplasm (Iden & Collard, 2008). They are
activated by guanine nucleotide exchange factors (GEFs), which catalyse the
exchange of GDP for GTP. GTPase activating proteins (GAPS) act as negative

regulators, accelerating their intrinsic GTPase activity and resulting in an inactive GDP-
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bound GTPase and the shutdown of signaling. The inactive Rho GTPases are then
sequestered into the cytosol by guanine nucleotide-dissociation inhibitors (GDIs), which
inhibit the exchange of GDP for GTP and prevent their translocation to membranes
(Buchsbaum, 2007; Goicoechea et al., 2014; Tcherkezian & Lamarche-Vane, 2007).
Importantly, Rho G proteins can be constitutively activated, as it was shown for 10 out
of the 20 members of small GTPases in mammals, which are constitutively bound to
GTP and therefore regulated by alternative mechanisms (Sadok & Marshall, 2014).

Bacterial T3E differently modulate Rho signaling, by mimicking GAPs and GEFs,
therefore inhibiting or activating, respectively, small G signaling events. In mammals,
Yersinia YopE T3E was shown to act as a Rho GAP protein, leading to inactivation of
the Rho GTPase switch and disruption of actin microfilament stress fibers (Von Pawel-
Rammingen et al., 2000). In yeast, expression of YopE resulted in loss of actin
cytoskeletal polarity, by the presence of cortical patches dispersed throughout the
yeast cells, blocking bud formation and actin rings (Lesser & Miller, 2001). As Rho G
proteins mediate budding pathway, yeast toxicity of YopE can be explained by
alteration of the normal budding formation through inhibition of Rho proteins.
Elucidating YopE function led to the discovery of a previously unknown role for Rho G
proteins in actin polarization in yeast, observed with the formation of actin rings (Lesser
& Miller, 2001).

Other bacterial T3E like Shigella IpgB2, Escherichia coli Map and Salmonella SopE2
and SifA activate Rho GTPases pathway, functioning as bacterial GEFs in both yeast
and mammalian systems (Alto et al., 2006; Rodriguez-Pachon et al., 2002).
Interestingly, structural studies comparing and contrasting bacterial and eukaryotic
GEFs revealed that, although they are evolutionary distinct, they use the same
residues to select and activate GTPases. Therefore, they share a similar biochemical
strategy (Orchard & Alto, 2012). The mechanism of cellular invasion in Salmonella
infection involves the time-dependent secretion of both GEF and GAP proteins. After
injecting GEF SopE2 effector protein required for actin rearrangement and bacterial
invasion, Salmonella secretes an antagonizing type Il effector, SptP, which allows cell
recovery and completion of bacterial internalization (Ly & Casanova, 2007; Van
Engelenburg & Palmer, 2008; Zhou & Galan, 2001). SptP activity as a GAP is
conserved in both yeast and mammals, down-regulating the GTPase Cdc42 and its

dependent MAPK kinases after bacterial entry (Rodriguez-Pachon et al., 2002).

Bacterial effectors also function by mimicking GDI factors and inhibiting Rho G

signaling, without alteration in GDP/GTP exchange. For example, Yersinia effector
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YpkA/YopO binds Rho GTPases Racl and RhoA in mammals, causing cytoskeletal
disruption (Prehna et al., 2006). Expression of YpkA/YopO in yeast was associated
with disruption of actin and cytotoxicity, showing that YopO targets a conserved
eukaryotic process (Nejedlik et al., 2004). Rho GTPase proteins are highly conserved
in eukaryotic cells from yeast to humans (Jaffe & Hall, 2005), and they are divided into
three subfamilies: Cdc42, Rac, and Rho. Out of the six Rho GTPases described in
Saccharomyces cerevisiae (Park & Bi, 2007), a large body of work focused on the
study of two Rho G proteins: Cdc42, with a major role in yeast cell polarization and
filamentous growth (Bi & Park, 2012; Cullen & Sprague, 2012; Meitinger et al., 2014)
and Rhol, activator of cell wall integrity pathway (Levin, 2011).

Salmonella SopE2 seems to modulate the activity of both yeast GTPases Rhol and
Cdc42. Expression of SopE2 stimulates signaling through the filamentation and mating
pathway and also results in activation of the cell integrity pathway MAPK SIt2
(Rodriguez-Pachon et al., 2002). The authors showed that there is a cross-regulation
between filamentous growth and cell wall integrity pathway, by demonstrating that
Cdc42 can induce Slt2 (MAPK) phosphorylation. In this case, study of a type Il effector
function in yeast has provided knowledge on regulation of MAPK signaling pathways.
Moreover, yeast can be used to gain insight into the specificity of bacterial proteins for
the different GTPases of the Rho subfamily. Additional studies have strengthened this
statement. Shigella T3E IpgB2 functions as a GEF for Rhol protein in yeast and for
RhoA (homologue of Rhol) in mammalian cells (Alto et al., 2006). Phosphatase-dead
version of Salmonella SopB/SigD effector interacts with yeast Cdc42 and human
Cdc42, but not Racl, when co-expressed in S. cerevisiae (Rodriguez-Escudero et al.,
2006; Rodriguez-Escudero et al., 2011). Cdc42 is highly conserved from yeast to
humans at both the sequence (80 to 95% identity in the predicted amino acid
sequence) and functional levels (Johnson, 1999). Another Salmonella effector SteC
was shown to bind to S. cerevisiae Cdc24, the GEF for Cdc42, and also to
Schizosaccharomyces pombe and human Cdc24 homologues (Fernandez-Pinar et al.,
2012). How bacterial effectors discriminate between various GTPase isoforms is still

unknown.

Heterologous expression of these T3E in yeast also revealed and/or confirmed the
roles of these proteins in cell cycle progression, including DNA replication, mitosis and
cytokinesis. As commented before, the growth inhibition phenotype conferred by YopE
expression in yeast is a result of inhibition of reorganization/polarization of the actin
cytoskeleton (Lesser & Miller, 2001). The yeast actin cytoskeleton is polarized at

several stages during the budding pathway, before bud formation and prior to
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cytokinesis (Styles et al., 2013). Synchronizing yeast at G1 phase of the cell cycle,
Lesser and Miller showed YopE expression blocked bud formation and initiated the
morphogenesis checkpoint, delaying mitosis. At later steps of the cell cycle, YopE
expressing cells remained depolarized, but contrary to the phenotype seen in
Chlamydia CopN-expressing yeast cells (Huang et al., 2008)., these were able to
reconstitute microtubule spindle, allowing nuclear division (Lesser & Miller, 2001).
Similarly, expression of E. coli Map effector in yeast was marked by the presence of
unbudded cells, suggesting loss of coordination between morphogenesis and nuclear
events (Rodriguez-Escudero et al., 2005). As Rho GTPases also regulate cell cycle,
perturbation of this process by YopE and Map might be a consequence of their

interaction with Rho G proteins, and not a direct effect of their activity.

Much work has focused on characterizing interaction between T3E and Rho GTPases,
mediated via post-translational modifications. For example, Yersinia YopT cysteine
protease recognizes and cleaves post-translational modified RhoGTPases, releasing
them from the membrane. YopT-mediated inhibition of Rho G signhaling seems to be
conserved in yeast, as overexpression of Rho Cdc42 suppresses YopT-induced growth
inhibition phenotype (Shao et al., 2002).

P. aeruginosa T3E ExoS and ExoT are bi-functional enzymes, both containing N-
terminal GAP domains and C-terminal ADP-ribosylation domains. In mammals, the two
domains of ExoS and ExoT were shown to exert different effects on host cell
morphology, although these effects might be interconnected. Expression of the GAP
domain results mainly in disruption of the actin cytoskeleton and cell rounding, but not
cytotoxicity (Huber et al., 2014), while ADP-ribosylation domain causes cytotoxicity and
cell death of mammalian cells (Barbieri et al., 2001; Garrity-Ryan et al., 2004) and is
necessary for blocking bacterial internalization (Rangel et al., 2014). In addition, ADP-
ribosyltransferase (ADPRT) activity of both ExoS and ExoT can modify the catalytic
arginine in their own GAP domain, leading to down-regulation of GAP activity (Riese et
al., 2002; Sun et al., 2004). In yeast, both domains of ExoT are required for growth
inhibition phenotype (Garrity-Ryan et al., 2004). On the contrary, ADP-ribosylation
domain of ExoS is the main responsible for toxicity in yeast, as only the ExoS ADP-
ribosylation mutant, but not the mutant lacking ExoS GAP domain suppresses growth
inhibition (Arnoldo et al., 2008; Stirling & Evans, 2006). This might be explained by the
different levels of ADPRT activity of ExoS and ExoT: the C-terminal of ExoT appears to
possess minimal ADPRT activity in vitro, 0.2% compared to ExoS (Garrity-Ryan et al.,
2004). In addition, in yeast the main responsible for disruption of actin cytoskeleton it is
the ADPRT domain of ExoS (Stirling & Evans, 2006).
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By overexpressing yeast homologues of ExoS human targets, including members of
Ras superfamily and cyclophilins, Arnoldo and coworkers found that Ras2, one of the
two homologues of Ras protein in mammals, rescued ExoS-induced growth inhibition
phenotype. This finding showed ExoS ADP-ribosylates identical targets in mammals
and yeast, although the activity modulation of Ras proteins is thought to be a
cumulative inhibitory effect to additional inactivation of unknown key protein(s) (Arnoldo
et al., 2008). Recently, it has been shown that the ribosyltransferase activity of ExoS
modulates intracellular trafficking (Simon & Barbieri, 2014). Interestingly, targeting
post-translational modified Rho GTPases is also linked to counter host immunity
strategies or alter intracellular trafficking, which showcase new outcomes of the
interaction effector - small GTPases other than the collapse of actin cytoskeleton
(Nomura et al., 2006; Simon & Barbieri, 2014; Woolery et al., 2014).

Plant pathogen type Il effectors also display conserved motifs or domains necessary
for manipulating Rho G signaling. For example, Pseudomonas syringae DC3000
HopAA1-1 was shown to maintain the conserved arginine finger motif required for GAP
activity of other T3Es as ExoS, YopE and SptP (Munkvold et al., 2009). However,
GAP-like domain is not required for HopAA1-1 function, since a mutation affecting the
arginine motif had no effect on toxicity in yeast or virulence in tomato. Instead,
introduction in HopAA1-1 GAP-like region of a polymorphism naturally found in its
paralog, HopAA1l-2 suppressed growth inhibition, suggesting that the phenotypes
observed in yeast are the cumulative result of other interacting partners. This finding
guided experiments in plants that showed HopAAl-1 functions redundantly with a
chlorosis-promoting factor to cause lesion formation on host tomato (Munkvold et al.,
2009).

Bacterial effectors sharing conserved WxxXE motifs as for example E. coli Map,
Shigella IpgB and Salmonella Sif family members act as GEFs and activate Rho G
signaling, promoting lesion formation on hosts (Huang et al., 2009; Orchard & Alto,
2012). The WxxxE motifs were reported to structurally mimic the active site of a GEF
protein (Huang et al., 2009). Plant-associated effectors WtsE from Pantoea stewartii
and P. syringae AvrE require the same conserved WxxxXE motifs to promote disease
(Ham et al., 2009). In addition, WtsE was shown to cause toxicity on yeast growth
(Ham et al., 2008). The activity of WtsE in yeast suggests that it may be targeting a
fundamental process in eukaryotic cells. It is now known that WiSE affects
phenylpropanoid metabolism in maize (Asselin et al., 2015), but this might be a
consequence of its still unknown activity in hosts. Rho GTPases in plants play an

important role in host-pathogen interactions (Kawano et al., 2014), so it would be
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natural to speculate that plant-associated T3E have “learned” to manipulate this
pathway, by either mimicking Rho GTPases or disrupting the host cytoskeleton and
down-regulating related processes, as in the case of Erwinia DspA/E (Siamer et al.,
2014).

Inhibition of MAP kinase signaling

Inhibition of MAP kinase (MAPK) phosphorylation is a common outcome of the
interaction of T3E with the eukaryotic cell signaling machinery. It has been observed for
Shigella OspF (Kramer et al., 2007) and IpaH9.8 (Rohde et al., 2007), Yersinia YopJ
(Yoon et al., 2003), Vibrio parahaemolyticus VopA (Trosky et al., 2004), Vibrio cholerae
VopX (Alam et al., 2011) and Pseudomonas syringae HopX1 effectors (Salomon et al.,
2012). By heterologous expression in yeast, these effectors were shown to inhibit
specific steps in the four better-characterized MAPK signaling pathways in yeast (Chen
& Thorner, 2007). These studies were possible since MAPK modules in both yeast and
higher eukaryotes share similar regulated kinase cascades and cell surface receptors
(Saito, 2010).

Shigella flexneri T3E OspF was shown to non-specifically inhibit activation of MAPK
signaling pathways in yeast (Kramer et al., 2007). In the cell wall integrity MAPK
pathway, OspF inhibited the phosphorylation of SIt2/Mpkl MAPK. This MAPK is
activated during the cell cycle or under conditions that perturb yeast cell wall like
depolarization of actin cytoskeleton (Levin, 2011). No alteration of yeast cytoskeleton
was observed in response to OspF expression (Kramer et al., 2007), suggesting this
T3E targets downstream Rhol (see Figure 4). In addition, expression of OspF impaired
phosphorylation of MAPK Hogl, Fus3 and Kss1 (Kramer et al., 2007). These MAPKs
act in the yeast high osmolarity/glycerol (HOG) MAPK pathway, pheromone response
and filamentous growth MAPK pathway, respectively. Correspondingly, studies in
mammalian cells revealed that OspF is a MAPK phosphatase, capable of
dephosphorylating host MAPKs in the nucleus (Arbibe et al., 2007; Li et al., 2007).
Characterization of OspF in yeast is an excellent illustration of how the multiple genetic
tools available for studying yeast MAPK signaling pathways (Furukawa & Hohmann,
2013) can be employed to uncover effector function. Similarly, expression of P.
syringae HopX1 in yeast showed that this effector attenuated the activation of the HOG
MAPK pathway under stress conditions, without alteration of Hogl MAPK expression
or its nuclear dynamics (Salomon et al., 2012). Phenotypes caused by HopX1
expression in yeast were dependent on its intact enzymatic activity, as a mutation in

HopX1 catalytic site constrained the ability of this effector to inhibit growth and
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modulate HOG signaling under stress. This correlates to previous studies in plants
showing the putative catalytic residues are crucial for HopX1 function (Nimchuk et al.,
2007). Importantly, in the case of OspF and HopX1 effectors, expression in yeast
provided the first clues on their activity therefore engineering of yeast MAPK signaling
pathways can provide a good start in deciphering effector function.

Other bacterial effectors operate upstream of the activation of the MAP kinase. For
instance, the IpaH9.8 T3E from Shigella flexneri acts as an E3 ubiquitin ligase leading
MAP kinase kinase (MAPKK) Ste7 to proteasomal degradation, diminishing
phosphorylation of its MAPK targets and inhibiting the yeast pheromone
response/mating MAPK pathway (Rohde et al., 2007). Likewise, Yersinia YopJ inhibits
both yeast pheromone response and HOG MAPK pathways, by preventing the
activation of the MAPKK equivalent, that is Ste7 for the mating pathway and Pbs2 for
the HOG pathway (Yoon et al., 2003) (see Figure 4). YopJ also inhibits mammalian
MAPK pathway (Orth et al., 1999), therefore encodes an evolutionarily conserved
activity.

VopA, another member of the YopJ-like family found in Vibrio parahaemolyticus,
inhibits the HOG MAPK pathway and the cell wall integrity pathway, by preventing
phosphorylation of MAPK Hogl and Mpkl, respectively (Trosky et al., 2004).
Interestingly, unlike YopJ, VopA is able to induce a growth arrest phenotype in yeast,
suggesting that, although the mechanism of MAPK inhibition is similar, the targets are
distinct for each effector. Following studies in mammals showed VOpA acts as an
acetyltransferase, inhibiting the activity of activated MAPKK (Trosky et al., 2007).
Lastly, a novel T3E from Vibrio cholerae, VopX, was proposed to interact with
components of the yeast cell wall integrity pathway as a strain deleted in RIm1, a
transcriptional activator acting in response to cell wall stress, rescued VopX-mediated

growth inhibition phenotype (Alam et al., 2011).

Modulation of pathogen-triggered cell death

Yeast may be used to identify T3Es that play a role in pathogen-triggered cell death, a
typical outcome of the plant immune system after recognition of a pathogen effector. A
screen using the type Ill effector repertoire of the plant pathogen Xanthomonas
euvesicatoria revealed five T3Es that cause growth inhibition/cytotoxicity when
expressed in yeast and cell death phenotypes in plants (Salomon et al., 2011). For
instance, expression of XopX and AvrRxol T3Es was cytotoxic to yeast and
irreversibly arrested cells in the GO/1 phase of the cell cycle. Correspondingly, XopX

and AvrRxol caused cell death in tomato and Nicotiana benthamiana, although
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AvrRxol to a milder extent. Still, expression of XopB caused growth inhibition in yeast
and a fast and confluent cell death in N. benthamiana, but not tomato plants. This
suggests XopB triggers an HR-like cell death, probably because it is recognized by
plant resistance proteins. Lastly, XopE1 and XopF2, which inhibited yeast growth less
severely than XopX, determined sporadic cell death patches in tomato plants and
chlorosis in N. benthamiana respectively. In addition, it was shown that the catalytic
activity of XopE1 may be conserved across kingdoms, as it is required for growth
inhibition phenotype in yeast and induction of chlorosis and cell death in plants
(Salomon et al., 2011). Using a similar repertoire screen of P. syringae effectors,
Munkvold and coworkers showed expression of T3E HopAA1-1 leads to cell death in
both yeast and plants (Munkvold et al., 2008).

On the other hand, some bacterial T3E have evolved to escape plant recognition
response by suppressing HR. As an example, P. syringae tyrosine phosphatase
HopAO1 and cysteine protease HopN1 were shown to inhibit HR in plants, and for this,
they require intact enzymatic activity (Bretz et al., 2003; Espinosa et al., 2003; Lopez-
Solanilla et al., 2004). Catalytic-site point mutations suppress growth inhibition caused
by expression of wild-type effector in yeast, suggesting biochemical function of
HopAO1 and HopN1 is conserved, although physiological consequences of their

activity might be different in yeast and plants (Munkvold et al., 2008).

Other plant pathogen effectors were shown to function as inhibitors of programmed cell
death in both yeast and plants. For example, some Pseudomonas syringae effectors
identified as HR suppressors in planta also suppress apotosis in yeast (Abramovitch et
al., 2003; Jamir et al.,, 2004). In N. benthamiana, AvrPtoB T3E has the ability to
suppress programmed cell death initiated by two R proteins as well as Bax-, a pro-
apoptotic protein — induced cell death (Abramovitch et al., 2003). In addition, AvrPtoB
protected yeast from stress-induced programmed cell death, highlighting its activity as
a eukaryotic cell death inhibitor. Likewise, screening for HR suppressors, Jamir and
coworkers described five Pseudomonas syringae effectors, including AvrPtoB, able to
completely block HR in plants. Interestingly, three of these effectors, AvrPphEp,
HopPtoE and HopPtoF suppress Bax-induced cell death in both plants and yeast,
indicating the targets are likely to be conserved across kingdoms (Jamir et al., 2004).
Expression of these proteins in yeast opened the pathway to searching specific
eukaryotic targets for type lll effectors and enlarged comprehension of the molecular

mechanism underlying plant-effector interaction.
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Alteration of membrane structure and function

To ensure bacterial entry and survival inside host cells, many pathogenic bacteria inject
T3E to induce cellular permeabilization and host membrane damage (Asrat et al.,
2014; Ham et al., 2011). It is the case of Pseudomonas aeruginosa ExoU type Il
effector, a member of the phospholipases A2 (PLA,) family of enzymes (Sato & Frank,
2004). Catalysis of membrane phospholipids by PLA; releases free fatty acids, involved
in regulation of lipid remodeling, membrane disruption, signal transduction and pro-
inflammatory response or cell death (Mouchlis et al., 2015; Murakami et al., 2011).
ExoU was first defined as responsible for acute cytotoxicity in mammals (Finck-
Barbancon et al.,, 1997; Hauser et al., 1998) and caused membrane damage to
different organelles and fragmentation of the vacuole in yeast (Sato et al., 2003).
Moreover, similar N-terminal, internal and C-terminal domains were shown to be
necessary for ExoU-mediated toxicity in both mammalian and yeast cells (Finck-
Barbancon & Frank, 2001; Rabin & Hauser, 2003), strengthening the hypothesis ExoU
might be acting through similar mechanism across kingdoms.

The phospholipase activity of ExoU was discovered by testing a series of inhibitors that
affected the function of different cellular structures, including vacuolar biogenesis.
Interestingly, phospholipase inhibitors suppressed ExoU-mediated yeast and
mammalian cytotoxicity (Phillips et al., 2003; Sato et al., 2003). These results were also
confirmed at the level of structure, as ExoU possessed a domain homologous to
patatin (Sato et al.,, 2003), an enzyme capable of hydrolyzing phospholipids and
activated upon stress or pathogen attack (Holk et al., 2002; La Camera et al., 2009;
Ramanadham et al., 2015). In vitro enzymatic activity of ExoU was observed only in the
presence of yeast extract, suggesting that ExoU could be activated or modified by a
eukaryotic cell factor (Sato et al., 2003). This is not surprising, as other bacterial type I
effectors were shown to require activation by a host factor in order to carry out their
enzymatic function. Plant-associated type Il effector AvrRpt2 from P. syringae is a
cysteine protease activated by a host cyclophilin, activation necessary for its protease
activity in elimination of a plant protein (Coaker et al., 2005). Similarly, enzymatic
activation of ExoU requires binding of its C-terminal domain to ubiquitin or ubiquitin-
modified proteins (Anderson et al., 2011; Anderson et al., 2013; Sato et al., 2006). In
the presence of ubiquitylated yeast superoxide dismutase and other ubiquitylated
mammalian proteins, ExoU is activated as a phospholipase A2 and lyses infected cells
(Anderson et al., 2011; Sato et al., 2006). In the case of P. aeruginosa ExoU, yeast
constituted a guiding platform to define ExoU mechanism of activation and substrate

specificity. Recent research described ExoU localizes to the plasma membrane, where
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it hydrolyses a multifunctional phosphoinositide, causing disruption of host membrane
integrity (Sato & Frank, 2014; Tyson et al., 2015).

Perturbation of vesicle trafficking

In addition to manipulating the cytoskeleton and endomembrane system, intracellular
pathogenic bacteria have learned to escape from phagosomal degradation by
modulating host-vesicle trafficking (Baxt et al.,, 2013; Brumell & Scidmore, 2007).
Targeting these pathways by T3E was described to be a direct consequence of altering
cellular processes like the cytoskeleton or G protein signalling, as for example Erwinia
amylovora DspA/E or EspG from Escherichia coli, respectively. Yeast cells expressing
DspA/E showed delayed endocytosis, due to defects in cell polarization (Siamer et al.,
2011). On the other hand, pathogenic E. coli modulates host vesicle pathways by
injecting EspG, a type Il effector displaying GAP activity for Rab1l G protein, therefore
perturbing ER-to-Golgi trafficking (Dong et al., 2012; Selyunin et al., 2011).

In other cases, bacterial effectors exploit vesicular transport to their benefit, so that
they can carry out their function inside hosts. For instance, Yersinia pestis YopM T3E
depends on functional vesicle trafficking to localize to the nucleus in both yeast and
mammalian cells (Benabdillah et al., 2004; Skrzypek et al., 2003). Yeast has been a
robust model to study the intracellular trafficking of YopM and determine leucine-rich
repeats (LRRs) in its structure necessary for nuclear translocation. Skrzypek and
coworkers suggested that nuclear localization of YopM might be an indirect effect of
interaction with proteins associated with the surfaces of vesicles or chaperones that
can take it to the nucleus (Skrzypek et al., 2003). Indeed, in mammals, YopM targets
two kinases, Rskl and Prk2, involved in cell proliferation, apoptosis and translation,
and down-regulates expression of several pro-inflammatory cytokines, although these
two activities are not interdependent (Hofling et al., 2014; McDonald et al., 2003).
Recent work has proven YopM also interacts with mammalian caspase-1, inhibiting
host immune response and ensuring bacterial replication (LaRock & Cookson, 2012).
These results show that bacterial effectors might have more than one target and/or

interconnected activities inside host cells.

Other effectors were shown to target trafficking from the endoplasmic reticulum (ER) to
the nucleus. Using an array of yeast deletion strains, Bosis and coworkers found that
Xanthomonas XopE2 T3E affected the response to ER stress (Bosis et al., 2011). More
specifically, yeast cells expressing XopE2 failed to activate the unfolded protein
response (UPR) after induction of ER stress. UPR is a quality control pathway

comprising specific machinery working to maintain ER homeostasis and avoiding
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overload of misfolded or underglycosylated proteins (Adhikari et al., 2015; Mori, 2009).
Interestingly, cells expressing XopE2 were highly sensitive to tunicamycin and 2-deoxy-
D-glucose, two specific inhibitors of glycosylation in the ER (Bosis et al., 2011).
Altogether, these results show XopE2 alters UPR pathways, perturbing molecular
signaling from the ER to the nucleus. It is not surprising that bacterial effectors have
“learned” to subvert UPR signaling, escaping from phagocytic pathways and cell death,
typically triggered by the host to protect the organism from cells that display misfolded
proteins (Ron & Walter, 2007). Likewise, as commented before, yeast was described
as a powerful resource in identification of pathogen effectors affecting vesicle trafficking
pathways (Tabuchi et al., 2009).
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CHAPTER 3:
TYPE 111 EFFECTORS IN RALSTONIA
SOLANACEARUM

Ralstonia solanacearum is emerging as a model system to study plant-pathogen
molecular interactions and T3E function (Coll & Valls, 2013). This soil-borne bacterium
is the causing agent of bacterial wilt and has been recently ranked as the second most
important bacterial plant pathogen (Mansfield et al., 2012). R. solanacearum has an
enormous economic impact due to its wide geographical distribution and host range,
high persistence and broad strain diversity. It infects more than 200 plant species,
including important agricultural crops such as tomato and potato (Salanoubat et al.,
2002) and contains a large effector repertoire of largely unknown functions (Peeters et
al., 2013). Of more than 70 T3Es identified in the reference strain GMI1000 (Poueymiro
& Genin, 2009; Mukaihara et al., 2010), only 23 have been assigned a defined role in
planta (Coll & Valls, 2013).

These effectors were shown to elicit or suppress plant defense, modulate host
proteasome or function as TAL (transcription activator-like) effectors (Deslandes &
Genin, 2014). Ralstonia TAL effectors (RipTALS) were shown to be structurally
homologous to previously characterized Xanthomonas TAL effectors (de Lange et al.,
2013; Li et al., 2013). Discovery of AvrBs3 effector family from Xanthomonas spp., also
called TAL effectors, constituted an outbreak in the field of plant-pathogen interactions,
as these effectors can mimic eukaryotic transcription factors and modulate plant target
genes (Boch & Bonas, 2010). These characteristics of TAL effectors offer fantastic
genome-manipulation applications and are currently exploited for engineering of plants
resistant to Xanthomonas spp. and Ralstonia solanacearum (Boch et al., 2014; de
Lange et al., 2013; Li et al., 2013).

Only in a few cases effector function has been elucidated and most of their plant
targets remain unknown. In fact, PopP2 (RipP2) is the only effector from Ralstonia
solanacearum for which a plant target is known. PopP2 displays auto-acetyltransferase
activity suspected to be perceived by RRS1-R, a resistance protein from Arabidopsis
thaliana (Deslandes et al., 2003; Tasset et al., 2010). Importantly, the functional
characterization of PopP2 demonstrates for the first time a physical interaction between
a plant-associated bacterial effector and its cognate resistance protein in the nucleus.

Nevertheless, the precise molecular mechanisms by which PopP2 activates the plant
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immune response are complex and involve cooperation of other interactors from both

plant and pathogen side (Bernoux et al., 2008; Williams et al., 2014).

Table 2. List of type lll effectors from Ralstonia solanacearum studied in planta
and their function (Deslandes & Genin, 2014).

Effector Relevant domain Associated phenotypic trait Function
RipA(1-5) RipA2 contributes to pathogenicity and has
(AWR1 to 5) necrogenic activity on tobacco
RipA5 acts as a HR-like eliciting factor on
some tobacco species
RipG(1-8) F box and leucine rich RipG2, RipG3, RipG6 and RipG7 collectively Components of
(Galal to 8) repeats contribute to pathogenicity (tomato and ubiquitin ligase
Arabidopsis) complexes in host
RipG7 required for pathogenicity on cells
Medicago truncatula
RipG4 suppresses callose deposition
(Arabidopsis)
RipH(1-3) Collectively contribute to pathogenicity on
(HLK1 to 3) tomato
RipP1 YopJ-like family of HR-eliciting factor on some Petunia
(PopP1) cysteine proteases genotypes and on tobacco species
RipP2 YopJ-like family of Avirulence factor on Arabidopsis genotypes  Plant nuclear-
(PopP2) cysteine proteases carrying the RRS1-R resistance gene localized and
Tolerance in Arabidopsis also depends on acetyltransferase
the RRS1-RipP2 interaction activity
Contribution to bacterial fithess on eggplant
RipR (PopS) Weak contribution to virulence (tomato)
Suppression of salicylic acid-mediated
defences (tomato)
RipT YopT-like family of Plant plasma
cysteine proteases membrane
associated cysteine
protease
RipAA (AvrA) HR-eliciting factor on tobacco species
Contribution to virulence (tomato, eggplant
and M. truncatula)
RipAF1 ADP- Contribution to bacterial fithess on eggplant
ribosyltransferase
RipAX1 Zinc-dependent HR-eliciting factor on eggplant S. torvum Putative protease
(Rip36) protease
RipTAL1 TAL (transcription Plant nuclear-
activator-like) localized
Transcription factor
RipV1, RipV2, | Ubiquitin-ligase Putative ubiquitin-
RIpAR, ligase
RipAW,
RipBG
RipB, RipAV Necrogenic activity on lettuce and tomato

cultivars
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AWRs (named after a conserved alanine-tryptophan-arginine tryad and also called
RipAs) are one of the multigenic families of five T3Es conserved in all R. solanacearum
strains (Peeters et al., 2013), with orthologues in other bacterial pathogens such as
Xanthomonas strains, Acidovorax avenae or Burkholderia spp. (Sole et al., 2012). A
low protein similarity has also been described between AWRs and the Xanthomonas
oryzae pv. oryzae effector XopZ, which was shown to be involved in virulence and
suppression of host basal defence (Song & Yang, 2010). Translocation assays have
proven AWRs as bona fide R. solanacearum type Il secreted effectors (Cunnac et al.,
2004; Mukaihara et al., 2010; Sole et al., 2012). However, sequence information on
AWR proteins gives no clue on their putative function. In a previous study, we showed
that the AWR T3E family collectively contributes to R. solanacearum virulence, as a
mutant bacterium devoid of all AWRs multiplies 50-fold less than the wild-type strain on
eggplant and tomato plants (see annex (Sole et al., 2012)). This is consistent with the
fact that AWR family of belongs to the core effectome, defined as the minimal effector

repertoire to cause disease (Deslandes & Genin, 2014).

Functional analysis of AWRs also demonstrated that their expression in different plant
species triggers varying defense responses (annex (Sole et al., 2012)). AWR proteins
might be recognized in Arabidopsis thaliana, since the Aawr7-5 strain infects faster
than a wild-type strain. Also, heterologous expression of AWRSs in P. syringae results in
reduced growth compared to a wild-type strain, suggesting that some AWRs (except
for AWR2) may be detected by plant proteins. Finally, Agrobacterium-mediated
transient expression of AWRs in the leaves of non-host Nicotiana benthamiana plants

induces a necrosis effect at different extents.

Functional analyses of each AWR showed that AWR5 had an important contribution in
virulence and also caused the most dramatic responses in plants. In N. benthamiana
plants, AWRS5 induces an HR-like phenotype, as confirmed by trypan blue and DAB
(diaminobenzidine) staining, for dead cells and cells producing H2O;, respectively,
together with the up-regulation of HR-specific marker genes (see annex (Sole et al.,
2012)). In addition, we have recently found that awr5 is one of the most highly
expressed genes when R. solanacearum grows inside the plant host (Puigvert et al.
unpublished), strengthening the hypothesis that AWR5 has an important role in

infection.

These findings, together with the limitations encountered in AWRS5 study, appointed us

to characterization of this effector function by heterologous expression in yeast.
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OBJECTIVES

The objectives of this thesis are detailed below:

Heterologous expression of AWR type Il effectors in Saccharomyces cerevisiae

To investigate the function of AWR bacterial effectors in eukaryotic cells, we expressed
the five awr genes from Ralstonia solanacearum GMI1000 in yeast, using different

promoter systems.

Phenotypic characterization of AWR effector family in yeast

We aimed to evaluate the phenotypes caused by awr genes expression on yeast cells.

Effect of awr5 expression on the physiology of the budding yeast

To understand the molecular basis of AWRS5 effect on yeast physiology, we have used

a genome-wide transcriptomic approach.

Identification of AWRS5 molecular targets by heterologous expression in yeast

To further dissect the mechanism of action of AWR5 in heterologous systems, we
applied gain-of-function approaches, to obtain information about the processes
manipulated by the bacterial pathogen on yeast.

In planta validation of AWRS5 impact on its targets

In order to determine the degree of functional conservation of AWRS in its natural
context, we tested the impact of this effector protein on complementary plant

processes.
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CHAPTERT1:
PHENOTYPIC CHARACTERIZATION OF AWR
PROTEINS IN YEAST

Background

Our first aim was to perform a yeast two-hybrid (Y2H) screening to identify plant
proteins interacting with AWRs. We noticed that transformation of yeast cells with
plasmids carrying awr genes had a very low efficiency when compared to the yeast
cells transformation with the empty vector. This fact suggested a putative toxicity effect

of AWRs on yeast growth.

1.1. Expression of the R. solanacearum awr type lll effectors in budding yeast

causes growth inhibition

To investigate the function of the AWR bacterial effectors in eukaryotic cells, we
expressed the five awr genes from R. solanacearum GMI1000 in S. cerevisiae. In a
first step, awrs were cloned in the high-copy number vector pAG426GAL, where they
are transcribed from the strong galactose-inducible GAL1 promoter. The resulting
plasmids were introduced in yeast and the transformed strains grown overnight, then
serially diluted and plated either in repressing media (glucose) or inducing media
(galactose). It was observed that, except for AWR4, these effectors inhibited growth to
different extents, as observed by the inability to form macroscopic colonies on inducing
media (Fig. 5). AWR1, 2, 3 and 5 caused a strong toxicity upon induction, but AWR5
showed the most dramatic effect, inhibiting yeast growth even in non-inducing
conditions. The phenotype seemed specific for AWR effectors, as it was not observed

when a control gene (GFP) was expressed (Fig. 5).
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FIGURE 5. Full-length AWRS causes growth inhibition in yeast when expressed
from a high-copy-number plasmid.

Yeast strains bearing awr genes fused to GFP tag and the awr5 effector gene N-terminal (Nt-
AWR5), central (Cen-AWRS5) and C-terminal (Ct-AWRS5) fragments were subjected to serial 10-
fold dilutions and spotted onto solid SD-Ura+gluc (glucose - repressing medium) and SD-
Ura+gal (galactose - inducing medium). Photographs were taken after 2 days of growth.

The full-length AWRS5 protein was required for functionality, as expression of split
variants of AWR5 (N-terminal or C-terminal halves, or the central region) did not cause
toxicity on yeast cells (Fig. 5). Importantly, these results correlated with the HR-like

phenotypes observed in non-host plants (see Annex Figure 5A (Sole et al., 2012)).

To evaluate the phenotype in more physiological conditions and ensure construct
stability and tight control of effector transcription, we integrated the bacterial genes in
the yeast genome under the control of a repressible Tet-Off promoter (Gossen &
Bujard, 1992). When the resulting strains bearing awrs or a control GUS gene were
plated in the absence of the repressor doxycycline, only expression of awr5 reproduced
the dramatic growth arrest (Fig. 6). Thus, we later concentrated on the characterization

of the growth inhibition caused by awr5 expression.
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FIGURE 6. Expression of awr5 effector inhibits yeast growth.

Growth on solid medium of yeast strains expressing awr effectors. Yeast strains bearing awr
genes fused to GFP tag were subjected to serial 10-fold dilutions and spotted onto solid SD-
Ura+doxycycline (repressing medium) and SD-Ura (inducing medium). Photographs were taken
after 2 days of growth.

The absence of toxicity for AWR1, 2 and 4 could not be attributed to a lack of

expression, as the full-length proteins were readily detected in yeast cells (Fig. 7).
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FIGURE 7. Protein levels of the different AWR family members expressed in

yeast.

Total protein was extracted from yeast strains expressing AWR effectors fused to GFP and
immunoblotted using anti-GFP antibody.
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1.2. Characterization of the AWR5-dependent growth inhibition phenotype

Yeast growth inhibition was also apparent upon AWRS production in liquid cultures, as
indicated by a rapid stagnation of cell density over time (not shown) and a clear
decrease in the number of viable cells (Fig. 8A). Growth inhibition kinetics paralleled
with an increase in awr5 RNA (Fig. 8C) and protein levels (Fig. 8B). Microscopic
observation of strains producing AWRS5 revealed the presence of budding cells at
similar proportions to cells not producing the bacterial effector (Fig. 9A). Thus, it could

be ruled out that this protein caused arrest in a particular step of the cell cycle.
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FIGURE 8. Characterization of AWR5-induced growth inhibition phenotype.

(A) Growth kinetics in liquid medium of yeast cells harboring awr5. Yeast cells harboring awr5
were grown in SD-Ura+dox (-AWRS5) and SD-Ura (+AWRS5) liquid media and dispersed on SD-
Ura+dox plates. The logarithm of colony forming units (CFU) per ml is shown over time. Error
bars indicate standard errors for 2 biological replicates. (B) Immunoblot analysis of AWR5
protein levels. Total protein was extracted from cultures shown in figure 6 and immunoblotted
using an anti-GFP antibody. The black arrowhead indicates AWRS5-GFP protein. (C) gRT-PCR
showing awr5 expression levels relative to actin. Yeast strains bearing awr5 gene were grown in
SD-Ura+dox (-AWRS5) and SD-Ura (+AWRS5). awr5 gene expression was tested at 4 and 6
hours after induction. Error bars represent standard errors of 2 independent clones. All
experiments were performed at least three times, with similar results.
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Expression of awr5 caused strong growth inhibition but not cell death, as deduced from
methylene blue staining of cells bearing awr5 in the absence of doxycycline (Fig. 9A)
and from counting of viable cells able to form colonies under awr5 repression
conditions after 6 h of awr5 expression (Fig. 9B). Similarly, growth arrest in cells
expressing awr5 was not likely caused by defect in cell wall construction leading to cell
lysis, since it was not eliminated by osmotic stabilization with 10% sorbitol (Fig. 10). In
contrast, determination of cell size upon expression of awr5 showed significant
changes, visible after 8 h of induction, with AWR5-producing cells showing an average
diameter of 4.96 + 0.03 um, while that of non-expressing cells was over 5.3 £ 0.06 um
(p < 0.005, Fig. 9C).
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FIGURE 9. awr5 does not cause cell cycle arrest nor cell death in yeast.

(A) Representative bright field microscope pictures of cells bearing awr5 grown for 6 hours in
SD-Ura+dox (-AWRS5) in SD-Ura (+AWRS5). Upper panel: unstained cells. Middle panel: Cells
stained with methylene blue. Lower panel: Cells fixed with formaldehyde before methylene blue
staining. Black arrows indicate budding yeast cells. Bars correspond to 5 pm. (B) Growth curves
under repressing conditions (SD-Ura+dox) of the yeast strain harboring awr5 that had been
previously been grown in SD-Ura+dox (repression of awr5) or SD-Ura (induction of awr5). Yeast
counts were measured by spotting culture dilutions on SD-Ura+dox plates. The logarithm of
colony forming units (CFU) per ml is shown over time. A representative curve is shown for each
condition. (C) Expression of AWRS5 diminishes yeast cell size. Strains bearing AWR5 were
grown in YPD+dox (repression, -AWR5) or YPD (induction, +AWRDS5) for 6 and 8 hours. Cell size
was analyzed with a Scepter Handheld Automated Cell Counter (Merck Millipore) and
compared to that of the wildtype strain with (-Wt) and without doxycycline (+W?t). Letters at 8 hpi
indicate a statistically significant difference following post-ANOVA Tuckey test (P<0.001).

52



RESULTS: PHENOTYPIC CHARACTERIZATION OF AWR PROTEINS IN YEAST

Previous reports studying effectors from Pseudomonas syringae or Xanthomonas
euvesicatoria had shown that some of them caused growth arrest when yeast was
forced to respire (Munkvold et al., 2008). To verify if respiration affected AWRS toxicity
in yeast, we grew serial dilutions of the strain producing this protein or a control gene
(B-glucuronidase, GUS) onto solid medium containing the non-fermentable carbon
sources ethanol and glycerol. The toxic effect due to AWR5 was maintained under
these conditions (Fig. 10). As observed in Figure 10, the toxic effect due to AWR5 was

maintained under these conditions.
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FIGURE 10. AWR5-mediated yeast growth inhibition is not rescued by

osmoprotection or respiration.

Serial tenfold dilutions of strains bearing awr5 or a control gene (GUS) were spotted onto solid
SD-Ura medium containing glucose and doxycycline (repressing conditions), or on plates
without doxycyline (awr5 inducing conditions) supplemented either with: glucose, glucose and
sorbitol (osmoprotectant) or ethanol/glycerol (carbon sources that force respiration).
Photographs of representative plates out of several replicas were taken after 2 days of growth.

In summary, we established that production of the full-length AWR5 protein in yeast
targeted a cellular process leading to a growth inhibition and decreased cell size, but

not involving an evident cell cycle arrest or cell death.
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CHAPTER2:

IDENTIFICATION OF CELLULAR PROCESSES
TARGETED BY AWRS HETEROLOGOUS
EXPRESSION IN YEAST

2.1. Expression of awr5 mimics the transcriptional changes induced by the

TORC1 inhibitor rapamycin

To understand the molecular basis of awr5 toxicity in yeast and to highlight putative
functional targets, we considered the identification of possible changes at the mRNA
level caused by expression of the effector. To this end, we carried out a genome-wide
transcriptomic analysis using DNA microarrays in yeast cells with awr5 expression
induced for 2, 4 and 6 h. This time-course was selected according to the previously
characterized growth effect (Figure 8A). DNA microarray analysis yielded 3763 genes
with valid data for all 3 time-points. We observed that induction of awr5 expression
produced relevant time-dependent changes in the transcriptomic profile that, in most
cases, could be observed after 4 and 6 h of induction. The mRNA level of 766 genes
was modified at least 2-fold, with 319 genes induced and 447 repressed. The functional
assignment of induced genes revealed a striking excess of genes subjected to nitrogen
catabolite repression (NCR) (Godard et al., 2007), such as MEP2, GAP1, DAL5, CPS1
or DUR1,2, whereas among the repressed genes there was a vast excess of genes
encoding ribosomal proteins or involved in ribosome biogenesis. This profile was
reminiscent of that reported by several laboratories for inhibition of the TORC1 pathway
(Hughes Hallett et al., 2014).

The TOR complex 1 (TORC1) is involved in the regulation of cell growth in response to
nutrient availability and stress conditions by controlling diverse cellular processes,
including transcriptional activation, ribosome biogenesis or autophagy (Smets et al.,
2010). This complex contains the Torl or Tor2 protein kinases (Loewith & Hall, 2011)
and can be inhibited by the drug rapamycin. We took advantage of recent work by the
collaborating laboratory of Joaquin Arifio that had generated the transcriptomic profile
in response to 1 h of exposure to rapamycin (Gonzalez et al., 2013). Combination of
this data with that obtained here after awr5 expression yielded 2774 genes with

expression information in both conditions. Figure 11 shows the correspondence
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between changes produced in response to awr5 with those caused by rapamycin.
Whereas the correlation was relatively poor shortly after awr5 induction (correlation
coefficient = 0.401), the similarity between both responses became evident after 4 h
and, particularly, after 6 h of awr5 induction (correlation coefficients 0.569 and 0.739,
respectively). We then selected among the 766 genes whose expression changed at
least 2-fold those with data for the rapamycin treatment (596 genes) and subjected this
set of genes to clustering analysis. Figure 11 clearly documents that the time-
dependent transcriptional response to expression of awr5 matches that provoked by
rapamycin treatment (correlation coefficient of 0.872 when compared with awr5 data
after 6 h of expression). It can be observed that clusters 1 and 2 -and to some extent
also cluster 3- are enriched in induced genes related to metabolism of nitrogen (mostly
amino acids), whereas regarding the repressed genes, cluster 5 includes genes
involved in translation and cluster 6 is enriched in genes encoding ribosomal proteins
or members of the RiBi (ribosome biogenesis) regulon. All these results indicate that
expression of bacterial awr5 in yeast triggers a response that mimics the inhibition of
the TORC1 pathway.
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FIGURE 11. Expression of bacterial awr5 in yeast mimics the transcriptomic

changes caused by inhibition of the TORC1 pathway.

The set of 596 genes presenting at least 2-fold changes in mMRNA levels upon expression of
awr5 and with valid data for the rapamycin treatment (1 h; 200 ng/ml rapamycin) were clustered
(Euclidean distance, average linkage) using Cluster 3.0 software (de Hoon et al., 2004) and are
represented with the Java Treeview software, version 1.1.6r4 (Saldanha, 2004). Numbers in red
denote selected clusters referred to in the main text and number between parentheses
designate the p-value for the indicated GO annotations.
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These transcriptome data were validated by performing quantitative RT-PCR analysis
on a subset of genes from different TORC1-regulated pathways, which showed altered
expression levels in response to awr5 (Fig. 12A). As expected, awr5 expression
resulted in a decrease of the levels of the TOR-activated STM1 and NSR1 genes,
which are involved in yeast growth (Homma et al., 2003; Van Dyke et al., 2013). In
contrast, the levels of the TOR-repressed GAP1 and MEP2, which control nitrogen
catabolite repression (Conway et al., 2012), increased in response to awr5 expression.
Similar results were obtained when promoter activity was measured using fusions to
the B-galactosidase reporter: awr5 expression resulted in increased GAP1 and MEP2
promoter output (Fig. 12B).
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FIGURE 12. Transcriptional response of TORCl-related genes to awr5

expression.

(A) gRT-PCR experiments showing relative gene expression of TORC1 downstream targets.
Gene expression of nitrogen catabolite repression (NCR)-sensitive GAP1 and MEP2 and
ribosomal biogenesis STM1 and NSR1 genes was tested in yeast strains expressing awrb
(+AWRS) 6 hours after induction. Error bars represent standard errors from 2 biological
replicates. (B) B-galactosidase activities from yeast cells bearing awr5. Promoter activities of
GAP1 and MEP2 were determined 6 hours after growth in SD-Ura+dox (-AWR5) and SD-Ura
(+AWRS). Data represent the means and standard errors of 4 independent clones. All assays
were repeated at least twice with similar results.
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In parallel, we also tested promoter activity of GLN1 and GDH1 fused to the [-
galactosidase reporter strains. Transcriptomic analyses showed that GLN1 and GDH1
were induced after awr5 expression, although to a lower level than MEP2 and GAP1.
This resembled the transcriptional changes induced by treatment with rapamycin in
which expression of plasma membrane permeases MEP2 and GAP1 is rapidly induced
more than 10-fold, whereas induction of GLN1 and GDH1 occurrs to lower levels
(Cardenas et al., 1999; Hardwick et al., 1999). Moreover, in the case of GLNI,
expression reaches its maximum at 1 hour after rapamycin induction, and at 2 hours
expression returns to the original level (Cardenas et al., 1999). Differences in fold-
induction after rapamycin treatment were also seen at the level of promoter activity of
these NCR-regulated genes (Gonzalez et al., 2013). No significant change in GLN1
and GDH1 promoter activity was observed six hours after awr5 expression (Figure 13),
indicating AWR5-mediated induced expression of GLN1 and GDH1 genes showed by

the transcriptomic data is not detectable at the level of the promoter activity.
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FIGURE 13. Transcriptional response of GLN1 and GDH1 to awr5 expression.

B-galactosidase activities from yeast cells bearing awr5. Promoter activities of GLN1 and GDH1
were determined 6 hours after growth in SD-Ura+dox (-AWRS5) and SD-Ura (+AWR5). Data
represent the mean and standard errors of 3 independent clones. All assays were repeated at
least twice with similar results.
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2.2. Effect of TORC1 activator cycloheximide on yeast cells expressing

awrb

To better characterize AWRS impact on TORC1 pathway in yeast, we studied the effect
of the protein biosynthesis inhibitor cycloheximide on yeast cells expressing awr5.
Contrary to rapamycin, cycloheximide has been previously shown to cause a strong
increase in TORCL1 activity, probably by boosting the levels of free intracellular amino-
acids (Binda et al., 2009; Urban et al, 2007). Thus, we hypothesized that
cycloheximide treatment would revert the effect caused by AWR5. However, AWR5-
mediated TORC1 pathway inhibition could not be reverted by cycloheximide (Figure
14). A previous study demonstrated that simultaneous treatment with cycloheximide
and rapamycin still shows an inhibitory effect on TORC1 activity (MacGurn et al.,
2011). So, if AWR5 expression resembles rapamycin treatment, it might be possible

that it prevails on the effect of cycloheximide.
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FIGURE 14. Effect of cycloheximide on yeast cells expressing awr5.

Yeast strains bearing AWRS5 effector or a control gene (GUS) were spotted in 1:10 dilution
series on solid SD-Ura plates containing different concentrations of doxycycline (DOX: 20, 0.1
and 0 pg/ml) and cycloheximide (CHX: 0, 0.1, 0.2 pg/ml). Photographs were taken after 3 days
of growth.
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CHAPTERS:

MOLECULAR MECHANISMS UNDERLYING AWRS5-
TRIGGERED INHIBITION OF THE YEAST TOR
PATHWAY

In the previous chapters, we have shown heterologous expression of AWRS5 in S.
cerevisiae resulted in dramatic growth inhibition of yeast cells caused by inhibition of
the central regulatory TOR pathway. Thus, we focused on a close analysis of the
TORC1 pathway in yeast to better understand molecular mechanisms underlying
AWRS5-mediated toxicity.

3.1. Mutations in three genes involved in the TORC1 pathway rescue the
yeast growth inhibition caused by AWRS5

The TORCL1 protein complex regulates the transition between growth and quiescence
in response to nutrient status and can be inhibited by rapamycin. TORC1 acts by
controlling three major cell components: the kinase Sch9, Tap42, its associated

phosphatases and the ATG1 complex (Conrad et al., 2014; Zaman et al., 2008).

Rapamycin

NUCLEUS H @ H
Stress/ stationary Seaa Atg

l genes ; genes
STM1,NSR1 GAP1, MEP2
Growth Stress response N catabolite Autophagy
repression

FIGURE 15. Schematic view of the Saccharomyces cerevisiae TORC1-regulated

pathways.
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The TORC1 complex is a central growth regulator, controlling the balance between growth and
quiescence. Continuous and dotted lines represent, respectively, signaling events regulated by
active and inactive TORC1.

Active TORCL1 directly phosphorylates Sch9 -the orthologue of the mammalian S6
kinase-, which induces RiBi genes, such as STM1 and NSR1, to increase translation
and promote growth (Urban et al., 2007) (Figure 15). In addition, when TORC1 is
active, the essential downstream regulatory protein, Tap42, is phosphorylated and
associates with the catalytic subunits of the PP2A and PP2A-like phosphatases, which
are retained in membranes interacting with TORC1 (Aronova et al., 2007; Kunz et al.,
2000). Finally, active TORCL1 can inhibit autophagy by phosphorylation of ATG13,
which prevents association with the ATG1 kinase and subsequent autophagy induction
(Kamada et al., 2010). On the contrary, when TORCL1 is inactivated by rapamycin
treatment or nitrogen starvation, Tap42 and the PP2A and PP2A-like phosphatases are
released to the cytosol and activated, allowing expression of stress genes and NCR
genes such as GAP1 and MEP2 (Conrad et al., 2014; Zaman et al., 2008) (Figure 15).
This gene reprogramming takes place through PP2A/Sit4-mediated de-phosphorylation
and subsequent translocation of GIn3 to the nucleus and PP2A-mediated inhibition of
nuclear export of the Msn2/4 factors (Gonzalez et al., 2009). Our gene expression
analyses and biochemical characterizations showed that the bacterial effector AWR5
interferes with the TORC1-regulated pathways, repressing ribosome biogenesis and
translation and activating autophagy and stress responses. In order to ascertain which
point of these pathways was targeted by AWRS5 we analyzed yeast strains with altered
levels of different genes mediating TORC1 signaling.

In yeast, TORC1 modulates stress responses and nitrogen catabolite repression
mostly by controlling the activity of several phosphatases, such as protein phosphatase
2A (PP2A) or Sit 4, often by modifying their interaction with regulatory subunits (Fig.
15, (Loewith & Hall, 2011)). Interestingly, the strains mutated in the PP2A regulatory or
scaffold subunits CDC55 or TPD3 did not show AWRS-triggered growth inhibition. In
addition, mutation in SCH9, the yeast kinase required for TORC1-dependent regulation
of growth and mass accumulation (Urban et al., 2007), also rescued toxicity caused by
AWRS (Fig. 16).
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SD-Ura+dox (-AWR5) SD-Ura (+AWRS5)

FIGURE 16. cdcbh5, tpd3 and sch9 mutations suppress AWRS5-induced yeast

growth inhibition.

Growth on solid medium of control (Wt) and TORC1-related yeast mutants containing plasmid
carrying awrb. Serial 10-fold dilutions were spotted onto solid SD-Ura+doxycycline (-AWRS5) and
SD-Ura (+AWRS5). Photographs were taken after 2 days of growth.

Since genes deleted in the phenotype suppressor strains modulate independent
cellular processes, we divided the following experiments in two sections. The first part
of the work was meant to provide clues on AWRS5-triggered responses on signaling
controlled by Tap42 and PP2A complexes. Secondly, we evaluated AWR5 impact on
protein and ribosome synthesis and the cell growth pathway.
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3.1.1. AWRS5 impact on stress responses and NCR signalling

As mutations in the CDC55 or TPD3 genes rescued AWRS-triggered growth inhibition,
this indicated that these PP2A subunits are essential for AWRS to cause its phenotype
and might be directly targeted by the effector. These results were also corroborated by
evaluating growth kinetics in cdc55 mutant yeast strains expressing awrb. Figure 17

shows cdc55 mutation attenuates the decrease in number of viable cells observed after
awrb expression.
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FIGURE 17. cdc55 mutation attenuates AWR5-mediated growth inhibition.

Growth kinetics in liquid medium of wild-type (WT) and cdc55 mutant yeast cells harboring
awr5. Yeast cells harboring awr5 were grown in SD-Ura+dox (-AWRS5) and SD-Ura (+AWRS5)
liquid media and dispersed on SD-Ura+dox plates. The logarithm of colony forming units (CFU)
per ml is shown over time. Error bars indicate standard errors for 2 biological replicates.

Next, we tested promoter activity of GAP1 fused to the B-galactosidase reporter in wild
type and cdc55 mutant strains. Our results clearly showed that Cdc55 was required for
the increase in GAP1 promoter activity that occurs in response to awr5 expression (Fig.
18). On the contrary, effect of AWR5 on GAP1 activity was not dependent on Tip41 or
Ppm1, as increased promoter levels were still observed in tip41l and ppml mutant
strains (Fig. 18). In the gIn3 mutant yeast strain, GAP1 showed very low promoter
levels independent of awr5 expression, therefore the results obtained are not
significant.
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FIGURE 18. Transcriptional response of GAP1 to awr5 expression.

GAP1 promoter activities from plasmid pGAP1-LacZ in wild-type (WT) and mutant cdc55, tip41,
ppml and gIn3 yeast cells bearing awr5 or a control gene (GFP). B-galactosidase activity was
measured 6 hours after growth in SD-Ura+dox (-AWR5) and SD-Ura (+AWR5). Values
represent the means and standard errors of 4 independent clones. All experiments were
performed three times with similar results.

AWRS5-mediated growth inhibition could not be rescued by overexpression or
conditional mutation of the two redundant genes (pph21, 22) encoding the PP2A
catalytic subunits (Fig. 19A and 19B). Thus, the effector does not seem to target these
subunits. Alteration in genes related to NCR or stress response signaling through the
TORC1 pathway did not show reversion of AWRS5-mediated growth inhibition. Indeed,
mutants rtsl, tip41, ppml and gin3 and an overexpressor of SIT4 had no effect (Fig.
19B)
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SD-Trp+dox (28°C) SD-Trp (28°C)
control
Wit
AWRS5

control
pph21,22
AWRS5

control
Wit

AWRS

control
pph21,22
AWR5

control
Wit

AWRS

control
pph21,22

AWRS

SIT4
control
PPH21
PPH22
HAL3

FIGURE 19. Effect of awr5 expression on yeast strains with altered levels of

TORC1-regulated genes.

(A) Growth of a wild-type (Wt) and a temperature-conditional pph21, 22 double mutant
expressing awr5 or carrying an empty vector. Serial 10-fold dilutions were spotted onto solid
SD-Trp+doxycycline (repressing medium) and SD-Trp (inducing medium) and plates were
incubated at different temperatures (28, 35 and 37°C). (B) Growth of yeast strains expressing
awr5 and overexpressing different TORC1-regulated genes. Serial 10-fold dilutions were
spotted onto solid SD-Ura+doxycycline (repression of awr5) and SD-Ura (awr5 expression). All
photographs were taken after 3 days of growth.
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Interestingly, overexpressing HAL3 seemed to partially revert the AWRb5-triggered
growth inhibition phenotype. HAL3 is a negative regulator of PPZ1 (de Nadal et al.,
1998), a phosphatase shown to modulate different cellular processes in yeast. Among
other functions, Ppz1l is involved in regulation of GIn3 phosphorylation, being required
for its cytoplasmic localization (Hirasaki et al., 2011). In addition, Ppz1l modulates
cellular salt homeostasis, as the ppz1l mutant was shown to have an increased sodium
tolerance (Posas et al., 1995). Overexpression of HAL3 mimics deletion of PPZ1,
therefore, the partial recovery of growth observed in yeast HAL3 strains expressing
awr5 is puzzling but could be attributed to the different state of the cell, in this case

more adapted and resistant to stress.

Mutation in Cdc55 attenuates AWR5-mediated transcriptional responses

To determine whether Cdcb55 was required for downstream AWR5-mediated
responses, we carried out a new transcriptomic analysis, in this case by direct
sequencing of RNAs (RNA-seq) in wild type and cdc55 cells expressing awr5 for 6 h.
Analysis of the wild type strain showed a response congruent with that observed
previously using DNA microarrays, with a correlation coefficient of 0.63 in the genes

detected as induced by both methodologies (Fig. 20).
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FIGURE 20. Correlation in gene expression data obtained by microarray

hibridization vs RNA-seq.

Expression ratios for genes induced genes upon awr5 expression compared to non-expressing
conditions are represented for both methodologies. Key genes mentioned in the text are
labelled with their names.
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In addition, among the top 25 most induced genes detected by microarray analysis, 13
were also ranked as such by RNA-seq. Comparison of the profiles of the wild type and
the cdc55 strains after 6 h of awr5 induction showed that mutation in Cdc55
dramatically attenuated the transcriptomic effects caused by awr5 expression. As
illustrated in Figure 21A, 512 genes were induced in the wild type strain upon awr5
expression and only 212 in the cdc55 strain (of which only 144 were also induced in
wild type cells). This effect was particularly evident in repressed genes, since the cdc55
mutation affected almost 90% of the genes repressed by awr5 expression in the wild
type strain. The attenuation of the transcriptional response to AWRS could clearly be
observed by plotting the 100 genes showing highest induction (Fig. 21B, upper panel)
or repression (Fig. 21B, lower panel) in wild-type cells and comparing to their
expression in cdc55 cells. It was notorious that many of the highly induced genes,
which belong to the NCR and the mitochondrial retrograde pathways, decreased their
expression in the absence of the regulatory subunit of PP2A. Indeed, 26 out of 28 NCR
and RTG genes (Dilova et al., 2002) ranking as top 100 induced decreased their

expression more than 50% in cdc55 cells.
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FIGURE 21. Mutation of Cdch5 greatly attenuates AWRS5 impact on the yeast

transcriptional profile.

(A) Venn diagram showing the number of genes whose expression was considered to be
induced (top) or repressed (bottom) by expression of AWS5 in wild-type and cdc55 cells for a set
of 5732 genes with valid data for both strains. (B) Plots of the log2 values for the changes in the
level of expression induced by expression of AW5 in both wild-type (open circles) and cdc55
strains for the 100 most upregulated (top) and 100 most downregulated (bottom) genes in the
wild-type strain (open circles). Symbols for the expression values for the cdc55 strain are
depicted as follows. For the induced genes: open triangles, the NCR family, as defined
previously (Godard et al., 2007); the RTG group (open squares) comprises the genes described
as documented targets for the Rtgl or Rtg3 transcription factors as defined in (Gonzalez et al.,
2009). Genes not included in these categories are designated as “others” (closed circles). The
genes downregulated in the wild-type strain are classified into one of three possible families:
Ribi regulon (closed squares), ribosomal proteins (open triangles), protein translation (open
diamonds), and others (closed circles), as defined in (Gonzalez et al., 2009).

Similarly, a significant number of genes whose expression was decreased in response
to AWRS5, were clearly no longer repressed in cdc55 cells. However, the effect was not
homogeneous. For instance the transcripts showing little or no change in awr5-induced
repression upon deletion of cdc55 are largely enriched in genes involved in ribosome
biogenesis and rRNA processing (Figure 22). This could be expected, as TOR-

regulated expression of these genes is mostly PP2A-independent.
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FIGURE 22. Ratio between the repression caused by awr5 expression in the wild

type and cdc55 strains.
The ratio was calculated for 219 genes found to be repressed in the wild type strain. Genes
were ranked according to this ratio and the rank divided into quartiles. Gene Ontology analysis

was performed for each quartile using the SGD YeastMine tool and relevant results are shown
on the right. p-values are shown in parentheses.

Is PP2A subunit Cdc55 a direct target of AWR5?

To determine whether AWRS5 interacted with Cdc55, we carried out co-
immunoprecipitation experiments with yeast cells co-expressing endogenous HA-
tagged Cdc55 and AWR5-GFP. As shown in Figure 23, AWR5-GFP was not able to
specifically pull down 3HA-Cdc55 from yeast extracts.
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FIGURE 23. Co-immunoprecipitation of AWR5 and Cdc55 in yeast.

Protein extracts from yeast cells co-expressing HA-Cdc55 and AWR5-GFP were
immunoprecipitated with anti-GFP-coupled magnetic beads. Crude extract (input) and eluate
(elution) were analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) with anti-HA
(top) or anti-GFP (bottom) immunoblot. The asterisk denotes nonspecific cross-reacting bands;
arrowheads are ~163 kDa, the expected apparent molecular mass of AWR5-GFP. WB, Western
Blot. Experiments were performed three times with similar results.

Taken together, our results indicate that the inability to form PP2A complexes
containing Cdc55 not only neutralizes the severe growth defect caused by expression
of awr5, but also substantially minimizes the transcriptional alterations derived from
such expression. However, no specific interaction was detected between AWR5 and
PP2A-Cdc55 subunit, further supporting the notion that the PP2A complex might
indirectly mediate the phenotype caused by the AWR5 effector.
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3.1.2. AWRS impact on protein and ribosome synthesis

In order to decipher the mechanisms underlying AWR5-mediated down-regulation of
protein and ribosome synthesis, we analysed phosphorylation of Rps6 in yeast cells
expressing awrb. Rps6 is a component of protein and ribosome synthesis signalling
and its phosphorylation status was proven to be a valuable readout of TORC1-
dependent signalling in both yeast and mammals (Gonzalez et al., 2015; von
Manteuffel et al., 1997). In yeast cells, inhibition of TORC1 by both rapamycin
treatment and nitrogen starvation resulted in decreased Rps6 phosphorylation levels
(Gonzalez et al., 2015) (Figure 15).

Taking advantage of a commercially available antibody shown to detect endogenous
Rps6 phosphorylation in yeast, we have observed awr5 expression does not affect
Rps6 total protein levels or its level of phosphorylation in wild-type strains (Figure 24).
This implies that, contrary to our expectations, AWR5-mediated TORC1 inhibition does
not lead to a decrease in Rps6 phosphorylation or that this is not detectable in our
experiments. Next, we tested phosphorylation of this ribosomal protein in cdc55 mutant
strains expressing awr5. Cells lacking Cdc55 seemed to have slightly lower amounts of
phosphorylated Rps6 upon induction of awr5 expression, but this is probably due to low
levels of total Rps6 proteins in comparison to wild-type strains (Figure 24). In addition,
since lower amounts of total Rps6 protein were observed independently of awr5
expression, differences in Rps6 phosphorylation in mutant cdc55 might be a result of

pleiotropic effects.
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FIGURE 24. Effect of awr5 expression on Rps6 phosphorylation in wild-type and
cdc55 mutant strains.

Immunoblot analysis of Rps6 phosphorylation in wild-type (WT) and cdc55 mutant strains. Total
protein was extracted from the indicated strains at 6 hours after growth in SD-Ura+dox (-AWR5)
and SD-Ura (+AWRS5) and immunoblotted using anti-phospho-S6 and anti-RPS6 antibodies.

We have not tested AWR5 impact on phosphorylation of Rps6 in mutant sch9 strain, as
it was shown this event was unaffected in cells lacking Sch9 upon nitrogen starvation
(Gonzalez et al., 2015).

3.2. awr5 expression constitutively activates autophagy

It is known that TORC1 regulates autophagy in yeast via inhibition of the ATG1
complex (Fig. 15 and (Kamada et al., 2000)). Our microarray data showed that
expression of awr5 increased the expression of diverse autophagy genes, such as
ATG8 or ATG14, which indicates activation of this process. In order to confirm whether
autophagy was affected by awr5 expression, autophagic flux was monitored in yeast
cells constitutively expressing GFP-ATG8 (Fig. 25). Proteolysis of GFP-ATGS8 in the
vacuole during autophagy results in the accumulation of the GFP moiety. Hence,
detection of free GFP levels by western blot analysis can be used as readout of the
autophagic rate (Cheong & Klionsky, 2008). Expression of awr5 led to a dramatic
accumulation of GFP in yeast cells, indicating an increased autophagic flux (Fig. 25A).
As a control, we subjected yeast cells to nitrogen starvation, which resulted, as

expected, in an increase of free GFP levels (Fig. 25B).
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FIGURE 25. awr5 expression induces constitutive autophagy, independently of
Cdc55-PP2A activity.

(A) Immunodetection of GFP-ATGS8 processing in wild-type and mutant cdc55 yeast strains
expressing awr5. Wild-type (WT) and mutant cdc55 yeast cells bearing awr5 gene were grown
in SD-Ura+dox (-AWRS5) and SD-Ura (+AWRS5). Total protein extracts were immunoblotted
using anti-GFP antibody. The black and the grey arrowhead indicate, respectively, GFP-ATGS8
fusion protein and cleaved GFP. The asterisk denotes a degradation product of AWR5-GFP
protein. (B) Wild-type cells carrying GFP-ATG8 grown in nitrogen-rich (N+) or nitrogen-depleted
(N-) medium were used as a control of GFP-ATGS8 processing and induction of autophagy in N-
conditions. (C) AWRS5 protein levels in wild-type and mutant cdc55 yeast cells. Total protein was
extracted and immunoblotted using anti-GFP antibody. The black arrow indicates AWR5-GFP
protein. All experiments were performed at least three times, with similar results.

Interestingly, free GFP levels in awr5-expressing cells were higher than in nitrogen-
starved cells, indicating that AWRS is a stronger autophagy inducer. Next, we tested
whether Cdc55 was involved in AWRS5-triggered autophagy in yeast. Although GFP-
ATGS8 levels were slightly higher in cdc55 mutant cells expressing awr5, autophagy
was similarly induced in both strains (Fig. 25A). awr5 expression was analyzed and
similar levels were detected in wild type and cdc55 mutant cells (Fig. 25C). These
findings indicated that AWR-mediated autophagy induction occurs independently of

Cdc55 in yeast.
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3.3. Effect of awr genes expression on TORC1 downstream targets

Characterization of AWR effector proteins in planta had demonstrated that the type IlI
effectorsof this family are important for bacterial multiplication and act redundantly on
pathogenicity towards hosts (Sole et al., 2012). In addition, most AWRs caused
toxicity in yeast. Thus, we next explored whether the modes of action of other AWRs
resembled those of AWRS. To this end, we tested if gene expression of GAP1 and
MEP2 was also altered by other members of AWR family.

As seen in Figure 26, yeast cells expressing AWR2 and AWRA4 effectors exhibit higher
levels of GAP1 and MEP2 in comparison to non-inducing conditions. This resembled
the transcriptional response to awr5 expression, suggesting that targeting of TORC1
pathway might be conserved among AWR2, AWR4 and AWR5. On the contrary, GAP1
and MEP2 showed very low expression in yeast cells transformed with AWR1 and
AWRS3, and even lower after these effectors expression was induced (Figure 26).
Altogether, these data strengthen the hypotesis that effectors from the same family
might affect central processes inside host and lead to similar cellular outcomes in spite

of not sharing the same molecular targets.
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FIGURE 26. Transcriptional response of TORC1-related genes to awr effectors

expression.

Gene expression of NCR-sensitive (GAP1 and MEP2) genes was tested in yeast strains
expressing different members of AWR family 6 hours after induction. Error bars represent

GAP1

standard errors from 2 biological replicates.

MEP2

76



CHAPTERA4:
IS AWRS INHIBITING THE SAME KEY PROCESS IN
PIANTA?

4.1. AWRS alters the TOR pathway in plants

Since heterologous expression of a T3E from R. solanacearum in yeast altered the
TORC1 pathway, it was plausible that the effector had a similar effect in its natural
context, i.e. when translocated inside plant cells. In plants, it has been shown that TOR
silencing results in activation of nitrogen recycling activities and reduces primary
nitrogen assimilation, measured by nitrate reductase activity (Ahn et al., 2011; Bi et al.,
2007). In order to test whether awr5 expression resulted in TOR inhibition in plants we
thus used nitrate reductase activity as readout. Transient expression of awr5 in
Nicotiana benthamiana leaves resulted in a significant reduction of nitrate reductase
activity compared to the control (GUS) (Fig. 27A). Leaky expression of awr5 prior to
induction may account for the slightly lower nitrate reductase activity values in leaves
transformed with awr5. Thus, our data indicate that AWR5 may target the TOR

pathway in both plants and yeast through a conserved mechanism.
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FIGURE 27. Interplay between AWR5 and TOR in planta.

(A) Effect of awr5 transient expression on nitrate reductase (NR) activity in Nicotiana
benthamiana. Full leaves of N. benthamiana were agroinfiltrated with constructs bearing awr5 or
a control gene (GUS). Total protein extracts were used to determine NR activity at 0 and 1 hour
post-induction (hpi). Error bars indicate standard errors of 2 biological replicates. (B)
Multiplication of Pseudomonas syringae DC3000 in Arabidopsis thaliana plants with altered
levels of TOR. Strains bearing an empty vector (EV) or the same vector with awr5 (+AWRD)
were inoculated at 5 x 105 CFU/ml on leaves of A. thaliana Col-0 (Wt), TOR silenced (TOR
RNAIi) and TOR overexpressing (TOR OEX) plants. Bacterial growth is represented as the
logarithm of recovered CFU per square centimeter at 0 and 3 days post inoculation (dpi).
Values represent the mean of three biological replicates. Letters at 3 dpi indicate a statistically
significant difference following post-ANOVA Tuckey test (P<0.001). All experiments were
repeated twice with similar results.

We previously showed that AWRS5 restricts bacterial growth in Arabidopsis thaliana
plants infected with a Pseudomonas syringae pv. tomato DC3000 strain heterologously
expressing the effector (Sole et al., 2012). To determine whether the AWRS5 effect on
bacterial growth was mediated by TOR, Arabidopsis TOR silenced and TOR
overexpressing plants (TOR OEX, TOR RNAI (Deprost et al., 2007)) were infected with
P. syringae DC3000 carrying awr5 (+AWRS5) or an empty vector (EV) and growth was
recorded at 0 and 3 days. The growth restriction effect caused by AWR5 was
significantly reduced in TOR overexpressing and TOR RNAI lines (Fig. 27B), indicating
that normal levels of TOR kinase are required for AWR5-mediated phenotype observed

in Arabidopsis plants.
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4.2. Effect of awr5 expression on TOR downstream targets in Arabidopsis

thaliana

TOR silencing in Arabidopsis thaliana causes an increase in nitrogen recycling genes
such as GS1 (glutamine synthethase) and GDH (glutamate dehydrogenase) and down-
regulation of nitrogen assimilatory genes (Deprost et al., 2007). Recent studies have
shown depletion of Tap46, the plant homolog of Tap42, reproduced transcriptional
responses underlying TOR inactivation in planta (Ahn et al., 2011). In Tap46 RNAI
plants, gene expression of GS1 (cytosolic glutamine synthethase) and GDH was up-
regulated, whereas GOGAT (glutamate synthase), playing a role in nitrogen
assimilation, showed decreased levels.

In order to assess AWRS5 effect on gene expression of TOR-regulated targets in planta,
we performed quantitative RT-PCR analysis at 0 and 1 day after infection of
Arabidopsis plants with P. syringae DC3000 carrying awr5 (+AWR5) or an empty
vector (EV).
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FIGURE 28. Transcriptional response of Arabidopsis thaliana TOR-regulated

genes to awr5 expression.

gRT-PCR showing GS1, GDH and GOGAT expression levels relative to tubulin. Pseudomonas
syringae DC3000 strains bearing an empty vector (EV) or the same vector with awr5 (+AWRS5)
were inoculated at 5 x 105 CFU/ml in A. thaliana Col-0 plants. Gene expression levels of GS1,
GDH and GOGAT were analysed at 0 and 1 day post inoculation (dpi). Error bars represent
standard errors of 2 independent clones. All experiments were performed at least two times,
with similar results.
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Relative gene expression levels of GS1, GDH and GOGAT seem to decrease at day 1
post-inoculation, moreover no significant differences were observed after awr5
expression in comparison to their levels in plants inoculated with control strains (Figure
28). In conclusion, our results show awr5 expression does not influence expression of

TOR-regulated genes controlling nitrogen metabolism in Arabidopsis thaliana.

4.3. Effect of awr5 expression on TOR downstream targets in Nicotiana

benthamiana

Previously, we have showed transient expression of awr5 leads to decrease of nitrate
reductase activity in N. benthamiana leaves. This prompted us to investigate effect of
AWRS5 on TOR-regulated genes related to nitrogen metabolism in N. benthamiana.
Since no metabolic profiles are available in N. benthamiana, we first selected
Arabidopsis genes shown to have a differential expression in response to TOR
inhibition for which we could find homologous in N. benthamiana. These were ASN2
(asparagine synthethase) and NAP14 (non-intrinsic ABC protein 14 — role in ATP-
binding), shown to be down-regulated, and NIT4 (nitrilase 4) and GDH1 (glutamate
dehydrogenase 1), induced after TOR repression (Caldana et al., 2013; Deprost et
al., 2007).

Next, we transiently expressed awr5 in Nicotiana benthamiana leaves and performed
guantitative RT-PCR analysis at 0 and 6 hours after induction. It is worth remarking, in
the case of ASN2 and NAP14, we detected different responses in gene expression
between the two biological replicates we tested, that is why results are represented and
interpreted for each of the replicates (Figure 29).

No significant changes in ASN2 gene expression were detected 6 hours after awr5
expression in both biological replicates tested. If any effect, this could refer to slightly
more increased levels of ASN2 in replica 2, which would be contradictory with
transcriptional profiles seen after inhibition of TOR kinase. In the case of NAP14,
similar gene expression levels were observed in both biological replicates before awr5
induction. Six hours post-induction, NAP14 showed significant lower levels in replica 1
in comparison to replica 2. This might insinuate that NAP14 is down-regulated in
replica 1 after awr5 transient expression. However, since NAP14 showed different
transcriptional response between the two biological replicates in more than one
experiment, we qualified this gene as not suitable for testing AWR5-mediated TOR
inhibition in planta. Finally, awr5 expression did not cause any major effect on GDH1

and NIT4 levels of expression.
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FIGURE 29. Transcriptional response of nitrogen metabolism-related genes to

awr5 expression in N. benthamiana.

(A) gRT-PCR showing ASN2 and NAP14 expression levels relative to PP2A. Full leaves of N.
benthamiana were agroinfiltrated with constructs bearing awr5. Two biological replicates (two
leaves from different plants) were used for RNA extraction at 0 and 6 hours post-induction (hpi)
(+ AWRS5 (1); + AWRS5 (2)). Error bars indicate standard errors of 2 technical replicates. (B)
gRT-PCR showing GDH1 and NIT4 expression levels relative to PP2A. Full leaves of N.
benthamiana were agroinfiltrated with constructs bearing awr5. Two biological replicates (two
leaves from different plants) were used for RNA extraction at 0 and 6 hours post-induction (hpi).
Error bars indicate standard errors of 2 biological replicates. All assays were repeated twice with
similar results.

In conclusion, we did not detect major changes on transcriptional response of genes

related to nitrogen metabolism after awr5 transient expression in N. benthamiana.
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4.4. Role of AWR effector family in resistance to Ralstonia solanacearum in

Arabidopsis plants with altered TOR levels

We have previously showed that expression of AWRs in different plant species triggers
varying defense responses, which indicates that they play a dual role in both virulence
and plant recognition (Sole et al., 2012). To determine whether the effect of AWRs on
disease/resistance was mediated by TOR, Arabidopsis TOR silenced and TOR
overexpressing plants (TOR OEX, TOR RNAI, (Deprost et al., 2007)) were infected
with R. solanacearum strains devoid of all awrs (Aawr7-5) and disease symptoms were
recorded over time. GMI1000 strain showed slightly increased virulence on Arabidopsis
plants with altered levels of TOR, especially on lines with TOR silenced (Figure 30,
upper panel). Although not significant, this result is surprising, as previous studies have
shown that TOR silencing lines are more resistant in response to pathogens like
Xanthomonas oryzae pv. oryzae, necrotrophs and hemibiotrophic fungi as Verticillium
(David Mackey, personal communication). However, increased virulence of the R.
solanacearum reference strain GMI1000 in TOR silenced plants may be attributed to a
decreased capacity of the plant immune system to recognize bacteria. As previously
mentioned, the AWR effector family might be recognized in Arabidopsis thaliana, as the
mutant Aawr1-5 multiplied faster than wild-type GMI1000 strain (Sole et al., 2012).
Therefore, assuming that the TOR pathway is targeted by one or more members of the
AWR family, an alteration in the plant TOR kinase levels could interfere in recognition
of these effector proteins by the plant.

Interestingly, the increased virulence shown by R. solanacearum devoid of all awrs was
suppressed in plants with altered levels of TOR. This could again indicate that normal
TOR levels are required for AWR recognition, positioning TOR or an upstream
regulator as a potential AWR target. Alternatively, normal TOR levels could be required
to sense a cellular/metabolic alteration caused upon injection of certain AWR effectors

into the cell (Figure 30, lower panel).
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FIGURE 30. Pathogenicity test with Ralstonia solanacearum strains on
Arabidopsis thaliana plants with altered levels of TOR.

Ralstonia solanacearum strain GMI1000 (upper panel) and Aawr?-5 multiple mutant strain
(lower panel) were root-inoculated at 108 CFU/ml in Arabidopsis thaliana Col-0 (Wt), TOR
silenced (TOR RNAI) and TOR overexpressing (TOR OEX) plants. Disease progression was
annotated daily according to wilting symptoms appearance: no wilting (0), 25% wilted leaves
(1), 50% (2), 75% (3), and dead plant (4). Values represent mean of 24 biological replicates and
their standard error. All experiments were repeated twice with similar results.

Earlier we have shown that in yeast, the ability to alter the TORC1 pathway was
conserved among AWR2, 4 and 5. Our plant pathogenicity results might indicate that,
consistent with what we found in yeast, effectors from the AWR family might also act
co-operatively to affect central TOR-mediated processes inside host plants that

modulate defense responses.
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Challenges on the path to investigation of AWRs/AWRS5 effector function

Ralstonia solanacearum contains one of the largest bacterial effector repertoire,
comprising about 70 type Il effectors, out of which more than the half still have an
unknown function (Coll & Valls, 2013). To fill this knowledge gap, we previously
analyzed the AWR multigenic family of effectors in planta, showing that these proteins
are important for R. solanacearum virulence, and may also be detected by the plant
surveillance system (see annex (Sole et al.,, 2012)). These findings have special
interest in the context of plant-pathogen interactions. Therefore, in this work we aimed
to deepen our knowledge on the mechanism of action of AWR effectors in their natural

environment or by expression on heterologous systems.

Awrs are conserved genes widespread in the Ralstonia solanacearum species complex
and also present in other plant and animal pathogens. However, BLAST comparison of
AWR protein or gene sequences to the recent databanks returned no similarity to
characterized proteins or motifs with predicted biochemical function. Moreover,
structure prediction based on sequence motif analysis performed with Hhpred
Bioinformatics Toolkit (Max-Planck Institute for Developmental Biology) retrieved no
statistically relevant hits for any of the AWR effectors. Considering this, it may be more
informative to focus on knowledge derived from AWR homologs in other pathogens,
since effectors from the same family in different pathogens have shown conserved
function. For instance, Pseudomonas syringae HopZla and PopP2 from Ralstonia
solanacearum, both belonging to YopJ family of effectors, require the same residues
for their activity and association to host proteins (Ma et al., 2015). Nevertheless,
significant similarities for AWR proteins outside the R. solanacearum species were only
found at the level of protein sequence and homologs found (i.e., XopZ (Song & Yang,
2010)) are quite divergent from those of Ralstonia (Sole et al., 2012). As an alternative,
a recent approach to study effector proteins with unknown function relies on
identification of positive selection sites among effector paralogs (Peeters et al., 2013).
This approach was used to understand functional relationship between structure and
function of Ralstonia effector RipG7, since the positively selected sites seem to
correlate with the virulence function of specific alleles (Wang et al., unpublished).
Interestingly, AWRS5 is one of the R. solanacearum effectors under strong positive

diversifying selection at the protein level (Peeters et al., 2013).

In the case of AWRSs, and especially for AWRS, effector toxicity hampered most gain-
of-function analyses of these effector proteins in planta. First, we encountered

difficulties in obtaining Arabidopsis transgenic lines expressing awr effectors, in spite of
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using inducible promoters. To overcome this and study the effect of each awr in planta,
these genes were successfully expressed in P. syringae, an Arabidopsis pathogen
naturally lacking them. Second, the hypersensitive response observed after transient
expression of AWRS5 in N. benthamiana interfered with phenotype interpretation. To
overcome this hurdle, expression of AWRS under the control of an inducible promoter
and short induction times proved to be helpful. In addition, heterologous expression of
AWRS5 in Saccharomyces cerevisiae emerged as a promising and robust strategy to
find clues on its role in R. solanacearum pathogenicity.

In parallel with characterization of AWRs in yeast, we performed proteomic analysis of
AWRS5 binding partners in N. benthamiana. This technique has been extremely
successful in unravelling novel secreted factors from pathogens like Salmonella
(Niemann et al., 2011) or for determining posttranslational modifications of the R.
solanacearum effector PopP2 (Tasset et al., 2010). In our case, awr5 and the control
gene avrA fused to GFP were expressed by means of transient Agrobacterium
transformation in N. benthamiana plants. Setting up the production of AWR5 in N.
benthamiana was extremely laborious due to the high insolubility of this protein.
Actually, only treatment with 0.2% of the detergent NP-40 allowed the partial
solubilization of AWRS5 from plant. This was not surprising considering the size of this
protein (1240 aminoacids), which indicates that the insolubility might be due to its
accumulation within aggregates when the plant cell cannot ensure its proper folding
(Khachatoorian et al., 2015).

However, after effector production in N. benthamiana, plant proteins associated to
AWRS5 and AvrA effectors were isolated by immunoaffinity purification and eluted
protein complexes were analyzed by LC-MS/MS and peptide spectrum matching.
Unexpectedly, the list of candidate interactors for both proteins AWR5 and AvrA was
mostly enriched in highly abundant proteins (e.g., chloroplastic enzymes), or common
hits (probably false positives). Consequently we were not able to select for any relevant

interactor.

Considering all the above-discussed limitations, we have mainly concentrated on the
characterization of this effector family by expression in Saccharomyces cerevisiae.

Findings on AWR effector function in yeast were then tested in plant systems.
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Yeast as a model system to decipher T3E function

In this work we have produced R. solanacearum AWR effectors in yeast and have
found that AWR5 impacts the TORCL1 pathway, an essential component of eukaryotic
cells. The premise for using Saccharomyces cerevisiae was that this organism carries
out most eukaryotic processes and, unlike host cells where T3E are naturally injected,
yeast lacks resistance components that counteract and mask effector function (Duina
et al., 2014). As an example of these resistance reactions, we have previously showed
that transient expression of AWRs in Nicotiana spp. caused different levels of necrosis,
especially strong after awr5 expression. Similarly, these effectors inhibited yeast
growth to different extents, and AWRS5 showed the most dramatic effect. Interestingly,
other studies on type Il effector function showed correlation of phenotypes between
yeast and plants. For example, the same effectors from Xanthomonas euvesicatoria
that inhibited growth in yeast (XopX, AvrRxol, XopB, XopE1l, XopF2) also caused
phenotypes, such as chlorosis and cell death, when expressed in either host or non-
host plants (Salomon et al., 2011). Likewise, expression of DspA/E effector from
Erwinia amylovora caused cell death in N. benthamiana and growth arrest in yeast (Oh
et al., 2007; Siamer et al., 2014). Thus, yeast may offer valuable clues on effector
function, since phenotypes caused by these proteins are truly a consequence of

effector activity, and not a response to effector recognition.

For all this, a number of studies have successfully used S. cerevisiae as a model to
identify T3E targets (Curak et al., 2009). Toxicity -ranging from growth arrest to cell
death- is the most common phenotype observed in these studies. However, this is not
a widespread phenomenon when R. solanacearum T3E are expressed in yeast, as
only 6 out of 36 effectors representing the repertoire of strain GMI1000 caused
substantial growth inhibition (this work and S. Fujiwara et al., in press). Interestingly,
four out of the six toxic T3E encode AWR proteins, suggesting a distinct function for
this effector family in bacterial-host interactions. Cell growth inhibition caused by T3E
has been traced back to interference on vesicle trafficking (Siamer et al., 2011),
disruption of the cytoskeleton (Nejedlik et al., 2004) or MAP Kinase alteration
(Fernandez-Pinar et al., 2012), providing important clues on T3E function. In the case
of AWR5, we show that it targets a novel cellular process, namely, the TORC1

pathway.

We took advantage of the very well established resources and functional assays for
studying eukaryotic processes in yeast (Botstein & Fink, 2011). First, expression under

the control of a Tet-off promoter permitted monitoring the subtle effects of awr5
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expression over time. Second, functional assays testing viability or cell death and
measuring of cell size provided fast and essential clues on characterization of AWR5-
mediated growth arrest. Finally, the extensive information available on yeast TORC1
pathway helped carry out functional analysis of AWRS5 and decipher molecular
mechanisms underlying inhibition of this central regulatory pathway.

At what level of the yeast TORC1 pathway is AWRS acting?

As mentioned before, most TORC1-controlled effects occur through two major
branches, mediated by i) the Sch9 kinase and ii) by complexes of Tap42 and the
phosphatases (mainly PP2A and Sit4). The wide transcriptomic impact of AWR5 on all
TORC1-controlled pathways, mimicking the effect of rapamycin or nitrogen starvation,
could be explained by assuming that AWRS would target one or multiple hits upstream
of the Sch9 and PP2A complex. The most likely scenario is that AWRS would exert its
function directly or indirectly inhibiting TORC1 upstream of PP2A, thus causing Sch9
inhibition, autophagy activation and the release of Tap42 and PP2A phosphatase
subunits. That would explain why awr5 expression triggers a dual response in yeast:
down-regulation of translation and ribosome biosynthesis and induction of genes
related to metabolism of nitrogen.

The observation that deletion of two components of the PP2A heterotrimeric forms-
CDC55 and TPD3- abolishes the dramatic growth defect of cells expressing awr5 might
indicate that the formation of this heterotrimer is essential for the negative effect of
AWRS5 to take place. In this regard, it is worth noting that deletion of TPD3 and of
CDC55 yields yeast cells resistant to rapamycin, whereas that of RTS1 does not.
Moreover, it has been proposed that an active TORC1 pathway promotes the
association of Tap42 with PP2A catalytic subunits Pph21/22 to form complexes
necessary for sustaining cell growth, whereas Cdc55 and Tpd3 would inhibit such
association (Jiang & Broach, 1999). Therefore, it is conceivable that AWR5 could be
acting upstream PP2A by promoting an abnormally stable formation of the Cdc55-
Tpd3-PP2Ac complex, thus preventing functional Tap42-PP2Ac interactions. This is
consistent with the effect we observed at the level of GAP1 promoter activity after awr5
expression, suggesting that in the absence of Cdc55, Tap42 association with Pph21/22
leads to decreased levels of GLN3-regulated genes expression in order to permit
promotion of cell growth (Figure 18). Deletion of TPD3 should lead to similar GAP1
promoter activities after awr5 expression, since Cdc55 and Tpd3 are both required for

the association with Pph21/22 to occur.
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Interestingly, during the course of this work, the cdc55 mutant has been also isolated in
a screen for suppressors of the yeast growth inhibition caused by the Erwinia
amylovora T3E DspA (Siamer et al.,, 2014). This could suggest that the PP2A
phosphatase has evolved as a cellular hub, targeted by different pathogens to interfere
with plant host cell homeostasis. However, DspA caused a specific alteration of the
yeast sphingolipid biosynthesis, showing no overlap with AWR5-triggered phenotypes
other than the Cdc55-dependent growth inhibition. In addition, AWRS5 still caused its
toxicity on strains with mutations in the small GTPase rho2 and in the sphingolipid
biosynthesis gene surl (data not shown), which strongly supressed DspA-triggered
growth defects (Siamer et al., 2014). All these data support a different mode of action

for these two T3Es, only sharing Cdc55 as an intermediate in signal transduction.

Furthermore, we have showed that disruption of SCH9 also suppressed the AWRS5-
triggered growth inhibition phenotype. Cells lacking SCH9 display enhanced stress
responses and reduced levels of oxidative stress (Qie et al., 2015). As seen in Figure
16, cells lacking SCH9 seemed to recover at a lower level than those lacking either
Cdch5 or TPD3 after awr5 expression, suggesting that growth recovery might be a
result of abnormal stress responses. Nevertheless, the fact that Sch9 might be needed
for the AWR5-mediated phenotype cannot be disregarded, as this kinase is the major
signaling molecule (although not the only one) of TORC1-regulated ribosome
biosynthesis and cell-size control pathway (Urban et al., 2007). Sch9 is considered the
functional ortholog of S6 kinase (S6K), the best characterized target of TORC1 in
mammals. Ribosomal protein S6 (S6) is directly phosphorylated by mammalian S6K to
promote transcription of genes involved in ribosome biogenesis (Chauvin et al., 2014).
Still, in Saccharomyces cerevisiae, data validating Rps6 (the yeast equivalent of S6) as
a substrate of Sch9 is rather controversial. Although Sch9 was shown to phosphorylate
Rps6 in vitro (Urban et al., 2007), recent studies reported that active TORC1 stimulated
Rps6 phosphorylation independently of Sch9 through regulation of the Ypk3 kinase
activity (Gonzalez et al., 2015) (Figure 15). In addition, the role of Rps6 protein in
maintaining global translation is not clear and other Sch9 substrates like Dot6, Tod6
and Stb3 might drive transcription of ribosome biogenesis genes and genes encoding
ribosomal proteins through this pathway (Huber et al., 2011). Therefore, the fact that
we could not detect differences in Rps6 phosphorylation status after awr5 expression
might be indicative of a situation in which factors other than Rps6 are strictly required
for the AWRS5 effect downstream Sch9, namely down-regulation of protein and

ribosome synthesis.
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In addition, the AWRS5 effect on nitrogen metabolism is inconsistent with a scenario
where this bacterial protein would exclusively target Sch9, since GLN3-regulated genes
GLN1 and GAP1 do not show dependence on Sch9 (Urban et al., 2007). Instead, a
situation in which AWR5 would function at the level of TORCL1 to inhibit Sch9 and
activate Tap42/PP2A-controlled pathways is more plausible. This is congruent with the
observation that deletion of CDC55 only normalizes the expression of specific subsets
of genes altered by awr5 expression (i.e. NCR genes but not ribosomal protein
encoding genes) and the fact that AWRS5-mediated autophagy promotion was not
dependent on Cdc55.

The notion of a single target is reinforced by the consideration that only a limited
number of T3E molecules are injected into the host cell to exert their function. Along
this line, it is remarkable that minimal leaky expression of awr5 from a tet-off promoter
in the presence of the repressor doxycycline substantially limits yeast growth. In
addition, the reduced size of yeast cells expressing awr5, a phenotype also observed
after rapamycin treatment, point to the impact of a growth regulatory pathway (Du et
al., 2012) (Figure 9).

Alternatively, AWRS5 could act upstream TORCL1, simulating a stress situation to which
this kinase would respond by negatively regulating growth. TORC1 pathway responds
to different nutrient and metabolic cell conditions and activates different gene
expression programs in accordance with the needs of the cell. Moreover, in certain
stress/starvation circumstances, there is a crosstalk between TORC1 and other
pathways like Rhol, MAPK Hogl, AMP-activated protein kinase Snfl or Protein Kinase
A (PKA) signaling (Hughes Hallett et al., 2014). For instance, in nitrogen and amino
acid starvation conditions, binding of Gtrl, Gtr2 (components of the EGO complex) and
Rhol GTPases to TORC1 leads on one side, to down-regulation of Sch9-dependent
protein and ribosome synthesis genes and on the other side to induction of PP2A-
dependent genes involved in nitrogen assimilation and amino acid synthesis (Stracka
et al., 2014). Thus, similar TORC1-mediated responses observed after treatment with
rapamycin also occur in oxidative and heat stress (Hughes Hallett et al., 2014). Another
signaling molecule modulating TORC1 activity is Mtl1, a transmembrane protein acting
in the cell wall integrity pathway (Sundaram et al., 2015). Upon glucose deprivation or
in quiescence (including rapamycin treatment), Mtl1 transmits the signal through the
CWI pathway to inactivate TORC1, which in turn inhibits Sch9 (Sundaram et al., 2015).
Therefore, it is also possible that AWR5 modulates state transitions of the cell, by
causing metabolic alterations or by interacting with TORC1 partners which will

alternatively bind this kinase complex or transmit signaling to prevent its activation. We
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speculate that this hypothesis might as well apply to AWR2 or AWR4, whose
expression caused similar transcriptional responses at the level of TORC1 downstream
targets as awr5 expression. Additional experiments testing direct interaction with
TORC1 or the effect of AWR proteins on interconnected pathways mediating TORC1
activity will allow pointing to a specific event to explain effector-mediated phenotypes in
yeast.

The impact of AWRS5 on the plant TOR pathway

TOR functions are conserved across kingdoms; in plants TOR is also a master
regulator of the cell, controlling the switch between stress and growth (Xiong & Sheen,
2014). Our data clearly supports the idea that AWRS alters the TOR pathway in plants.

First, awr5 expression in planta results in nitrate reductase activity inhibition. This
enzyme has a central role in nitrogen metabolism and its inhibition has been previously
linked to TOR deficiency and activated nitrogen recycling (Ahn et al.,, 2011).
Noteworthy, even a minimal escape in awr5 expression visibly impacted plant nitrate
reductase activity, similar to what was observed in yeast growth inhibition assays. This
strengthens the notion of a conserved AWR function as an extremely efficient
modulator of the TOR pathway in disparate eukaryotic contexts. In addition, the
bacterial growth inhibition caused by T3SS-mediated delivery of AWRS5 into the plant
host cells was partially suppressed by both silencing and overexpression of TOR
kinase (Figure 27). Our interpretation is that AWR5 causes a TOR-mediated
homeostatic imbalance resulting in a stress situation that may resolve as acclimation,
tightly linked to activation of defense responses (Karpinski et al., 2013). Induction of
defense would render the plant less vulnerable to infection, as we observed after

inoculation with bacteria expressing awrb.

Whether induction of the hypersensitive response is a cause or a consequence of
effector recognition is still a matter of debate (Coll et al., 2011). Recognition of AWR5
could account for the minor changes caused by awr5 expression on TOR-regulated
targets in Arabidopsis thaliana or Nicotiana benthamiana (Figure 28 and 29). In this
scenario, plant responses triggered after AWRS5 recognition would mask effector
activity and its role in virulence. This would also explain the increased virulence of the
Ralstonia solanacearum strain devoid of all awrs in Arabidopsis thaliana plants. The
fact that R. solanacearum is more virulent in plants with altered TOR levels indicate

that in fact, TOR might be required for recognition (Figure 30).
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As an alternative hypothesis, AWR effectors might be causing a cellular/metabolic
alteration in the host, similar to our previous interpretation of AWR function in yeast. In
this case, the host plant might respond through induction of stress responses, including
defense. In the context of Ralstonia solanacearum infection it remains a mystery why a
bacterial T3E would mimic the effect of nitrogen starvation on infected tissues.
Interestingly, there are several instances in the literature showing modulation of the
host metabolism by T3Es. For example, the R. solanacearum effector RipTPS was
shown to possess trehalose-6-phosphate synthase activity (Poueymiro et al., 2014).
Furthermore, group A Streptococcus enhances its growth by activation of asparagine
metabolism via ER stress induction in mammalian cells (Baruch et al., 2014). Since ER
stress responses are intimately connected with TOR signaling (Crespo, 2012), it is
tempting to speculate that AWR5 modulates the TOR pathway to induce ER stress
responses and stimulate growth by an analogous mechanism to the one proposed in
Streptococcus. Interestingly enough, in the case of infection with the human pathogen
Pseudomonas entomophila, hyperactivation of the stress pathways lead to inhibition of
protein synthesis by the host. The cellular damage caused by this pathogen was
sensed by two stress kinases that transmitted signals towards inhibition of translation
through different pathways, including inactivation of TOR kinase (Lemaitre & Girardin,
2013).

It is tempting to speculate that AWR5-mediated inhibition of TOR (nitrogen recycling,
autophagy, inhibition of protein synthesis) might be beneficial for the bacterium during
its necrotrophic phase, as it would facilitate cell dismissal and enhanced nutrient
availability. Alternatively, considering that TOR-suppressed plants have an extended
life span (Ren et al., 2012), one could think that AWRS5 might strategically inhibit TOR
to ensure availability of nutritional supplies. By simulating a calorie restriction state, the
bacteria would take profit of consuming secondary intermediates, accumulated by the
cells as alternate nutrients and energy source for survival when TOR is inhibited (Ren
et al., 2012). Still, AWRS would target upstream regulators of TOR pathway, such as
still-unknown plant homologues of the yeast EGO complex or its mammalian
counterpart SEA complex, shown to mediate amino-acid dependent activation of TOR
(Dokudovskaya & Rout, 2015; Stracka et al., 2014).

In our case, it would be interesting to determine if TOR activity is really inhibited after
awr5 expression in planta or if AWRS protein directly targets TOR kinase and prevents
its activation. For this, a sensitive in vivo cellular assay was recently established in
Arabidopsis thaliana for monitoring endogenous TOR activity, based on the

phosphorylation of its conserved S6 kinase (Xiong & Sheen, 2012). Hence, deciphering
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AWRS5 target(s) will help to further uncover its role in virulence and/or resistance and
set up the basis to study the other members of this family. Noteworthy, AWR2-
mediated phenotypes in Arabidopsis thaliana and yeast suggest this effector protein
has an important role in Ralstonia infection, although in a distinct context than AWRS.
This may be attributed to the fact that Ralstonia might use particular combinations of
effectors depending on the host (Cunnac et al., 2004; Kvitko et al., 2009). Alternatively,
these two effectors might have different impacts in a particular host process, in this
case on TOR pathway.

The impact of AWRs upstream the TOR pathway constitutes a significant advance in
the context of plant-pathogen interactions. Firstly, it is the first report where a bacterial
type Il effector modulates such a central and conserved regulatory pathway,
integrating responses to a wide variety of signals. In addition, the resemblance
between AWRS5 expression and rapamycin treatment may constitute the basis for
genome-manipulation applications, since this compound has been showed to induce

pathways regulating host and pathogen metabolism (Gordon et al., 2015).

In summary, taking advantage of the yeast system, we have characterized the impact
of AWR effector family on the physiology of this model organism. In the case of AWRS5,
we have unveiled a new T3E function that is highly conserved through evolution as it
targets TOR, a central regulator of cellular homeostasis and metabolism. Our work
opens the avenues for future research aimed at mechanistically understanding the
benefit of this function for the bacteria and whether it can be targeted to design new
sustainable strategies to fight infection.
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From the main objectives followed in this work we extract the conclusions listed below:

Heterologous expression of AWR type Il effectors in Saccharomyces cerevisiae
1. All awr genes have been successfully transcribed in yeast from episomic or genome-
integrated constructs. All full-length proteins, except for AWRS3, have been detected in

yeast cells.

Phenotypic characterization of AWR effector family in yeast

2. Strong expression of AWR1, 2, 3 and 5 (GAL1 promoter, episomal constructs)
inhibits yeast growth. AWRS5 caused the strongest toxicity still apparent at low
expression levels (monocopy integration into the yeast genome under Tet-Off
promoter).

3. Production of the full-length AWR5 protein in yeast leads to a growth inhibition and
reduced cell size, but not to an apparent cell cycle arrest or cell death.

Effect of awr5 expression on the physiology of the budding yeast

4. Expression of bacterial awr5 in yeast mimics the transcriptional changes caused by
inhibition of the TORCL1 pathway by rapamycin or nitrogen starvation.

5. AWR5-mediated yeast growth inhibition is not rescued by treatment with the TORC1

activator cycloheximide.

Identification of AWRS5 molecular targets by heterologous expression in yeast

6. Mutations in three genes (CDC55, TPD3, SCH9) involved in the TORC1 pathway
rescue the yeast growth inhibition caused by AWRS.

7. Cdc55 is required for AWRS5-mediated growth inhibition phenotype and its
downstream transcriptional responses.

8. awr5 expression induces constitutive autophagy, independently of Cdc55-PP2A
activity and does not interfere with Rps6 protein levels or its degree of phosphorylation.
9. Targeting of TORCL1 pathways may be conserved among AWR2, AWR4 and AWRS5,

since their expression in yeast leads to similar downstream transcriptional responses.
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CONCLUSIONS

In planta validation of AWRS5 impact on its targets

10. Agrobacterium-mediated transient expression of awr5 in Nicotiana benthamiana
results in a significant reduction of nitrate reductase activity, indicating AWR5 may
target the TOR pathway in planta through a conserved mechanism.

11. Normal levels of the TOR kinase are required for the Pseudomonas syringae
growth restriction effect caused by heterologously expressed awr5 in Arabidopsis
thaliana plants.

12. Ralstonia solanacearum is more virulent on Arabidopsis plants with altered levels of
TOR compared to Col-0 plants.

13. Alterations in the plant TOR kinase levels lead to suppression of the increased

virulence of a R. solanacearum strain devoid of all awrs in Arabidopsis thaliana.
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MATERIALS AND METHODS

Plasmids, strains and gene cloning

All strains and plasmids used in this study are described in Table 3. For heterologous
expression of awrs under the control of the galactose inducible promoter (GAL1),
expression vectors were constructed by recombining entry clones carrying each of the
awr ORFs into the Gateway destination vector pAG426GAL-ccdb-HA (Alberti et al.,
2007) through a Gateway LR reaction (Invitrogen, Waltham, Massachusetts, USA). For
expression of awr5 fragments in yeast, N-terminal (1368 bp) and C-terminal (1821 bp)
halves of awr5 as well as a central (1425 bp) fragment overlapping them were
amplified from genomic DNA. PCR fragments were introduced to the final vector
pAG426GAL-ccdb-HA by Gateway recombination and transformed into Escherichia

coli.

For integration of the awr genes fused to a C-terminal GFP tag at the locus of URA3
gene in the yeast chromosome, each of them was cloned by Gateway recombination or
ligation into the integrative vector pYI-GWY, a URA3 plasmid in which the heterologous
genes are under the control of a Tet-off promoter created in this study. pYI-GWY was
constructed by cloning Kpnl/Sacl fragment from pMT735 (Tabuchi et al., 2009) into the
same sites of the yeast integrative vector Yiplac211 (Gietz & Sugino, 1988). Following
linearization with BstBIl that cuts inside in URA3 cassette, pYI-GWY derivatives
carrying genes awrl to awr5 were integrated into the yeast chromosome by double
recombination into the URAS locus in yeast. To this end, the wild type strain JA-100
containing a ura3 point mutation was used as recipient, giving rise to uracyl autotrophs
after awr integration. For expression of awr5 gene in the cdc55A4 mutant yeast strain,
cloning was performed in two steps. Firstly, a cdc55A::KanMX4 cassette from the
cdch5A strain in the BY4741 background was amplified and subsequently introduced
into the genome of strain JA-100. Secondly, the awr5 gene fused to the C-terminal

GFP was integrated into the newly constructed cdc55 strain as described above.

To measure promoter activity, the GAP1 promoter was cloned from the URA3 yeast
shuttle vector YEp357 (Gonzalez et al., 2009) into the yeast vector YEp367R (Myers et
al., 1986), endowed with a LEU2 marker and the plasmid transformed into the yeast
strain carrying awr5::GFP inside the URA3 ORF. For construction of a 2 origin vector
with the TRP1 selection marker expressing awr5, a Kpnl/Sacl digested fragment from
pMT735-awr5 was cloned into the same sites of the vector YEplacl112 (Gietz & Sugino,
1988).
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MATERIALS AND METHODS

To verify gene integration in the yeast genome, cells were treated with lyticase (Sigma-
Aldrich, Buchs, Switzerland) for 30 mins at 37°C, followed by centrifugation for 2
mins/max speed. PCR amplifications were performed from the resulting supernatant

using primers corresponding to genomic and episomal regions.
Yeast strains and growth conditions

Yeast strains were grown in either rich YPD (Yeast Peptone Dextrose) medium or
synthetic defined (SD) medium (Sherman, 2002), containing yeast nitrogen base w/o
aminoacids (BD Difco) with 2% glucose, 2% raffinose, or 2% galactose as carbon
sources. SD Media were supplemented with a yeast synthetic drop-out without
histidine, leucine, tryptophan and uracil (Sigma-Aldrich, Buchs, Switzerland) adding the
necessary requirements to select for auxotrophies. The ethanol-glycerol medium was
equivalent to synthetic defined (SD) medium with 3% ethanol and 3% glycerol and
supplemented with yeast synthetic drop-out. Doxycycline was used at 0.1, 15, or 20
pg/ml. The latter concentration was used unless otherwise indicated. All yeast
transformations were performed by the lithium acetate transformation method (Gietz et
al., 1992).

For expression of awrs or their fragments under the control of the galactose promoter,
yeast cells were grown for 2 days in SD-Ura + raffinose 2%, then diluted to optical
density at 600 nm of 0.4 in water and plated either in repressing media (glucose) or
inducing media (galactose) to monitor the effects of AWRs in cell growth/viability. For
standard growth inhibition experiments on plates, strains were incubated overnight with
shaking in selective medium with doxycycline 20 pg/ml. Cultures were then normalized
to ODegpo=0.1-0.2 and incubated until exponential phase. 1 ODeyo Of cells were then
harvested, washed 2 times with sterile water, re-suspended in 1 ml water and 10-fold
serially diluted in water four times. Each suspension (5 or 10 ul) was dropped either in
non-inducing media (+doxycycline) or inducing media (no doxycycline) onto agar plates

and then incubated for 2-3 days before photographs were taken.

To test growth viability in liquid media over time and for sample harvesting for RNA
isolation, yeast strains were grown overnight in rich YPD medium with doxycycline
15pg/ml (repressing conditions), then normalized to ODew=0.05 and grown for 2, 4, 6
or 8 hours in YPD+dox (non-inducing conditions) and YPD (inducing conditions).
Similar growth conditions were carried out for protein extraction and beta-galactosidase
assays, using selective medium in this case.To test viability of yeast cells expressing
awr5 after doxycycline addition, strains were grown overnight in either SD-Ura+dox

(non-inducing conditions) or SD-Ura (inducing). Cells were recovered and normalized

108



MATERIALS AND METHODS

to ODego =0.05 and grown in liquid in SD-Ura+dox. Samples were harvested at different
time points, serially 10-fold diluted and plated onto solid SD-Ura+dox and incubated for
2 days at 28°C until colonies were counted.

For microscopic analyses, yeast strains bearing awr5 grown for 8 hours in SD-Ura+dox
and SD-Ura were visualised in bright field at 100x under a fluorescence microscope
(Axiophot, Zeiss, Oberkochen, Germany), equipped with a Digital color camera DP70
Olympus. For methylene blue staining, yeast cells carrying awr5 were harvested at 6
hours after induction and stained for 5 minutes with a 0.01% methylene blue solution in
glycine buffer. In parallel, the same cells were fixed with formaldehyde 37% for 10 mins
before methylene blue addition as a positive staining control. Images were obtained
using a Dapi 395-440/ FT 460 /LP470 filterset.

To measure yeast cell size, three independent replicates of wild-type yeast strains (JA-
100) and strains bearing awr5 were grown overnight in YPD medium with and without
doxycycline (15ug/ml). Next day, cultures were normalized to ODgge=0.05 and grown in
liquid either in YPD+dox or YPD during 6 and 8 hours. 50 pl of each culture were
diluted in the same volume of PBS1x and analyzed with a Scepter Handheld

Automated Cell Counter (Merck Millipore, Darmstadt, Germany).

To measure induction of autophagy, wild-type and cdc55A strains carrying awr5 and
ATG8-GFP were grown overnight in selective media +doxycycline. Cultures were then
normalized to an ODsg0=0.2, grown until exponential phase, normalized again to
ODe0p=0.05 and finally grown overnight with or without dox until samples were
harvested. For autophagy induction after nitrogen starvation JA-100 cells were grown
overnight in SD medium without ammonium sulfate (BD Difco, Franklin Lakes, NJ,
USA) and 2% glucose. Yeast cells were incubated at 28-30°C, unless otherwise stated.

DNA microarray analysis

Aliquots of the same samples harvested to test viability of cells expressing awr5 in
liquid media at 2, 4 and 6 hours after induction were used for microarray analysis. RNA
was extracted using the yeast RiboPure™ RNA Purification Kit (Ambion, Carlsbad, CA,
USA) according to the manufacturer’'s protocol and quantified. For microarray
hybridization, total RNA (8 ug) was employed for cDNA synthesis and labelling using
the indirect labelling kit (CyScribe Post-Labeling kit; GE Healthcare, Wauwatosa, WI,
USA) with Cy3—dUTP and Cy5—dUTP fluorescent nucleotides. The cDNA obtained was
dried, re-suspended in hybridization buffer and evaluated with a Nanodrop
spectrophotometer (Nanodrop Technologies, Thermo Scientific, Waltham, MA, USA).

The combined fluorescently labelled cDNAs were hybridized to yeast genomic
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microchips constructed in our laboratory by arraying 6014 different PCR-amplified open
reading frames from S. cerevisiae (Alberola et al., 2004). Microarrays were processed
as described previously (Hegde et al., 2000), scanned with a ScanArray 4000
apparatus (Packard BioChip Technologies, Perkin Elmer, Waltham, MA, USA) and the
output was analysed using GenePix Pro 6.0 software. Data collected from 2 biological
replicates (with dye swap) after 2, 4 and 6 h of doxycycline removal (thus triggering
expression of awr5) were combined. Genes were considered induced or repressed by
AWRS5 expression when the minus/plus doxycycline ratio was =2 2.0 or < 0.5,
respectively, for both biological replicates. All data has been added to the Gene
Expression Omnibus (GEO) database under number XXX (available upon publication).

gRT-PCR

Two independent biological replicas of the strain carrying awr5 grown in inducing and
non-inducing conditions were harvested at 4 and 6 hours after induction and subjected
to RNA extraction to quantify awr5 mRNA levels, whereas of GAP1, MEP2, STM1 and
NSR1 levels were only tested from samples obtained 6 h after induction. RNA was
extracted from the samples (RiboPure™ RNA Purification Kit, yeast; Ambion, Carlsbad,
CA, USA) and quantified. 2 pg of total RNA were subjected to retro-transcription with
anchored oligo-(dT)is primers (Transcriptor first strand cDNA synthesis kit; Roche,

Basel, Switzerland).

Plant RNA was obtained from 2-week old Arabidopsis plants and from leaves of 3 to 4
week-old N. benthamiana plants. RNA was extracted using TRIzol (Life Technologies)
according to the manufacturer’s instructions. RNA was treated 30 minutes with Ambion
TURBO DNase (Life Technologies) to eliminate DNA contamination. 2 ug of total RNA
was reverse transcribed as described above. For quantitative real-time PCR, a Light
Cycler 480 (Roche, Basel, Switzerland) with SYBR Green chemistry was used with
three technical replicas. Actin was used as a housekeeping gene to normalize samples
for yeast gRT-PCR assays, whereas for plant gRT-PCRs, tubulin and protein
phosphatase 2A (PP2A) was used.

RNA-seq experiments

For RNA-seq experiments, total RNA was extracted from wild type and cdc55 cultures
carrying awr5 grown in non-inducing and inducing conditions for 6 hours. Libraries
were prepared with the QuantSeq 3’ mRNA kit (Lexogen, Greenland, NH, USA) using
0.5 ug of total RNA purified as above. Sequencing was performed in an lllumina MiSeq
machine with Reagent Kit v3 (single end, 80-125 nt/read). Two biological replicates

were sequenced, obtaining a total number of 8.4-12.9 million reads per condition.
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Mapping of fastq files to generate SAM files was carried out with the Bowtie2 software
(Langmead & Salzberg, 2012) in local mode (95.1-97.3% mapped reads). The SAM
files were analyzed with the SegMonk software

(http://www.bioinformatics.bbsrc.ac.uk/projects/segmonk). Mapped reads were counted

using CDS probes (extended 100 nt downstream the open reading frame because the
library is biased towards the 3’-end of mMRNASs) and corrected for the largest dataset.
Raw data was subjected to diverse filters to remove sequences with a low number of

reads.
Protein assays

For immunoblots, 30 or 40 ODsoo units from overnight yeast cultures grown in non-
inducing or inducing conditions were resuspended in 500 ul of extraction buffer (50 mM
Tris-HCI pH7.5, 1 mM EDTA, 0.1% Nonidet P-40, 1% glycerol, with complete protease
inhibitor (Roche, Basel, Switzerland) and subjected to 10 cycles of 1 minute sonication
and 1 minute pauses. Supernatants were recovered after centrifugation at 500 g for 10
min at 4°C. 125 ug of total protein extracts were separated on 7.5% polyacrylamide
gels and immunoblot was performed using anti-GFP mouse monoclonal antibody
(clone B-2; Santa Cruz Biotechnology, Dallas, TX, USA).

For co-immunoprecipitation assays, yeast cells expressing 3HA-tagged Cdc55
transformed with the plasmid bearing awr5 were lysed in the same buffer described
above. Supernatants were incubated with 50 pl of magnetic pMACS Microbeads
(MMACS GFP Isolation Kit, Miltenyi Biotec) conjugated to an anti-GFP monoclonal
antibody at a dilution of 1 mg/ml for 2 hours at 4°C. Beads were washed and eluted
according to the manufacturer’s instructions and assayed by Western Blotting with anti-
GFP mouse monoclonal antibody (clone B-2; Santa Cruz Biotechnology, Dallas, TX,
USA) and anti-HA rat monoclonal antibody (clone 3F10, Roche, Basel, Switzerland).

For detection of total Rps6 and pRps6, 50 ml from yeast cultures grown for 6 hours in
non-inducing or inducing conditions were pelleted and cells were resuspended in 100
pl of lysis buffer -50 mM Tris-HCI pH7.5, 150 mM NaCl, 15% glycerol, 0.5% Tween-20,
phosphatase inhibitor mixture (PPi; 10 mM NaF, 10 mM NaNs, 10 mM p-nitrophenyl
phosphate, 10 mM sodium pyrophosphate, and 10 mM (B-glycerophosphate), 1 mM
phenylmethylsulfonyl fluoride (PMSF), and EDTA-free protease inhibitor cocktail
(Roche)-. One volume of glass beads was added, and cells were broken by vigorous
shaking in a FastPrep (5 times for 45 s each at setting 5.5, with intervals of 3 minutes
on ice). Unbroken cells and debris were removed by centrifugation at 500 x g for 3 min.

10 pg of total protein extracts were separated on 10% polyacrylamide gels and
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transferred to nitrocellulose membranes (GE Healthcare). Membranes were blocked
with 5% BSA for 1 h at room temperature and incubated for 1 h at room temperature or
overnight at 4°C with the respective antibodies, followed by the secondary antibodies.
Antibodies are as follows: phosphor-Ser235/Ser236-S6 (#2211, Cell Signaling
Technology), RPS6 (#ab40820, Abcam), goat anti-rabbit 1IgG-HRP (Santa Cruz
Biotechnology).

Beta-galactosidase activity was measured from 2 ml of cultures pelleted 6 hours after
induction. Cells were resuspended in 100pl of Z buffer and mixed to 900 pl of Z buffer
with 0.05M R-mercaptoethanol, 40 pl of chloroform and 20 pl of SDS 0.1%. After
incubation for 15 minutes at 30°C, 200pl of ONPG (Fluka) was added. The reaction
was stopped with 500 pl of Na,COs, the reaction time was recorded and the optical
density at 420nm and 550nm were measured to calculate beta-galactosidase activity
(Miller units) as described (Reynolds et al., 2001).

Plant material and growth conditions

For all experiments, Arabidopsis thaliana plants were germinated, transplanted 10 days
after sowing and grown for two additional weeks in short-day conditions at 20-22°C and
55% humidity. Wild type (Wt) Columbia 0, TOR overexpressor G548 from the Gabi
collection (TOR OEX) and TOR RNAi-silenced 35-7 (TOR RNAI) (Deprost et al., 2007)
were used. 3 to 4-week-old N. benthamiana plants were used for transient expression

experiments.
Nitrate reductase assays

To measure Nitrate reductase activity, N. benthamiana plants were treated two times a
week with 2mM-15mM KNOs, then, transient Agrobacterium-mediated transformation
was performed as previously described (Sole et al., 2012). Protein expression was
induced by painting the leaves 14 hours post-infiltration with 20 uM estradiol and Silwet
L-77 adjuvant. Whole leaves (1g) were harvested at 0 and 1 hour post-induction and
homogenized in 3 ml of 0.1 M HEPES-KOH, pH 7.5, 3% polyvinylpolypyrrolidone, 1
mM EDTA and 10 mM cysteine. The extracts were filtered through four layers of
Miracloth (Merk Millipore, Billerica, USA) and centrifuged for 15 minutes at 30,000xg at
4°C. The assay mixture (2 ml) contained 25 mM HEPES-KOH, 10 mM KNOs, 0.4 mM
NADH (Sigma). The reaction was initiated by addition of 200 ul of enzyme extract and
terminated by rapid addition of 1 ml of 1% sulphanilamide (Fluka) and 1 ml of 0.02% N-
(1-naphtyl)-ethylene-diamine dihydrochloride (Sigma) in 3N HCI. Moles of nitrite

present in the reaction were determined using a standard solution at 0.01 M of sodium

112



MATERIALS AND METHODS

nitrite. Nitrate reductase activity was expressed as picomoles of nitrite produced per

minute per pg of protein (adapted after (Reed & Hageman, 1980)).
Pathogenicity assays in planta

Arabidopsis leaves were hand inoculated with Pseudomonas syringae strains at 5x10°
CFU/ml with a 1-ml blunt syringe. Leaves were recovered and homogenized in 200 pl
of MgCl, 10 mM. For each strain, three biological replicates were taken at time zero
and 3 days post inoculation (each containing four 5 mm diameter discs from
independent leaves). Bacterial suspensions were serially 10-fold diluted, and plated in
the presence of antibiotics. Colony forming units (CFUs) were counted and bacterial
growth calculated as the recovered CFU per square centimeter with respect to the
original inoculums. Results were validated with the one-way analysis of variance test

(Tukey post-analysis test) with the R-3.2.0 software statistics package.

For Ralstonia solanacearum pathogenicity test, 5-week old Arabidopsis plants in Jiffy-7
peat pellets were root-cut, incubated with Ralstonia solution at 108 CFU/ml for 30
minutes and transferred to chamber again. Symptom appearance was recorded
independently for each plant according to a wilting scale (0: no wilting, 1: 25% wilted
leaves, 2: 50%, 3: 75%, 4: death).
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RESUM EN CATALA






El patogen vegetal Ralstonia solanacearum és l'agent causant del marciment bacteria,
una malaltia devastadora amb una amplia distribucié geografica i un extens ventall
d'hostes que té un enorme impacte economic a nivell mundial. Per tal de causar
malaltia, R. solanacearum injecta un conjunt de proteines efectores de tipus Il (T3ES)
als seus hostes. Tant a R. solanacearum com a altres patdgens bacterians, pocs T3Es
han sigut caracteritzats funcionalment. Utilitzant el llevat com a sistema model,
demostrem que l'expressié de la familia de T3Es awr provoca una inhibicié del
creixement de les cel-lules del llevat en diferents graus segons I'efector, éssent AWRS5
el que mostra I'efecte més dramatic. L’expressio de la proteina AWRS en llevat resulta
en la inhibici6é del creixement i la reduccio de la mida de la cel-lula, sense aturar el
cicle cel-lular o la mort cel-lular. A més, hem demostrat que TAWRS5 és un inhibidor de
la via TOR (target of rapamycin), un regulador central en eucariotes que integra els
estimuls cel-lulars i prioritza creixement o resposta a estrés. L'expressio heterologa
d’awr5 en llevat causa una induccio de l'autofagia acoblada a canvis transcriptomics
massius, que recorden a la inhibicié de la via TOR per rapamicina o per manca de

nitrogen.

La fosfatasa PP2A i la kinasa SCH9 s6n dos components essencials de la via TOR.
L’observacié que la delecié6 de dos components de la forma heterotrimérica PP2A -
CDC55 i TPD3- i la mutaci6 en SCH9 aboleixen els defectes de creixement en
cel-lules que expressen awr5 indiquen que AWRS5 podria exercir la seva funcié directa
o indirectament mitjancant la inhibicio de la via TOR, aiglies amunt de PP2A i Sch9. En
base als perfils transcripcionals dAWR2 i AWR4, similars als d’AWRS5, especulem que
aguests efectors actuarien de forma similar, inhibint la via. També presentem evidéncia
que 'AWRS5 té un efecte sobre la via TOR in planta, ja que aquest efector causa una
reduccié en l'activitat nitrat reductasa, regulada per la via TOR. A més a més, la
inhibicié del creixement bacteria causada pel lliurament d’AWRS5 en les cél-lules hostes
també esta mediada per TOR. El nostre treball demostra que el llevat és un model molt
efectiu per descobrir noves funcions dels T3Es i revela no només un nou mode d'accio
per T3Es sind també una nova diana de virulencia que podria estar conservada entre

els regnes biologics.
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We present here the characterization of a new gene family,
awr, found in all sequenced Ralstonia solanacearum strains
and in other bacterial pathogens. We demonstrate that the
five paralogues in strain GMI1000 encode type III-secreted
effectors and that deletion of all awr genes severely impairs
its capacity to multiply in natural host plants. Complemen-
tation studies show that the AWR (alanine-tryptophan-
arginine tryad) effectors display some functional redun-
dancy, although AWR?2 is the major contributor to virulence.
In contrast, the strain devoid of all awr genes (Aawrl-5) ex-
hibits enhanced pathogenicity on Arabidopsis plants. A
gain-of-function approach expressing AWR in Pseudomo-
nas syringae pv. tomato DC3000 proves that this is likely
due to effector recognition, because AWRS and AWR4 re-
strict growth of this bacterium in Arabidopsis. Transient
overexpression of AWR in nonhost tobacco species caused
macroscopic cell death to varying extents, which, in the
case of AWRS, shows characteristics of a typical hypersen-
sitive response. Our work demonstrates that AWR, which
show no similarity to any protein with known function, can
specify either virulence or avirulence in the interaction of
R. solanacearum with its plant hosts.

Bacterial pathogens have been extraordinarily useful to char-
acterize the mechanisms of virulence and plant defense. Plant
infection and colonization by bacterial pathogens often requires
the injection of so-called effector proteins into host cells through
the type III secretion system (T3SS) (Buttner and He 2009;
Galan and Collmer 1999; Marlovits and Stebbins 2009). This
molecular syringe is present in gram-negative bacterial patho-
gens or mutualists that interact with animals or plants (He et
al. 2004; Preston 2007). In phytopathogenic bacteria, a cluster
of 20 to 25 hypersensitive response (HR) and pathogenicity
(hrp) genes encodes the T3SS that is essential for virulence be-
cause T3SS-deficient mutants cannot elicit HR or cause dis-
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ease on resistant or susceptible plants, respectively (Alfano
and Collmer 2004).

Bacterial effectors contribute to the establishment or devel-
opment of disease (Hogenhout et al. 2009; Lewis et al. 2009),
although the mechanisms by which effectors function inside
plant cells are not fully understood. Type III-secreted effectors
(T3E) from phytopathogens of the genera Pseudomonas and
Xanthomonas have been widely studied and shown to interfere
with plant signal transduction by acting as proteases, phospha-
tases, ubiquitin ligases, ribosyltransferases, and phosphothreo-
nine lyases (Dean 2011; Hann et al. 2010; Zhou and Chai
2008).

During coevolution with microbes, plants have developed
innate immune mechanisms to counterattack invading patho-
gens (Cui et al. 2009; Jones and Dangl 2006). Two main layers
of defense responses have been described: pathogen-associated
molecular pattern (PAMP)-triggered immunity (PTI) and effec-
tor-triggered immunity (ETI). PTI consists of a general resis-
tance directed toward invading microbes and is activated upon
detection of PAMP molecules via pattern recognition receptors
(Segonzac and Zipfel 2011). ETI represents a stronger version
of this defense. ETI usually culminates in the elicitation of the
plant HR, a localized programmed cell death associated with
strong race- or cultivar-specific resistance (Coll et al. 2011;
Tsuda and Katagiri 2010). One of the main roles of effectors is
the suppression or modulation of PTI or ETI (Block et al.
2008; Lewis et al. 2009; Stavrinides et al. 2008). The ampli-
tude of disease resistance or susceptibility for a specific plant—
pathogen interaction thus depends on four variables: i) the PTI
plant response, ii) the interference of PTI by bacterial effec-
tors, iii) the ETI, and iv) the capacity of some effectors to sup-
press ETI (Jones and Dangl 2006). Heterologous expression of
bacterial T3E in different pathosystems and characterization of
the resulting phenotype can provide important clues to both
their function and plant defense mechanisms.

Ralstonia solanacearum is the causal agent of bacterial wilt
on more than 200 plant species from 50 botanical families, in-
cluding economically important crops such as potato, tomato,
tobacco, banana, and eggplant (Boucher et al. 1987; Hayward
2000). The bacterium has a strong impact in tropical and sub-
tropical agriculture because of its unusually wide host range,
its high persistence and aggressiveness, and the lack of re-
sistant crop varieties (Hong et al. 2005). The sequencing of
R. solanacearum GMI1000 (Salanoubat et al. 2002) led to
the identification of 70 putative T3E (Mukaihara et al. 2010;
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Poueymiro et al. 2009). The only two R. solanacearum effec-
tors that have been attributed a biochemical function thus far
are the GALA effectors, which mimic plant E3 ubiquitin li-
gases (Angot et al. 2006) and the YoplJ-like protein PopP2,
which functions as acetyltransferase (Tasset et al. 2010). PopP2
was pinpointed as the GMI1000 avirulence (Avr) protein rec-
ognized by the RRS1-R resistance (R) protein of the Arabi-
dopsis thaliana resistant accession Nd-1 (Deslandes et al. 2003).
In addition, AvrA and PopP1 effectors are also known to trig-
ger plant defense responses. AvrA was shown to be an aviru-
lence determinant of various R. solanacearum strains in Nicoti-
ana tabacum (Carney and Denny 1990; Robertson et al. 2004)
and recent reports have also suggested a role in pathogenicity
(Macho et al. 2010; Turner et al. 2009). PopP1 was described
as a host-specificity factor that behaves as a typical avirulence
gene in Petunia spp. (Lavie et al. 2002) and that plays a minor
contribution to the HR in tobacco plants (Poueymiro et al.
2009).

Among the T3E candidates in R. solanacearum, there is a
multigenic family called AWR for the alanine-tryptophan-argi-
nine tryad found in a highly conserved region in their primary
sequence. AWR are long polypeptides of 1,063 to 1,330 amino
acids. Strain GMI1000 contains five awr genes (Rsc2139,
Rsp0099, Rsp0846, Rsp0847, and Rspl1024) that we have
called here awrl, awr2, awr3, awr4, and awr5, respectively.
Except for awrl, these genes are present in all R. solanacea-
rum phylotypes (Guidot et al. 2007) and their transcriptional
activation requires HrpB, a master regulator of the T3SS
(Cunnac et al. 2004a). AWR?2 was one of only two T3E whose
disruption in GMI1000 showed delayed disease symptom de-
velopment on tomato, indicating an important role in bacterial
pathogenesis (Cunnac et al. 2004a).

In this work, we sought to characterize the contribution of
AWR to R. solanacearum interactions with plant hosts. Our
data indicate that the AWR gene family collectively contrib-
utes to bacterial virulence and that some members are recog-
nized in nonhost plants.

RESULTS AND DISCUSSION

AWR: a T3E family conserved
in various plant and animal pathogens.

Genomic analysis of the awr genes in R. solanacearum
GMI1000 showed some interesting features: i) four of the awr
genes (awr2 to awr5) are borne by the megaplasmid whereas
awrl is located on the chromosome; ii) awr3 and awr4 lie side
by side and adjacent to the hrp gene cluster; iii) awr2 and
awr5 are placed near alternative codon usage regions, often
indicative of genes that have been acquired by lateral gene
transfer (Arnold et al. 2003; Guidot et al. 2007); and iv) the
chromosomal paralogue awrl encodes the only protein whose
translocation was not detected in previous studies, although
the gene seems functional because it has not accumulated any
missense mutations. Pairwise analysis of AWR protein se-
quences from GMI1000 revealed that they all shared high
identity and similarity (19 to 53% and 27 to 62%, respec-
tively). A survey of all available sequences in databases was
performed to search for AWR orthologs. These comparisons
revealed homologous genes or proteins with varying degrees
of similarity in all sequenced strains of R. solanacearum, in-
cluding phylotypes I (GMI1000, RS1000, and OEl-1), II
(CFBP2957, 1PO1609, Molk2, and UWS551), III (CMR15),
and IV (PSIO7). We confirmed that genes awr2, awr3, awr4,
and awr5 are present in all R. solanacearum strains whose ge-
nome has been entirely sequenced. AWR2, AWR3, and AWR4
are present even in R. syzygii, a related strain included in the R.
solanacearum phylotype IV. This was in agreement with com-

942 / Molecular Plant-Microbe Interactions

parative genomic hybridization analyses of 12 R. solanacea-
rum strains representative of all phylotypes, where these four
AWR were considered core effector proteins, emphasizing
their functional importance (Guidot et al. 2007). In contrast,
AWRI1 is absent from phylotypes II, III, and IV.

Significant similarities to AWR outside the R. solanacearum
species were only detected with protein sequences and not at
the DNA level. This is not unexpected because DNA se-
quences among distantly related species may differ considera-
bly whereas protein regions important for the function are con-
served. Related proteins were identified in other bacterial plant
pathogens or symbionts such as several sequenced Xanthomo-
nas strains, two Acidovorax avenae strains, and some Burk-
holderia spp. Surprisingly, AWR homologous proteins were
also found in the animal pathogen Burkholderia pseudomallei
(Supplementary Table S1). Interestingly enough, among AWR
homologues in Xanthomonas oryzae pv. oryzae is XopZ
(named secXoO here), which was recently shown to be involved
in virulence and inhibition of basal defense (Song and Yang
2010). However, this protein is quite divergent from those of
R. solanacearum and is more related to Pseudomonas syringae
HopAST1, not considered in our studies because it did not ap-
pear as a BLAST result of AWR. To identify the most con-
served regions, all proteins that showed a significant similarity
to AWR (e value < 0.01 with a sequence coverage 230% or se-
quence identity 220% with higher e values) were aligned using
the MAFFT program (Katoh et al. 2002) and edited with
GBlocks (Castresana 2000). Interestingly, pairwise similarity
between AWR was comparable with that of their putative coun-
terparts in other species. Sequence conservation extended all
along the polypeptide sequence, showing some scattered highly
conserved regions. A domain containing the AWR tripeptide—
after which the protein family was named—was especially
apparent as remarkably well-conserved not only in Ralstonia
but also in Burkholderia spp. (Supplementary Fig. S1).

To better understand the relationships between different
AWR, we constructed a phylogenetic tree based on sequence
similarities using a Bayesian estimation of phylogenies
(MrBAYES) (Fig. 1A). The tree obtained was rooted in the
Xanthomonas sequences, which correspond to y-proteobacte-
ria, more distantly related to the rest of B-proteobacterial se-
quences. The tree showed that maximal diversification of
AWR was found in R. solanacearum strains, whose five pro-
teins appeared as distinct branches (Fig. 1A). Interestingly,
AWR from different strains clustered together in orthologous
groups rather than with the other paralogues from the same
strain. This indicates that they correspond to ancestral effectors
that emerged before R. solanacearum speciation. Three clades
were observed among R. solanacearum AWR, containing the
sequences of AWR 3 and 4, 1 and 2, and 5. The observations
that i) AWR3 and AWR4 form twin branches in the phyloge-
netic tree, ii) they are placed side by side in the genome, and
iii) they show the highest identity and similarity values
strengthen the hypothesis that these genes emerged from a re-
cent duplication event. Molk2 and UWS551 strains harbor an
extra awr gene that has been called AWR6 (Poueymiro and
Genin 2009). According to our tree, these effectors (t3e2RsM
and pawrRsU) correspond to a second copy of AWRS. This ex-
tra AWRS is also present in [PO1609 strain RSIPO_01281 but
not in the other phylotype II strain, CFBP 2957. The tree also
clarified the phylogenetic relationships of AWR-related pro-
teins found in other species. For instance, the AWR present in
Xanthomonas spp., where the tree was rooted, is highly related
to the common ancestor of the family. Similarly, the AWR
found in strains of the human pathogen B. pseudomallei form a
distinct ancestral clade. A. avenae pv. citruli contains two
AWR: one in a basal branch close to Xanthomonas proteins



and the other (hyplAaC and hypAaA) related to R. solanacea-
rum sequences. Finally, an effector closely related to the
AWR3/4 ancestor is present in plant pathogens from the
Burkholderia genus (e.g., hypl Bg), which carry a copy of
AWRI1 (e.g., hyp2 Bg) as well, an effector otherwise restricted
to the R. solanacearum phylotype L.

Based on all of these observations, we proposed an evolu-
tionary model for AWR (Fig. 1B), in which the origin of these
effectors preceded the splitting of B- and y-proteobacteria
(Naum et al. 2009; Tayeb et al. 2008; Wu and Eisen 2008).
From this origin, the gene family experienced several duplica-
tions or deletions in the y-proteobacteria lineage. This explains
the presence of an ancestor for awr3 and awr4 in several
Burkholderia spp. and suggests that awrl appeared as a recent
duplication of awr2. The model also includes two recent hori-
zontal gene transfer events that took place from R. solanacea-
rum toward plant pathogens or symbionts of the genera Acido-
vorax and Burkholderia. The well-known instability of the R.
solanacearum genome (Guidot et al. 2009) and the fact that
Burkholderia spp. and A. avenae share the same soil habitat
(Attree and Attree, 2001; Ham et al. 2010; Viallard et al. 1998;
Willems et al. 1992) render these gene transfers very likely.
The evolutionary model results in five AWR members in each
Ralstonia strain, except in UWS551 and Molk5, where an extra
duplication event in awr5 gave rise to awrb.
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Finally, we performed BLAST comparisons of AWR protein
or gene sequences with the databanks, and no similarity to
characterized proteins or motifs with predicted biochemical
function was found. Prediction analysis for sequence motifs
was performed with INTERPRO Scan software, which analyzes
different data sources using the protein sequences or consensus
sequences derived from the most conserved domains. Three-
dimensional structure predictions using PHYRE were also per-
formed and rendered no statistically relevant hits for any of the
AWR proteins.

Thus, awr genes are conserved genes widespread in R. so-
lanacearum, with orthologs present in other bacterial patho-
gens, but their sequence information gives no clue to their
function.

AWR are bona fide T3E.

Previous studies demonstrated that awr genes, except for
awrl, were transcriptionally regulated by the T3SS master
regulator ~rpB (Cunnac et al. 2004a). In addition, AWR2 from
GMI1000 or the homologues of AWR3, AWR4, and AWRS in
phylotype I strain RS1000 were shown to be translocated into
the plant cell using the cyaA reporter system (Cunnac et al.
2004a; Mukaihara and Tamura 2009). In order to confirm the
type-1II dependent secretion of the effectors from GMI1000,
we took advantage of a novel tool that allows stable production

*  Deletion
“—> Duplication

Fig. 1. Evolutionary relationships between awr genes. A, Rooted phylogenetic tree of the awr gene family. The tree was constructed, according to the Bayes-
ian inference, from those sequences obtained by BLAST for each GMI1000 alanine-tryptophan-arginine tryad (AWR). Sequences were named after acro-
nyms of the protein annotation in the original databanks followed the species they belonged to; that is, t3e (type 3 effector), hyp (hypothetical protein), awr
(awr protein), pawr (putative awr protein), atp (atp-binding protein), sec (secreted protein), Rs (Ralstonia solanacearum), Xa (Xanthomonas axonopodis), Xc
(X. campestris), Xo (X. oryzae), Aa (Acidovorax avenae), Bp (Burkholderia pseudomallei), Br (B. rhizoxinica), Bg (B. graminis), Bgl (B. glumae), and B
(Burkholderia spp.). Numbers in branch nodes correspond to the BPP value and branch lengths indicate sequence divergence. B, Model of awr evolution in
the gram-negative bacterial lineage. The model represents the most plausible evolutionary scenario, taking into account the phylogenetic relationships
amongst bacteria and minimizing the number of gene duplications and losses. Xanthomonas and Acidovorax spp. contain the sequence considered more
related to the ancestral form. Gene duplications are represented as arrows, deletions by stars, and putative horizontal gene transfers by discontinuous lines.
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of tagged proteins in R. solanacearum (Monteiro et al. 2012).
We fused the hemagglutinin (HA) sequence to the 3" end of the
awr coding sequences under the control of the strong eps pro-
moter and introduced the constructs in the genome of the wild-
type GMI1000 strain or its T3SS-deficient counterpart (hrpV~)
by recombination. Next, we grew the strains under type III-
inducing conditions and evaluated AWR expression inside the
bacterium and their secretion to the culture medium. Thus, to-
tal bacterial protein extracts and concentrated proteins from
the culture medium were obtained and subjected to immuno-
blot analysis using an anti-HA antibody. Distinct band sizes
corresponding to the different expressed effectors could be dis-
tinguished in cell lysates of both strains (Fig. 2). Although full-
length AWR were produced in R. solanacearum, the protein
was detected in the medium from the wild-type strain but not
from the hrpV mutant, thereby demonstrating that secretion was
dependent on a functional T3SS. These results confirmed that
AWR2, AWR3, AWR4, and AWRS were secreted via the T3SS,
as previously described using the CyA reporter assay (Cunnac
et al. 2004b; Mukaihara and Tamura 2009). In addition, our data
demonstrate that, contrary to what had been reported, AWRI1 is
also secreted to the medium and, thus, can be considered a
genuine T3E protein (Fig. 2).

AWR effectors jointly contribute to the pathogenicity
of R. solanacearum GMI1000.

A previous study showed that disruption of a single awr
gene slightly affects bacterial pathogenicity. To better evaluate
the combined contribution of the whole gene family in patho-
genicity, we constructed a mutant of R. solanacearum
GMI1000 devoid of all awr members. To this end, we used a
recently adapted methodology for precise excision of DNA se-
quences in the R. solanacearum genome that allows the gener-
ation of cumulative mutations (Angot et al. 2006; Marx and
Lidstrom 2002). Consecutive deletion of all five awr genes re-
sulted in strain Aawrl-5 and each of the intermediate mutants
(Aawr3,4; Aawr3-5; and Aawr2-5). These mutant strains were
tested for virulence in the host plants tomato (ecotypes
‘Marmande’ and ‘Hawaii 7996’) and eggplant ‘Zebrina’. Bac-
terial multiplication was measured in the leaves, because this
methodology was shown to be more sensitive and quantitative
than plant disease scoring (Macho et al. 2010). The wild-type
strain GMI1000 and a nonpathogenic hrp regulation mutant
were used as references in this experiment. GMI1000 (wild
type) multiplied 1,000 to 10,000 times at 3 days postinocula-
tion (dpi) in infected plants, depending on the host, whereas

AWR1 AWR2 AWR3 AWR4 AWRS
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Fig. 2. Secretion assay of alanine-tryptophan-arginine tryad (AWR) effec-
tors in Ralstonia solanacearum GMI1000. Immunodetection of protein
extracts from bacterial lysates (L) or culture media of strains bearing dif-
ferent AWR effector genes fused to the hemagglutinin (HA) epitope tag.
The wild-type GMI1000 was used to test protein secretion in the medium
and the ~rpV™ mutant to verify that secretion was type III secretion system
specific. AWR proteins were detected with an anti-HA antibody.
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hrpG multiplied a maximum of 1.5 log,, (Fig. 3). The bacte-
rium grew to a similar extent in the hosts tomato (Marmande)
and eggplant but much less in the tomato Hawaii 7996, known
to be tolerant to the disease (Wang et al. 2000). In eggplant,
the multiplication capacity of the quintuple awr mutant and all
its intermediates was significantly reduced compared with the
wild-type strain, except for the mutant deleted for AWR3 and
AWR4 (Aawr3,4), whose growth was only slightly affected
(Fig. 3A). The mutant devoid of all AWR multiplied 50-fold
less than the wild-type strain, demonstrating an important role
of AWR in pathogenicity. The whole gene family was key for
bacterial progression in planta, because consecutive deletions
exerted an additive effect in the phenotype. These phenotypes
are specific for plant colonization, because none of the tested
strains was affected in growth in culture media (data not
shown). Similar results were obtained in tomato (Fig. 3B). In
contrast, when the effects of single awr deletion mutations on
virulence were compared, no significant differences were ob-
served (Supplementary Fig. S2), except for AWR?2, which had
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Fig. 3. Bacterial growth of alanine-tryptophan-arginine tryad (AWR) dele-
tion mutants and their complemented strains on host plants. The wild-type
Ralstonia solanacearum GMI1000 (WT), its hypersensitive response and
pathogenicity (hrp)-deficient counterpart (hrpG~), and AWR mutant
strains of mutant complemented strains were infiltrated at 10° CFU/ml on
leaves and recovered 3 days later (4 days for tomato ‘Hawaii 7796’) to
monitor bacterial growth. Bacterial multiplication is represented as the
logarithm of recovered CFU per square centimeter with respect to the
original inoculum. Values represent the mean of eight biological replicates
and their standard errors which were obtained in two independent assays.
Statistically significant groups (letters and asterisks) were calculated using
a one-way analysis of variance and a Tukey test (P < 0.05). A “~" sign be-
tween numbers indicates that the intermediate awr genes are also deleted
(i.e., Aawrl-5 is the quintuple deletion mutant strain). A “+” indicates
complementation with the gene following the sign. A, R. solanacearum
growth curves in eggplant ‘Zebrina’. B, R. solanacearum growth curves in
tomato ‘Marmande’ (black bars) and ‘Hawaii 7796’ (white bars).



been previously shown to contribute to pathogenicity. To con-
firm the described phenotypes and better determine the contri-
bution of each gene to bacterial fitness in planta, the quintuple
mutant was complemented by sequentially introducing into its
genome a single copy of awrl, awr2, or awr5. The strain bear-
ing only awr2 restored bacterial multiplication to almost wild-
type levels, whereas addition of awrl or awr5 to the quintuple
mutant did not affect bacterial growth in the plant (Fig. 3A,
right-most bars). These data correlate with the phenotypes of
the single mutants and support a major role of awr2 in R. so-
lanacearum virulence, with some functional redundancy of its
paralogues.

Some AWR effectors constrain
R. solanacearum pathogenicity on Arabidopsis.

To better understand the role of AWR effectors in R. solana-
cearum virulence, in planta multiplication assays were also car-
ried out in the alternative host Arabidopsis thaliana accession
Col-0. Surprisingly, the strains deleted of four or five AWR mul-
tiplied much better than wild-type strain in Col-0 whereas
growth of the wild type was almost undetectable (data not
shown). Thus, contrary to what was observed in other hosts, the
absence of AWR seemed to render the bacterium more profi-
cient for multiplication in Arabidopsis. Because an advantage in
multiplication often causes an increase in pathogenicity, we then
performed the classical pathogenicity tests to better analyze
these phenotypes (Fig. 4A). Plants were root inoculated with
either the wild-type GMI1000 or Aawr-5 mutant and develop-
ment of wilting symptoms was recorded daily. Disease scoring
showed increased virulence of the Aawrl-5 strain compared
with the wild strain, accelerating symptom appearance for ap-
proximately 2 days. Similar results were obtained with the
Aawrl-4 strain (not shown). This suggested that the presence of
AWR effectors was limiting the capacity of the bacterium to
multiply and cause disease in Arabidopsis. To better characterize
this effect, we designed a gain-of-function assay introducing
awr genes in P. syringae DC3000, an Arabidopsis pathogen
naturally lacking them. AWR were heterologously expressed
using the pEDV6 system and bacterial growth of the resulting
strains was measured in Col-0 leaves (Fabro et al. 2011; Sohn et
al. 2007). As expected, expression of several AWR effectors in
this pathosystem caused a restriction in bacterial multiplication
(Fig. 4B). This was particularly apparent when AWR4 and
AWRS were present, whereas AWR1 and AWR3 caused only a
mild impact on pathogen progression. By contrast, the strain
expressing AWR?2 exhibited increased fitness in planta. These
results support the previous observation that AWR2 plays a
major role in virulence which, on natural hosts, is aided by a
collective contribution of its paralogues. In addition, several
AWR also seem to trigger specific plant recognition responses in
A. thaliana, which is not a natural host for R. solanacearum, de-
spite having been isolated from other crucifers. The same results
were obtained when the effectors were expressed in the less
virulent P. syringae pv. DC3000 derivative lacking the con-
served effector locus instead of the wild type (not shown). Other
studies have shown disparate responses of effector proteins on
Arabidopsis and tomato plants (Lin et al. 2008; Milling et al.
2011). Unsurprisingly, Arabidopsis is a tremendous source of
plant resistance toward pathogens and its study led to the discov-
ery of the R protein, RRS1 (resistance to R. solanacearum 1)
that confers resistance to R. solanacearum expressing PopP2
(Deslandes et al. 2003).

Transient expression of AWR
in N. benthamiana causes different levels of necrosis.

To determine whether AWR bacterial effectors are recog-
nized in resistant plants, we used Agrobacterium-mediated tran-

sient expression (hereafter, agroinfiltration) of AWR from an
estradiol-inducible vector. We agroinfiltrated and scored for
macroscopic cell death phenotypes in N. benthamiana, N. ta-
bacum, and N. glutinosa plants, which are resistant to strain
GMI1000. AWRS production resulted in a rapid and marked
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Fig. 4. Effect of alanine-tryptophan-arginine tryads (AWR) on bacterial
pathogenicity on Arabidopsis thaliana. A, Pathogenicity test on A. thali-
ana Col-0 plants with the Ralstonia solanacearum Aawrl-5 multiple
mutant strain and the control strain GMI1000 (WT). Plants were root inoc-
ulated and disease progression annotated daily according to wilting symp-
toms appearance: no wilting (0), 25% wilted leaves (1), 50% (2), 75% (3),
and dead plant (4). Values represent the mean of 12 biological replicas and
their standard errors. Representative pictures were taken 10 days postin-
fection. Differences were statistically significant according to Student’s ¢
test at P < 0.01. The assay was repeated three times with similar results. B,
Multiplication in A. thaliana Col-O plants of Pseudomonas syringae
DC3000 heterologously expressing AWR effectors. Strain DC3000 bear-
ing the pEDV3 empty vector (EV), its hypersensitive response and patho-
genicity (hrp)-deficient variant (hrcC), and the strains that express each
AWR were inoculated on leaves at 5 x 10° CFU/ml and recovered 3 days
later to monitor bacterial growth. Bacterial multiplication is represented as
the logarithm of recovered CFU per square centimeter with respect to the
original inocula. Values represent the mean of four biological replicates.
Statistically significant groups were calculated using a one-way analysis of
variance with a Tukey test (P < 0.01). The experiment was repeated three
times with similar results.
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necrosis in N. benthamiana leaves, and AWR1 and AWR?2 pro-
duced a milder and less clear necrosis phenotype (Fig. 5A).
Leaves expressing one of the two other AWR were indistin-
guishable from control leaves expressing B-glucuronidase
(GUS) with the same inducible system. The full-length AWRS
protein was required for correct function or folding to trigger

plant responses, because production of N- or C-terminal or cen-
tral protein fragments was insufficient to cause the necrosis
phenotype (not shown). The rapid onset (approximately 24 h)
and the extent of the necrosis caused by AWRS were reminis-
cent of that produced by the AvrA effector, known to trigger an
HR in Nicotiana spp. (Fig. 5A, left) (Poueymiro et al. 2009).

A AwA AWR5 AWR2 AWR1
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Fig. 5. Effects of AWR (alanine-tryptophan-arginine tryad) transient expression on nonhost Nicotiana plants. A, Photograph of representative Nicotiana ben-
thamiana leaves expressing AWR or control proteins. Transient expression was performed using Agrobacterium tumefaciens as a vector to transfer estradiol-
inducible constructs from pAMP-PAT-derived plasmids. Full leaves were agroinfiltrated with the each construct. Pictures were taken 4 days after inoculation.
The experiment was repeated four times with the same results. B, Immunoblotting of proteins transiently produced in N. benthamiana under an estradiol-
inducible promoter. Hemagglutinin (HA)-tagged proteins from total leaf extracts obtained at 6 to 8 h postinduction were immunodetected using an anti-HA
antibody. C, Summary chart of the phenotypes caused by transient expression of AWR in N. benthamiana (Nb), N. tabacum (Nt), and N. glutinosa (Ng)
plants. Average phenotypes observed from eight independent leaves are shown in a semiquantitative scale: ++ = massive macroscopic necrosis, + = clear
necrosis variable in size and intensity, +/— = minor necrosis present in only some infiltrated leaves, — = appearance indistinguishable from control -glucu-
ronidase -expressing plants, and * = not tested. D, AWR subcellular localization in N. benthamiana. Fluorescence confocal microscopy images of the 525- to
550-nm (AWR-YFPyv, yellow) and 610- to 700-nm (chloroplasts, red) spectra obtained after excitation with a 514-nm light. Pictures of representative cells
expressing the bacterial effectors taken at 8 h postinduction are shown. As a reference, notice the cytoplasmatic and nuclear localization of the control yellow
fluorescent protein (YFP). Bars correspond to 20 um.
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Accumulation levels of all transiently expressed proteins were
checked by immunoblot. Although proteins were expressed at
different levels, it was clear that phenotypical responses trig-
gered by AWR were not related to differences in their relative
expression. Bands corresponding to the expected full-size pro-
teins were detected for all constructs at 8 h postinduction (Fig.
5B). Phenotypical responses caused by AWR were also evalu-
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ated in two other nonhost tobacco species to check their speci-
ficity. The results are presented in Figure 5C in a semiquantita-
tive scale. The phenotypes caused by AWRS and AWR2 were
apparent in all backgrounds and even stronger in N. tabacum.
AWRI1 and AWR4 showed minor necrosis on N. benthamiana
and N. glutinosa, respectively (Fig. 5C). AWR3 had no macro-
scopic effect in any case, in spite of being readily detected by

Gus Gus AWRS5

AWR5

6 h 9h

Fig. 6. Cell death phenotype caused by AWRS is comparable with a hypersensitive response (HR). A, Pictures of Nicotiana tabacum leaves 48 h after infiltration
with various concentrations of Agrobacterium tumefaciens bearing the awr5 and avrA genes (left). Left numbers indicate bacterial optical density at 600 nm
of the inocula. Trypan blue staining of dead cells 26 h postinduction of agroinfiltrated leaf areas (central panel); GUS = B-glucuronidase. Diaminobenzidine
staining of agroinfiltrated leaves showing H,O, production at 8 h postinduction (right). B, AWRS triggers an early induction of specific HR plant markers.
Expression of HINI (HR-specific gene) and PRIa (defense marker) was evaluated from RNA samples extracted at different time points from N. benthamiana
leaves agroinfiltrated with constructs producing each AWR. Gene expression was normalized by the housekeeping gene tubulin and represented as fold-
induction with respect to basal levels in control samples transiently expressing the GUS gene. Values shown are the mean of two biological replicates and

their standard error.

Vol. 25, No. 7, 2012 / 947



Western blot. It is worth mentioning that AWRS, which dis-
plays the strongest impact on plant physiology, is the one caus-
ing a major growth restriction when expressed in P. syringae.
Interestingly, AWR2 and AWRS are the only family members
that have a very minor impact, if any, when ectopically overex-
pressed in tomato host plants (Supplementary Fig. S3). This
reinforces the idea that the cell death produced in resistant
plants is due to recognition and not a consequence of AWR
function in planta. Such diversity in plant responses to AWR is
surprising considering their similarity in the primary protein
sequence. Similar results using other bacterial effectors have
been described, further supporting the diverse host responses
to AWR. A recent report where effector candidates from X.
campestris, P. syringae, and R. solanacearum were transiently
overexpressed in various plant species demonstrated that, al-
though one-third produced visible phenotypes in at least one
accession, none of them caused a reaction in all plants tested
(Wroblewski et al. 2009). HR-like phenotypes have been inter-
preted as a programmed cell death elicited by avirulence factors,
although recent publications discuss whether this HR might be a
cause or a consequence of cascade signaling downstream of
effector recognition (Coll et al. 2011).

To better understand the molecular basis of AWR-caused ne-
crosis, we investigated subcellular localization of yellow fluo-
rescent protein (YFP)-tagged AWR proteins. Agroinfiltration of
some YFP-tagged AWR proteins in N. benthamiana leaves re-
sulted in tissue collapse in early time points (24 h), indicating
that YFP-tagged AWR proteins are functional. Confocal mi-
croscopy pictures taken at short intervals postinduction (8 h)
are presented in Figure 5D. The images clearly show that fluo-
rescence from all effector fusions was evenly localized in the
cytoplasm, with some association to membranes (e.g., AWR4).
In contrast to the free YFP protein, which is partially retained
in the nucleus, none of the effectors targeted this compartment.

AWRS causes an HR when transiently expressed
in tobacco species.

To determine whether the cell death observed after AWRS
production in planta corresponded to an HR, we performed
additional experiments by expressing this effector or the con-
trol AvrA protein at various levels. AvrA was previously de-
scribed as triggering an HR response (Poueymiro et al. 2009).
Serial infiltrations of different concentrations of Agrobacte-
rium cells carrying either AWRS or AvrA were performed on
N. tabacum leaves, because the phenotypes were sharper in
this plant and appeared earlier. Expression of both AWRS or
AvrA generated necrosis to the same level at similar time point
(<24 h) (Fig. 6A). To further compare cell death phenotypes
caused by AvrA and AWRS, we performed trypan blue stain-
ing of the infected leaf tissues to visualize dead cells (Keogh et
al. 1980), and diaminobenzidine (DAB) staining that results in
brown deposits upon reaction with H202 (Thordal-Christensen
et al. 1997). Agroinfiltration of AWRS triggered a cell-death
phenotype and induced higher accumulation of H202 com-
pared with AvrA in N. benthamiana (Fig. 6A, right panels).
These results imply that the AWRS-triggered cell death re-
sponse in nonhost tobacco plants resembles classical HR
(Torres, 2010). To better characterize the observed responses at
the molecular level, we measured the expression of defense-re-
lated marker genes that are induced during development of HR
in N. benthamiana. HINI was chosen as a specific molecular
marker of HR in tobacco, because its expression is highly in-
duced during incompatible interactions and strictly restricted
to the challenged tissue (Gopalan et al. 1996; Kiba et al. 2003).
Transcript levels of HINI and pathogen-response (PR) genes
were measured by real-time quantitative reverse-transcription-
mediated polymerase chain reaction (RT-PCR) by using total

948 / Molecular Plant-Microbe Interactions

RNA samples isolated from agroinfiltrated N. benthamiana
leaves. The results of these experiments are presented in Figure
6B as fold-induction with respect to basal expression levels
from leaves expressing the control GUS transcripts. A marked
increase of the HINI transcripts was already apparent 3 h after
estradiol induction of effectors, causing clear HR-like pheno-
types (AvrA or AWRS), and this high expression extended to 6
and 9 h postinduction. At these late time points, HINI was also
induced at levels comparable with those caused by AvrA and
by AWR2 or AWRI1, which caused milder necrosis on tobacco.
The AWR effectors (AWR3 and AWR4) producing no macro-
scopic phenotype when agroinfiltrated did not activate HR-
responsive genes (Fig. 6B). By contrast, expression of the PR1a
defense gene was almost unaltered (<twofold changes compared
with AvrA) for any of the strains tested. For AWR2, AWRS,
and the control strains, RNA levels of the defense-responsive
PR1b or the HR-responsive hsr203;j (Kiba et al. 2003; Pontier
et al. 1998) were comparable with HINI and PRIla (data not
shown). Gene hsr203j was tested because it had been described
as specifically induced in tobacco tissues inoculated with strain
GMI1000 (incompatible interaction) and undetectable upon
challenge with strain K60 (compatible interaction) or a non-
pathogenic hrp mutant strain (Pontier et al. 1998). Thus, induc-
tion of the specific molecular markers perfectly correlated with
the phenotypes observed in planta.

From our results, we infer that an HR only appears when an
expression threshold of marker genes is reached. This thresh-
old implies a minimum transcript level at a certain time (ap-
proximately 30-fold before 6 h for HINI), so that lower levels
or even comparable levels but at later times are not sufficient
to mount programmed cell death. Along the same line, it has
been suggested that common genes are involved in both com-
patible and incompatible responses against pathogens, with the
differential timing determining the outcome (Hu et al. 2008;
Tao et al. 2003). Taken together, our phenotypic and molecular
analyses prove that AWRS can trigger an HR when overex-
pressed in Nicotiana spp. It is noteworthy that this response is
equivalent to that caused on tobacco leaves with AvrA or with
the whole bacterial strain GMI1000 (Kiba et al. 2003), sug-
gesting that AWR effectors can play a role in restriction of the
R. solanacearum host range.

Conclusion.

R. solanacearum is a devastating pathogen that requires T3SS
to successfully infect plants (Boucher et al. 1987). It is one of
the bacterial pathogens with the highest number of predicted
T3E (Cunnac et al. 2010; Kay and Bonas, 2009; Mukaihara et
al. 2010) but most of their functions remain unknown, contrary
to other pathogens such as P. syringae or the xanthomonads.
Among all putative effectors found in R. solanacearum, we
have focused here on the characterization of a multigenic fam-
ily called AWR. Our results demonstrate that the encoded pro-
teins in GMI1000 are secreted through the T3SS and are re-
quired for full virulence of the pathogen on natural hosts. It is
interesting to note that AWRI translocation to plant cells had
been undetected using a cyaA reporter fusion but it was proven
here through protein secretion studies. This discrepancy is un-
likely due to the fact that proteins from different strains
(RS1000 and GMI1000) were analyzed, because the N termi-
nal (first 50 amino acids) of the two proteins, where secretion
signals lay, is 94% identical. Rather, we favor the hypothesis
that type IlI-dependent secretion studies are a more sensitive
test than translocation of cyaA fusions, which may be prone to
false negatives.

The high redundancy of effector repertoires has been inter-
preted as a means to use particular combinations for effective
colonization of different hosts (Cunnac et al. 2004a; Kvitko et



al. 2009). In the case of AWR, one of them (AWR2) plays a
major role in pathogenicity, regardless of the plant host,
whereas the other members of the family act synergistically,
reinforcing this function. Our deletion and complementation
experiments suggest that the role of each family member in
virulence is somewhat redundant. For example, a single AWR
(AWR?2) confers wild-type pathogenicity on eggplant whereas
a single mutant for the same AWR shows higher pathogenicity
than a mutant deleted for all the awr genes. These features of
the AWR family suggest that R. solanacearum virulence in-
volves a small number of effectors with a key effect and many
effectors with a weak, additive contribution. This seems to be
true for the whole GMI1000 effector repertoire, out of which
only AWR2 and RSp0304 deletion mutants showed decreased
pathogenicity on tomato (Cunnac et al. 2004b).

Contrary to the similar contribution of AWR to pathoge-
nicity on diverse hosts, we have found a high degree of speci-
ficity in the responses triggered by AWR in different plants.
AWRS5—and, to a lesser extent, AWR2 and AWRI1—triggered
the major responses in nonhost tobacco plants, whereas Arabi-
dopsis plants showed some recognition of AWRS5 and AWR4.
Thus, AWR exhibit functional diversification, as was recently
described by another R. solanacearum type I1I effector family
showing specialized roles in pathogenicity on different plant
hosts (Remigi et al. 2011). Our results in A. thaliana are espe-
cially interesting. In this plant host, the presence of AWR
seems to restrict R. solanacearum virulence, as revealed by the
increased pathogenicity and multiplication of the AawrI-5
strain. It seems logical that the bacterium is not fully pathogenic
in this plant, which is never confronted with the pathogen in
nature. However, when the role of each AWR was analyzed
separately by a gain-of function approach in the heterologous
pathogen P. syringae, we obtained somehow conflicting results.
As mentioned, AWRS and AWR4 showed this capacity to re-
strict bacterial multiplication but AWR2 expression clearly
promoted the pathogenicity of P. syringae. Thus, the outcome
of the interaction of R. solanacearum with A. thaliana is the
result of antagonistic interactions specific for each effector.

AWR?2 is one of the main contributors to R. solanacearum
virulence on different hosts, suggesting conservation in its tar-
gets, but it is also recognized by the plant surveillance system.
This dual role in virulence and resistance has already been
documented for some bacterial effector proteins and been
interpreted in the light of plant—pathogen coevolution, which
results in compatible and incompatible interactions (Schulze-
Lefert and Panstruga 2010). For instance, AvrBsT from X.
campestris pv. vesicatoria is recognized in pepper and N. ben-
thamiana plants whereas it enhances bacterial growth in tomato
plants (Kim et al. 2010). Similarly, evolutionary and virulence—
avirulence studies with effectors of the YopJ/HopZ effector su-
perfamily have shown their functional diversification in wide-
ranging coevolutionary interactions (Lewis et al. 2011). The
distinct functions of each AWR in virulence and avirulence
likely contribute to host adaptation, explaining the high degree
of conservation of these effectors in R. solanacearum.

AWR are also present in other plant-pathogenic strains with
emerging importance such as the rice pathogen B. glumae,
other Burkholderia strains, Acidovorax avenae infecting cu-
curbitaceae or poaceae and some Xanthomonas pathovars
causing disease in rice, pepper, tomato, brasicaceae, citrus, or
even a bacterial wilt in banana (Ham et al. 2010; Mole et al.
2007; Smith et al. 2008; Viallard et al. 1998; Willems et al.
1992). The long evolution suffered by this ancestral family and
the disparate contexts in which it functions may have facili-
tated the functional diversification that we have observed for
its members. In addition, AWR homologues are also present in
the mammal pathogen B. pseudomallei, the causal agent for

melioidosis (Wuthiekanun and Peacock 2006), whose T3SS is
similar to that of R. solanacearum (Rainbow et al. 2002). It
would be interesting to evaluate the role of AWR in this patho-
gen also capable of infecting tomato plants (Lee et al. 2010)
because, in P. aeruginosa, some virulence factors are impor-
tant for pathogenesis on both plant and animal hosts (Rahme et
al. 1997). Indeed, effectors from plant pathogens such as
HopAO1 from P. syringae have already been shown to share
the same function with their homologues in Salmonella and
Shigella spp. (Shan et al. 2007).

In this work, we characterized the physiological impact of
AWR on different plant species. Plant localization did not give
clues to the events that follow effector translocation in planta.
Experiments are under way to identify and biochemically char-
acterize the molecular targets of AWR in host and nonhost
plants to broaden our knowledge of the virulence strategies de-
veloped by R. solanacearum to provoke bacterial wilt disease.

MATERIALS AND METHODS

DNA cloning and molecular biology techniques.

TOPO or GATEWAY BP/LR recombinational clonings were
achieved according to the supplier’s manuals (Invitrogen Life
Technologies Ltd. Paisley, U.K.). Some of the genes were am-
plified with and without STOP codon or, alternatively, this co-
don was inserted or deleted afterward with the QuikChange
XL-Site-directed mutagenesis kit (Stratagene, La Jolla, CA,
U.S.A.). PCR amplifications were typically performed with
the proofreading Pfx DNA polymerase (Invitrogen) in a 50 ul-
mix containing 0.3 mM each dNTP, 0,6 mM each primer, 2
mM MgSO,, 2x Pfx amplification buffer, 2x enhancer solu-
tion, 0.2 pug of DNA, and 1.25 U of Pfx DNA polymerase. Am-
plification cycles were always performed approximately 5°C
below the melting temperature of the primers employed. To
clone in pGEM-T, 5" A-overhangs were added to PCR prod-
ucts by incubating 6 pl of the PCR with 1 pl of 10x reaction
buffer containing MgCl,, 0.2 mM dATP, and 5 U of GoTaq
polymerase at 70°C for 20 min. Verification of PCR was rou-
tinely carried out with the nonproofreading GoTaq DNA poly-
merase, as recommended by the supplier (Promega Corp.). For
all clonings, DNA fragments were electrophoresed in agarose
gels in Tris-acetate EDTA containing SYBR Safe DNA gel
stain (Invitrogen), and bands were excised and purified with
the Expin GEL SV (GeneAll Biotechnology Co., Ltd Seoul,
Korea), introduced to the final vector by Gateway recombina-
tion or ligation, and transformed into Escherichia coli. Plas-
mids were then recovered with the Exprep Plasmid SV kit
(GeneAll) for clone verification with restriction enzymes (New
England) and sequencing with BigDye terminator v3.1 (Life
Technologies Ltd., Paisley, U.K.) followed by further cloning
if required.

For the generation of the R. solanacearum deletion mutant
strains with the cre-lox system, we amplified 1 Kb-long 5 (L)
and 3’ (R) flanking regions of the coding sequence of interest
and cloned the fragments in pGEM-T (Invitrogen). Inner
EcoRI and Sacl restriction sites in 2139L (GAATTC>GATT
TC) and 0099R (GAGCTC>GAGCAC) were mutagenized with
the QuikChange XL site-directed mutagenesis kit before clon-
ing into the final pCM351 vector. All generated plasmids are
described in Supplementary Table S2. Clones without stop
codons were used for expression with C-terminal fusions, unless
otherwise stated. All primers used in this study for cloning or
RT-PCR are listed in Supplementary Table S3.

Bacterial strains, plant material, and growth conditions.

E. coli cells were routinely grown in Luria-Bertani (LB) me-
dium at 37°C. Agrobacterium tumefaciens and P. syringae
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were grown in YEB or L-media, respectively, at 30°C. R. so-
lanacearum cells were grown in complete B medium or in
minimal medium (MM) supplemented with 20 mM glutamate
at 28°C (Boucher et al. 1987). For secretion studies, bacteria
were grown at 25°C in MM containing 10 mM glutamate and
10 mM sucrose as a carbon source. Congo red was also added
to the cultures, at 100 pg/ml, because it is known to promote or
stabilize secretion (Bahrani et al. 1997; Gueneron et al. 2000).
Antibiotics were used for selection at the following concentra-
tions: ampicillin at 100 pg/ml, chloramphenicol at 30 pg/ml,
gentamicin at 15 pg/ml (10 in plates or 5 in liquid cultures for
Ralstonia spp.), kanamycin at 50 pg/ml, rifampicin at 25
yg/ml, spectinomycin at 40 pg/ml, and tetracycline at 10 ug/ml
(5 in Ralstonia liquid cultures).

The plants used for this work were 5-week-old Arabidopsis
thaliana Columbia 0; 4-week-old N. benthamiana; 5-week-old
N. glutinosa; 6-week-old N. tabacum ‘Bottom special’; 4- to 5-
week-old Lycopersicon esculentum Marmande, ‘Bonnie Best’,
and Hawaii 7996; and 5-week-old Solanum melongena Ze-
brina. All plants were grown in long-day light conditions, ex-
cept for A. thaliana, grown in short-day conditions with con-
stant temperature at 22°C and humidity approximately 60%.
After Agrobacterium sp. infiltrations, plants were kept in the
same conditions whereas, after Ralstonia or Pseudomonas sp.
inoculations, they were incubated in a chamber with constant
light conditions and a fixed temperature of 28 and 25°C, re-
spectively.

Bacterial transformation.

RbClI-chemically competent E. coli cells were transformed by
the heat-shock method, as described by Sambrook and Russell
(2001). MACH-1 cells (Invitrogen) were used as recipients for
all clonings except for the GATEWAY-carrying plasmids,
which were always transformed in the ccdB-resistant E. coli
gyrA462 mutant strain (Bernard et al. 1994). Agrobacterium
tumefaciens GV3103 was transformed by electroporation in a
2-mm cuvette (2.5 Kev, 25 pF, 186 Q) with 2 ul of DNA, incu-
bated for phenotypic expression during 3 to 6 h, plated, and
then incubated overnight in LB with suitable antibiotics. A
standard triparental mating procedure (Sohn et al. 2007) was
used to transfer plasmids from E. coli to P. syringae DC3000
using the E. coli-carrying pRK2013 as a helper strain. R. solana-
cearum GMI1000 natural transformations were performed as
described (Boucher et al. 1985). For deletion mutagenesis in R.
solanacearum with the cre-lox system (Marx and Lidstrom
2002), pCM351-derived plasmids were introduced in R. so-
lanacearum by natural transformation and mutants resistant to
gentamicin were recovered. The resistance gene flanked by
loxP sites was finally excised by electroporating the strain (2.5
Kv, 50 pF, 129 Q, 2-mm cuvettes) with pSG15, which harbors
the cre recombinase, and growing the transformants for 2 days
at 30°C without antibiotics to cure the pSG15 plasmid. Dele-
tion of all AWR genes was confirmed by hybridization of ge-
nomic DNA extracted from the different mutant strains onto
the genomic microarray from strain GMI1000 as described by
Guidot and associates (2007). For each mutant, T3SS function-
ality was validated by infiltration in N. benthamiana plants to
verity HR caused by ETIL.

Agrobacterium-mediated protein expression in planta.
Transient Agrobacterium-mediated protein expression was
performed in N. benthamiana, N. tabacum, and N. glutinosa.
For this, A. tumefaciens overnight-cultured cells were centri-
fuged and resuspended in 10 mM MgCl,, 10 mM MES, and
150 uM acetosyringone for inoculation at an optical density at
600 nm of 0.5 to 0.8, then incubated for 1 to 2 h at room tem-
perature. A strain harboring the P19 vector was co-infiltrated
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in most cases to avoid plant-silencing mechanisms. Bacterial
strains were hand inoculated with a needle-free syringe in
plant leaves from different plants. If required, protein expres-
sion was induced by painting the leaves 36 h postinfiltration
with 5 uM estradiol and some Silwet L-77. For protein detec-
tion, three leaf discs of 6 mm were harvested at 3 to 6 h
postinduction and homogenized in liquid nitrogen. Samples
were subjected to standard Western-blot analysis as described
by Sambrook and Russell (2001) using polyvinylidene difluor-
ide (PVDF) membranes, an already HRP-conjugated anti-HA
antibody (1:4000; F. Hoffmann, La Roche Ltd., Basel, Swit-
zerland), Amersham Hypercassette films (GE Healthcare, Pis-
cataway, NJ, U.S.A.), and Immobilon ECL (Billerica, MA,
U.S.A.)). For AWR subcellular localization, disc samples
mounted in water were observed under a confocal microscope
(Leica DMIRE2, Ryswyk, The Netherlands) with the 525- to
550-nm laser for YFPv and the 610- to 700-nm laser for chlo-
roplasts. Images were taken with the x40 objective (Leica con-
focal software) and processed with the Fiji software. For trypan
blue staining, Agrobacterium—infiltrated leaves were boiled in
a trypan blue-lactophenol solution with ethanol and cleared in
chloral hydrate solution as described (Keogh et al. 1980). For
DAB staining, Agrobacterium—infiltrated leaves were incubated
overnight at room temperature with DAB as previously de-
scribed (Thordal-Christensen et al. 1997).

Pathogenesis assays in planta.

R. solanacearum multiplication in planta was measured
similarly to what is used in the Pseudomonas community to
assay the effect of T3E proteins in bacterial virulence (Sohn et
al. 2007), with a procedure adapted from Macho and associ-
ates (2010). Briefly, plant leaves were hand inoculated with
fresh bacteria at 10° CFU/ml (tomato and eggplant) or 10°
CFU/ml (col-0) with a 1-ml blunt syringe. Pseudomonas strains
were inoculated at 5 x 10° CFU/ml in Arabidopsis plants. Bac-
teria were recovered in 200 pl of water at 0 and 3 dpi (4 dpi for
Arabidopsis and Hawaii tomato plants inoculated with Ral-
stonia spp.). For each strain, two biological replicates were
taken at O dpi and four at 3 to 4 dpi (each containing four discs
of 5 mm in diameter from independent leaves). Bacterial sus-
pensions were serially 10-fold diluted and plated in replicas on
rich B medium plates. CFU were counted and bacterial growth
calculated as the recovered CFU per square centimeter with
respect to the original inoculums. Results were validated with
the one-way analysis of variance test (Tukey post-analysis test)
with the GraphPad software statistics package. HR assays were
performed as described (Poueymiro et al. 2009) by infiltrating
solutions of 1.5 x 10® bacteria/ml obtained from fresh colonies
on adult Nicotiana plants grown in a greenhouse.

For R. solanacearum pathogenicity tests by soil inoculation,
5-week-old Arabidopsis plants grown in Jiffy-7 peat pellets
were root cut, incubated with a bacterial solution at 10%
CFU/ml for 30 min, and transferred to the growth chamber
again. Symptom appearance was recorded independently for
each plant according to a wilting scale of 0 to 4 (0 = no wilt-
ing; 1 =25,2 =50, and 3 = 75% leaves wilted; and 4 = death).

RNA obtention and quantitative RT-PCR.

Two independent biological replicas of six tubes containing
six leaf discs from six different plants expressing each AWR
and control proteins were harvested at different time points
after induction and they were homogenized in liquid nitrogen.
RNA was extracted from the samples (NucleoSpin RNA plant;
Macherey-Nagel, Diiren, Germany) according to the manufac-
turer’s protocol and quantified afterward. Approximately 2 ug
of total RNA was subjected to retrotranscription with anchored
oligo-(dT),g primers (Transcriptor first strand cDNA synthesis



kit; Roche). For quantitative real-time PCR, a Light Cycler 480
(Roche) with SYBR Green chemistry was used with two tech-
nical replicas. Tubulin was used as a housekeeping gene to
normalize samples for the amount of RNA. The results were
presented with respect to the transcript levels of the gus con-
trol gene that should not interfere with expression of the genes
assessed.

Protein purification, immunodetection, and
secretion studies.

For secretion studies, overnight-grown R. solanacearum
bacteria were inoculated at 2 x 10 cells/ml in 20 ml of MM
containing 10 mM glutamate and 10 mM sucrose as a carbon
source. Congo red was also added to the cultures at 100 pg/ml
to promote or stabilize secretion (Gueneron et al. 2000). Cul-
tures were grown at 25°C for 12 to 18 h and bacteria were
separated from the medium by centrifugation at 4,000 x g for
10 min at room temperature. Cells were resuspended in 1 ml
of phosphate-buffered saline (PBS) buffer, lysed by sonication,
and mixed 1:1 with 2x Laemmli sample loading buffer. Culture
supernatants were filtered through a 0.22-um-pore membrane
to eliminate residual cells, which was confirmed by plating
200 pl into a rich agar plate. Proteins were then precipitated
from the medium by adding one volume of 25% trichloroace-
tic acid and incubating overnight at 4°C. Precipitated proteins
were pelleted by centrifugation at 6,000 x g for 30 min at 4°C,
washed twice in cold 90% acetone, dried, resuspended in 100
ul PBS, mixed 1:1 with 2x Laemmli buffer, and subjected to
Western-blot analysis.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
and Western-blot analysis.

Samples were routinely mixed 1:1 with Laemmli buffer (0.2
M dithiothreitol, 0.125 Tris-HCI [pH 7.5], 4% sodium dodecyl
sulfate, and 20% glycerol), loaded into 1-mm-wide 7.5% acryla-
mide gels, and migrated for 1 to 3 h at 120 to 170 V (Bio-Rad,
Munich). Proteins were transferred to PVDF membranes
(Amersham, Bucks, U.K.) overnight at 4°C (30 V) or 1 h at
room temperature (100 V). For HA-tag detection, membranes
were incubated overnight at 4°C or 3 to 5 h at room tempera-
ture with anti-HA rat monoclonal antibody (clone 3F10;
Roche) already conjugated to HRP (diluted 1/4000). For YFP
detection, membranes were incubated for 1 h at room tempera-
ture with anti-green fluorescent protein rabbit polyclonal anti-
body (Santa Cruz Biotechnology Inc., Santa Cruz, CA, U.S.A.)
already conjugated to HRP (diluted 1/1000). For detection, im-
mobilon ECL (Millipore) and a LAS-4000 mini system (Fuji-
film, Tokyo) were used, or Amersham Hypercassette films (GE
Healthcare) developed with silver nitrate in a Medical Film
Processor FPM-100A (Fujifilm).

In silico analysis of the AWR gene family.

DNA and protein BLAST analyses were performed separately
for all AWR sequences (nonredundant protein sequences) to
find related members in other Ralstonia strains or other bacte-
rial species. InterPro scan was used as an integrated database
for protein “signatures” prediction of AWR. The PHYRE data-
base was used for three-dimensional predictions. To obtain
similarity and identity values between AWR proteins and their
representative homologs in other species, we used the EMBOSS
Needle online software that performs a global alignment of
two given sequences. Protein sequences that showed similarity
to AWR (e value < 0.01 with a sequence coverage =230% or se-
quence identity >20% with higher e values) were aligned using
the MAFFT program (E-INS-i parameter suitable for sequences
with multiple conserved domains and long gaps) and edited with
GBlocks (allowing smaller final blocks, smaller gap position,

and less strict flanking positions). Phylogenetic analysis was
performed by the MrBayes program (Huelsenbeck and Ronquist
2001), based in a Bayesian estimation, with a stringency con-
vergence <0.01, and contrasted with PhyML, based in a
maximum-likelihood estimation (100 trials performed). All se-
quences used for tree constructions and their access number
are described in Supplementary Table S2.
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The plant metacaspase AtMC1 in pathogen-triggered
programmed cell death and aging: functional linkage
with autophagy

NS Coll*"2 A Smidler®, M Puigvert?, C Popa®, M Valls®>? and JL Dangl"*>%7

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 AtMCH1. 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 advance online publication, 2 May 2014; doi:10.1038/cdd.2014.50

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 Il 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.2>2°

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®*2%=28 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
AtMC1 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*2
and atg18a.'®> 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, atmc1,
atghs, atg18a, atmci atgh and atmci atgi8a plants
with Pseudomonas syringae pathovar tomato strain (Pto
DC3000 expressing the type Il effector avrBpm1 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 atmc13®
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 atmc1 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 atmci1 atgi8a double mutants did not result in
enhanced pathogen proliferation (Figure 1b).

We also investigated whether atmc1 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.'®'”43 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 Pfo 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, atg78a 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 atgi18a 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 atmc1
sid2. This observation also reinforces our hypothesis that
autophagy and AtMC1 participate in separate HR signaling
pathways. In atmc1 atgi18a 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, atmci1, atgi8a and atmct
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).*® Consistent with these data, the
lack of an NADPH-dependent ROS burst did not alter HR
suppression in atmci, atgi8a or atmci1 atgi8a 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, atmc? 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
500 000 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 ttest (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 10” 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 atmc? plants constitutively expressing GFP-ATG8
were treated with 1 4M 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. () Densitometry analysis of the samples in (d) using

Multi Gauge (Fuiifilm, 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, atmc? 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
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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 atmci1 atg18a mutants cannot be
explained by the early senescence onset, which occurs later.

Early senescence in autophagy-deficient plants, but not
in atmci1 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

[J MgClz
[ Pto DC3000(avrRpm1)

150

100

50

number of dead cells / field of vision

Col-0 atmc1  atg18 sid2 atmc1  atmc1  atg18  atmct

atg18 sid2 sid2 atg18

sid2
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 (¢ =0.05). The

experiment is representative of three independent replicates

extreme early senescence phenotype of atmci1 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.

atmce1 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 atmc1 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
atme1 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 atmci-deficient plants
cannot restrict cell death caused by the necrotrophic fungus
Botrytis cinerea (Supplementary Figure 6).5° 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 atmc? 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-12. The S.E.
was calculated from three samples per genotype and the experiment was performed three times
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Figure 4 Atmc1 and atg18a mutants are hypersensitive to the SA agonist BTH and to externally generated ROS. (a) Pictures of representative 4-week-old plants grown
under short-day conditions, 4 days after 300 «M BTH treatment. (b) Representative leaves of plants treated as in (a) were stained with Trypan blue (TB, upper panel) or with
3,3-diamino-benzidine (DAB, lower panel) to visualize cell death and H,O, accumulation, respectively. (¢) Quantification of cell death and H,O, accumulation in (b) by measuring
the stained area (excluding the central vein) relative to the whole area of the leaf. (d) Pictures of representative 4-week-old plants 24 h after treatment with the ROS donors rose
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.2%-3!
However, Ycal also can be localized to insoluble protein
aggregates where it promotes aggregate clearance indepen-
dent of the Yca1 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 atgi8a, 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 AtMC1 likely localizes to insoluble
protein aggregates. We performed the same fractionation
using plants expressing the catalytic dead version of AtMCH1
(AtMC1-C99A-C220A-HA).** The catalytic dead AtMC1
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 Yca1.

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

o
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Figure 5 A fraction of full-length AtMC1 localizes to insoluble aggregates independent of its catalytic activity, contributing to aggregate clearance. (a) Protein extracts of
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(avrRpm1)) or transferred to long-day conditions (3w SD + 4w LD) and western blot
analysis using anti-HA antibody or anti-cAPX was performed after fractionation into total (T), soluble (S) and insoluble aggregate (A) fractions. (¢ and d) Silver stains of total,
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.3® 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.25"%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.*®55%8 |mportantly, the studies that
reported a pro-survival role of autophagy during pathogen-
triggered HR cell death used relatively old plants.85":52
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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 atg5.2

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.''”
Autophagy and AtMC1 act separately to contribute to HR,
as evidenced by the further suppression of cell death in atmc1
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 atg18a
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.5° 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).'” 54
Finally, our data also show that HR suppression phenotypes
in atmc1, 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, atmc1 plants are prematurely
senescent and hypersensitive to BTH, ROS and necrotrophic

a HR cell death
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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 AtMC1
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 atmci 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 AtMC1 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: atmc1 and atmc2® atg5 (SALK_020601)," atg18a
(GABIB51D08)," atrbohD>® rpm1-3% and sid2eds16.® Transgenic Col-0
35S::GFP-ATG8a plants are described in Thompson et al*® and atmct
355::GFP-ATG8a plants were obtained by transformation using the floral dip
method.®*

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 ul drop
of 2mM rose bengal or a 5 l 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, Carlshad, 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 il cDNA, 1 ul
forward primer (10 «M), 1 ul reverse primer 2 (10 M) and 9.5 ul H,O. 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 factor1o (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), 2.4mM 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 ! of plant extraction buffer (20 mM
Tris (pH 7.5), 150mM NaCl, 1 mM EDTA, 1% Triton X-100 and 0.1% SDS, 5mM
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, 200 mg of leaf tissue was ground in 4 ml sucrose buffer (20 mM Tris (pH 8),
0.33M sucrose, TmM 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 1 h. Triton X-100-treated M + A was then centrifuged 50 000 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, Véannas, Sweden) and
anti-plasma membrane H* ATPase (Agrisera).

Alternatively, we used a modified version of the protocol described in Lee et a
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 100000 x gat 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.

/.41

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 1 h in a 50% methanol, 37% formaldehyde and 12% acetic acid
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