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(ABSTRACT)
Pseudomonas syringae is an important bacterial plant pathogen that, as a species, is known
to cause disease on hundreds of different plant species. However, any individual pathovar
of P. syringae typically only causes disease on one or a few plant species, which constitute
the host range of the pathovar. Plants are generally resistant to most pathogens primarily because the plant innate immune system is capable of recognizing conserved microbialassociated molecular patterns (MAMPs). Adapted pathovars of P. syringae secrete effector
proteins through a Type Three Secretion System (T3SS) to suppress the immune response
elicited by their MAMPs. However, secretion of effectors can also trigger a strong plant
immune response if the plant harbors resistance proteins capable of recognizing the secreted
effectors. Successful pathovars, therefore, must secrete a combination of effectors capable of
suppressing MAMP/Pattern-Triggered Immunity (PTI) without eliciting Effector-Triggered
Immunity. Here we identify several novel strategies employed by P. syringae to overcome the
plant immune system and cause disease. First, we demonstrate that, in place of the canonical T3SS used by all known pathogens of P. syringae, several apparently nonpathogenic
isolates of P. syringae employ a novel T3SS that is functional but not necessary for colonization of plants. Despite being closely related to pathogenic isolates of P. syringae, the
isolates employing the noncanonical T3SS do not cause disease on any tested plants and
instead appear to act more as commensal organisms. Second, we advance the understanding
of PTI by identifying a second region of bacterial flagellin that triggers PTI in addition to
the archetypical MAMP flg22, which is recognized by the archetypical plant receptor FLS2.
This new elicitor, termed flgII-28, is also detected by FLS2 and appears to be under selection in very closely related lineages of P. syringae. Alleles of flagellin present in one recently
expanded and agriculturally problematic lineage of P. syringae appear to trigger less PTI on
their host plant, tomato, than the ancestral allele suggesting that avoidance of PTI through
allelic diversity in MAMPs is an effective alternative strategy to suppression of PTI through
delivery of effectors. Finally, we start to elucidate a role for chemotaxis (chemical-directed
movement) in P. syringae pathogenicity. Not only is chemotaxis required for pathogenicity
of P. syringae on plants, but it also appears to contribute to delimiting the host range of
several P. syringae pathovars. These results highlight that additional aspects of P. syringae
pathogenicity, such as chemotaxis, can directly contribute to defining the host range of individual P. syringae pathovars. The current paradigm of P. syringae pathogenicity posits
that MAMPS and the repertoire of effector proteins are the primary determinant of the host
range of any P. syringae pathovar; in contrast these results inspire a more nuanced view of
pathogenicity that considers multiple aspects of the infection process.
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The phytopathogen Pseudomonas syringae

Pseudomonas syringae is arguably the most intensively studied plant pathogen. As a species,
P. syringae is able to cause disease on hundreds of different agronomically important plants
[1]. In the state of Virginia, one of the most economically important diseases caused by P.
syringae is bacterial speck on tomato [2]. P. syringae is a foliar plant pathogen thought
to have a biphasic lifecycle. In the first stage of an infection, P. syringae can colonize
leaf tissue and survive as a benign epiphyte for many generations [3]. Like any epiphytic
bacteria, P. syringae faces appreciable stress on the leaf surface [4]. Thus under favorable
environmental conditions, such as rain [5] or plant tissue wounding, it invades the endophytic
space and causes disease [3] [6]. The mechanisms by which P. syringae causes disease has
been intensively studied for the past several decades. But still relatively little is known
about what factors ultimately determine if a particular strain of P. syringae is virulent
on a particular plant host or not and what distinguishes strains that can cause disease in
controlled conditions in the lab from strains that causes disease outbreaks in the field.
While typically studied for its role as a plant pathogen, P. syringae can occupy many other
environmental niches. It has been known for over 30 years that some P. syringae have ice
nucleation activity [7] and are associated with rainfall [8] and snow [9], suggesting that P.
syringae may utilize the water cycle as a mode of transmission [10]. Some strains of P.
syringae were also recently shown to be successfully ingested by aphids feeding on infected
leaf tissue and be virulent to those aphids suggesting that P. syringae may also use insects
as a host and vector [11]. Likely, P. syringae is able to occupy many ecological niches
beyond acting as a plant pathogen. These other portions of the overall P. syringae life-cycle
may seem of little significance from the anthropogenic perspective of only considering P.
syringae’s potential to act as a plant pathogen, but further characterization of P. syringae’s
alternative lifestyles may lead to improved understanding of how P. syringae acts as a
successful plant pathogen and help in design of efficient control strategies.

1.2

Phytopathogens and the plant immune system

Plants in nature are constantly under environmental stress including attack by pathogenic
microbes such as bacteria, fungi, insects, and viruses. Plants cannot escape such environmental stress by moving to a new location and have thus evolved a sophisticated immune
system to detect and fend off biotic stresses [12]. One way plants are able to recognize microbial pathogens is through detection of microbe-associated molecular patterns (MAMPs)
[13]. Recognition of MAMPs often occurs by surface-localized pattern recognition receptors
(PRRs) [14]. Recognition of MAMPs by PRRs results in pattern-triggered immunity (PTI),
a basal first line of defense of plants effective against a wide variety of pathogenic microbes,
in many plant-pathogen interactions [15]. If PTI is not suppressed, it is capable of halting
further colonization of the invading bacteria.
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To date, only a few MAMPs have been identified [15] [16] with the best-characterized MAMP
being flagellin, a building block of the flagellum of bacteria [17]. MAMP recognition is an
effective means of defense for the plants because most known MAMPs are necessary for
virulence and thus present in most pathogens [18]. Other known bacterial MAMPs include
elongation factor Tu [19] and bacterial cold shock protein [20]. MAMP recognition results
in significant transcriptional changes. For instance, flagellin is recognized and bound by
the PRR FLS2 in Arabidopsis [21] and is responsible for the induction of more than 1,100
genes [21] and increased disease resistance after interaction with its coreceptor BAK1 [22].
In depth analysis of the function of flagellin perception by plants has resulted in improved
understanding of the plant immune system [15]. The use of PRRs in biotechnology-enabled
crop protection is currently being explored by transferring PRRs from one plant family into
a member of another, in which the PRR is lacking with promising results [23].
During evolution, as a response to PTI, many pathogenic bacteria have acquired a Type
Three Secretion System (T3SS), encoded by the hrp/hrc gene cluster [24], capable of secreting effector proteins able to interfere with plant defenses[25] [26]. Much evidence suggests
that such secreted effector proteins are able to interfere with PTI caused by Pseudomonas
syringae on Arabidopsis [27] in what is known as Effector-Triggered Susceptibility (ETS)
[15]. Interference with PTI by Type Three Effectors (T3Es) is considered essential for P. syringae virulence [28]. However, not all effectors are successful in subduing plant defenses and
many ultimately betray the presence of the pathogen and elicit plant defenses in a process
known as Effector Triggered Immunity (ETI) [29]. Recognition of pathogen effectors is well
described by a gene-for-gene model [30] in which host resistance (R) genes are involved in
allele-specific genetic interactions with the cognate effector proteins [31]. Effectors that trigger ETI are known as avirulence (Avr) proteins because they ultimately cause the harboring
pathogen to fail to cause disease on the incompatible host. Usually recognition of effectors
by cognate R-proteins of the plant leads to a strong defense known as the Hypersensitive
Response (HR, a component of ETI), which compounds a variety of plant defenses and often
culminates in programmed cell death [32]. However, a strain of P. syringae that deploys
T3Es that trigger ETI on the corresponding host can still be virulent on that host if it also
deploys T3Es capable of interfering with that defense signaling pathway and thus reestablish ETS. For example, the effector protein HopA1 induces ETI in Arabidopsis [33] but this
defense pathway can be suppressed by the majority of the effector proteins secreted by P.
syringae pv. tomato DC3000 [34]. The balance of PRRs and R genes of the plant against
MAMPS and effectors of the pathogen is thought to be the primary determinant of whether
disease or resistance will be the outcome of a particular P. syringae - plant interaction.

1.3

The host range of P. syringae

The P. syringae species complex has a sizable host range that encompasses hundreds of plant
species, but any particular strain of P. syringae has a host range delimited to only one or a few
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plant hosts. To be a successful pathogen, a strain of P. syringae must suppress PTI, a part of
the plant’s basal immune system [12] and avoid ETI (discussed above). Both suppression of
PTI and induction of ETI is largely due to delivery of effector proteins into the plant cell by
the T3SS; thus effectors represent a double-edged sword for P. syringae suppressing immunity
on some plant hosts and inducing immunity on others [35]. For example, the effector protein
AvrRpt2 increases virulence of the harboring strain of P. syringae on tomato but acts as an
avirulence determinant, and thus abolishing pathogenicity of harboring strains of P. syringae,
on Arabidopsis [36]. Induction of ETI is dependent on whether or not the corresponding
plant host expresses an R gene for one (or more) of the effector proteins delivered by the
pathogen into the plant cell. The selection pressure plants and plant pathogens exert on each
other has resulted in an ’evolutionary arms race’ [37] and spurred the evolution of diverse
but often overlapping complements of R genes for the plant and effector proteins for the
pathogen [38]. A plant can have hundreds of R genes [39] and many PRRs [40] capable of
producing immunity in response to pathogenic invaders. If a strain of P. syringae does not
have the correct assortment of effectors for avoiding or abrogating the immunity produced
by the specific R genes and PRRs of the specific plant host, it is unable to cause disease on
the plant host. Thus, the effector repertoire of a particular strain of P. syringae is thought
to largely delimit the host range of that strain [41].
In response to selective pressure, strains of P. syringae have acquired new effectors capable
of interfering with plant defenses and discarded effectors that result in ETI through nonsense mutations, terminal reassortment [42], transposon insertion, and loss of entire effectorencoding genomic regions over evolutionary time. The pressure to maintain a suitable suite
of effector proteins to be able to cause disease is likely the reason for the diversity of effectors
among P. syringae pathogens. Indeed, even closely related pathogens are able to deploy a
diverse array of ever-changing effectors [43]. The refining of the effector repertoire of a strain
of P. syringae to maintain virulence on one plant host likely narrows the host range of that
strain to exclude other plant hosts. Effectors capable of increasing virulence on one plant
host may be recognized, and therefore induce immunity, on other plant hosts. For example,
the bean pathogen P. syringae pv. phaseolicola 1448a deploys the effector protein HopQ11[44] to quantitatively increase virulence on bean [45]. But HopQ1-1 also induces immunity
on tobacco [46]. HopQ1-1 is not present in any of the P. syringae tobacco pathogens, which
are closely related to the bean pathogen P. syringae pv. phaseolicola 1448a, indicating
that P. syringae strains are able to fine-tune their effector repertoire to be well adapted for
their specific host [45]. Further characterization of the effector and MAMP repertoires of
P. syringae and the plant defense pathways with which they interact should elucidate the
molecular basis of host specificity of P. syringae pathogens.
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Resistance against pathogen entry as a mechanism
of plant innate immunity

P. syringae is known to have a biphasic life-cycle on plant hosts, first colonizing the leaf
tissue as a benign epiphyte before invading and aggressively colonizing the apoplastic space
[47]. It is thought that P. syringae invades the plant tissue as an endophyte as a means
of avoiding environmental stresses associated with the leaf surface [6] [4] and to reach the
relatively nutrient rich environment of the plant apoplast [48]. In support of this hypothesis,
epifluorescence microscopy experiments examining fluorescently tagged P. syringae have
revealed that P. syringae, even as an epiphyte, prefers semi-sheltered niches on the leaf
surface such as next to trichomes and stomata [49]. However once in the apoplast, P.
syringae likely faces appreciably more defense responses from the plant, hence the evolution
of the T3SS and corresponding effectors [50].
To date, relatively little is know about how P. syringae switches from an epiphytic to an endophytic lifestyle. It is known that P. syringae is more likely to invade the endophytic space
under favorable conditions such as rainfall [3], likely through entries into the plant apoplast
such as wounds or stomata. Until recently, this entry was largely regarded a passive process.
However, it appears that plants actively resist entry of bacteria through the stomata. Plants
treated with bacteria or bacterial-derived MAMPs actively close their stomata within one
hour of exposure to the MAMPS [51]. Adapted phytopathogens have mechanisms to reopen
stomata; for instance PtoDC3000 can reopen Arabidopsis stomata a few hours after the initial stomatal closure through the action of the phytotoxin coronatine [51]. This response is
dependent on sensing of flagellin by the PRR FLS2 in Arabidopsis [52]. Thus stomatal closure can be considered part of the plant innate immune system that some adapted pathogens
have developed a means of suppressing. At least in the case of PtoDC3000 on Arabidopsis,
T3Es do not appear to play a role in reopening stomata [51]; however, P. syringae strains
often contain other immune suppressing compounds than just T3Es [53]. For example, it
has been known for over 20 years that the toxin coronatine, which is synthesized by many
P. syringae strains, can induce stomatal opening [54]. As expected, PtoDC3000 deficient
in coronatine is unable to reopen Arabidopsis stomata [51]. Coronatine is known to be essential for full virulence of P. syringae on many plant hosts including Arabidopsis and is
believed to aid in virulence in ways other than reopening stomata [55] [56]. It is not currently known if coronatine has similar stomatal reopening capabilities on other plants or if
phytopathogens have other means of abrogating stomatal closure during the plant innate
immune response. Also, the mechanisms used by phytopathogens to locate stomata remain
unknown. Chemotaxis, the controlled semidirectional movement of microbes along chemical
concentration gradients, is an obvious possibility. Several soil-borne pathogens including
Ralstonia solanacearum and Phytophthora sojae employ chemotaxis to locate host roots [57]
[58], but chemotaxis has never been identified as important for any plant pathogen after
initial contact with the plant host.
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Non-host resistance

Most plants are resistant to most pathogens. The resistance demonstrated by most plants
when attacked by most pathogens is usually classified as nonhost resistance. Nonhost resistance has been defined as “Disease resistance shown by an entire plant species to all genetic
variants of a non-adapted pathogen species” [59]. For bacterial pathogens, the distinction of
nonhost resistance is typically made at the pathovar, not species, level however. As opposed
to race-level resistance, in which a plant cultivar or ecotype is resistant to some races of a
bacterial pathovar (or fungal forma specialis) but susceptible to others, nonhost resistance is
considered a very durable form of resistance for an entire plant species. Typically, nonhost
resistance is believed to be durable in part due to the resistance being polygenic, that is,
resistance in which many genes work in concert to provide multilayered disease resistance.
This form of nonhost resistance has been demonstrated in several nonhost interactions such
as that of the bean pathogen, P. syringae pv. phaseolicola 1448a on Arabidopsis [60] or
that of several powdery mildew fungi on Arabidopsis [61]. However, nonhost resistance is
not contingent on being polygenic and there are several documented cases of monogenic
nonhost resistance. The resistance of tobacco to PtoDC3000, a nonhost interaction, is dependent only on the recognition of the HopQ1-1 T3E of DC3000 [46]. Monogenic nonhost
resistance should not be de facto considered a less durable form of resistance – most varieties
of maize have remained resistant to the devastating fungal pathogen Cochliobolus carbonum
for generations thanks to a single gene: Hm1 [62].
Another characteristic commonly used to sub-classify nonhost resistance is whether or not
the resistance culminates in a hypersensitive response (HR) [63]. Type I nonhost resistance,
such as that of Arabidopsis against Pph1448a [64], does not involve an HR. Type II nonhost
resistance, for example PtoDC3000 on tobacco [65], leads to an HR. Though the molecular
dialogues that take place in both Type I and Type II nonhost resistance are poorly understood, much evidence suggests that there is substantial overlap with R gene-mediated
resistance. Silencing of sgt1, a ubiquitin ligase-associated gene known to play a role in several R gene signaling pathways, increases the susceptibility of Arabidopsis to several nonhost
pathogens [66]. Silencing the nho1 gene in Arabidopsis compromises both nonhost resistance
and several R gene-mediated resistance pathways [67]. Furthermore, gene expression patterns are similar between gene-for-gene mediated resistance responses and nonhost resistance
responses [68], and many hallmarks of R gene resistance are also observed in nonhost interactions such as release of reactive oxygen species [69]. Furthermore, a few effectors have been
identified as paramount for some cases of nonhost resistance e.g. the effector HopAS1 from
Pseudomonas syringae pv. tomato (Pto), which significantly contributes to nonhost resistance of Arabidopsis against Pto, and is functional only in strains that are nonpathogenic on
Arabidopsis, and either missing or disrupted in all known P. syringae Arabidopsis pathogens
[70]. Taken together, these reports indicate that ETI plays a critical role in nonhost resistance. It has also been reported that the nho1 gene, which is known to be required for
nonhost resistance, is a MAMP-mediated immune response indicating that PTI may also be
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significant in nonhost interactions [71]. Therefore, conceptually nonhost resistance can be
thought of as the cumulative resistance of ETI and PTI without the resistance-suppression
effects of ETS. Thus for P. syringae, MAMPs and the effector repertoire are likely important for defining both race resistance and the more substantial nonhost resistance. The exact
molecular basis of nonhost resistance is still poorly understood and further elucidation of the
molecular constituents of the plant immune system important for nonhost resistance should
allow for the design of novel, durable, biotechnology-based plant resistance.

1.6

Perspective

The work of this dissertation outlines an effort to broaden our understanding of mechanisms
employed by plant pathogens to become virulent on specific plant hosts. By improving our
understanding of disease, we aim for a corollary improvement in understanding of plant resistance to enable novel crop protection strategies. Specifically, this research project contributes
to elucidating the molecular foundation of host range i.e. understanding why a pathogen can
be successful on one plant host but not another. Outlined below, we have identified several
novel strategies strains of P. syringae employ to successfully colonize their plant hosts. We
have advanced the understanding of the role of effector proteins in plant-microbe interactions
by describing an alternative T3SS employed by some P. syringae stains (Chapter 2). We
have also expanded the paradigm of PTI in plant-microbe interactions by exploring the role
and importance of allelic diversity in both pathogen MAMPs and plant PRRs (Chapter 3).
Finally, we have established that chemotaxis represents another virulence and host range
determinant for P. syringae (Chapter 4). Excitingly, a few of these findings have enabled us
to begin exploring novel approaches to plant pathogen control.

Chapter 2
Strains of Pseudomonas syringae
naturally lacking the canonical
hrp/hrc cluster are common leaf
colonizers equipped with an atypical
type III secretion system
The data presented in this chapter has been published in the journal Molecular Plant-Microbe
Interactions and is available open access:
Clarke, C.R., Cai, R., Studholme, D.J., Guttman, D.S., Vinatzer, B.A. Pseudomonas syringae strains naturally lacking the classical P. syringae hrp/hrc locus are common leaf
colonizers equipped with an atypical type III secretion system. 2010. MPMI 23(2): 198-210.
Author contributions: Christopher R. Clarke designed experiments, performed experiments, and wrote the manuscript. Rongman Cai performed some of the PCRs for the MLST
analysis for Figure 2.1. David J. Studholme performed the velvet assembly and mapping of
the 642 genome to the B728a genome. David S. Guttman contributed to experimental design
and wrote the manuscript. Boris A. Vinatzer supervised research, designed experiments, and
wrote the manuscript.
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Abstract

Pseudomonas syringae is best known as a plant pathogen that causes disease by translocating immune-suppressing effector proteins into plant cells through a Type III secretion system
(T3SS). However, P. syringae strains belonging to a newly described phylogenetic sub-group
(group 2c) are missing the canonical P. syringae hrp/hrc cluster coding for a T3SS, flanking effector loci, and any close orthologue of known P. syringae effectors. Nonetheless, P.
syringae group 2c strains are common leaf colonizers and grow on some tested plant species
to population densities higher than those obtained by other P. syringae strains on nonhost
species. Moreover, group 2c strains have genes necessary for the production of phytotoxins,
have an ice nucleation gene, and, most interestingly, contain a novel hrp/hrc cluster, which
is only distantly related to the canonical P. syringae hrp/hrc cluster. This hrp/hrc cluster
appears to encode a functional T3SS although the genes hrpK and hrpS, present in the
classical P. syringae hrp/hrc cluster, are missing. The genome sequence of a representative
group 2c strain also revealed distant orthologues of the P. syringae effector genes avrE1 and
hopM1 and the P. aeruginosa effector genes exoU and exoY. A putative life cycle for group
2c P. syringae is discussed.

2.2

Introduction

Bacteria in the Pseudomonas syringae group are plant pathogens that cause diseases known
as bacterial blight, spot, speck, stripes, and canker [1]. While the host range of this group of
bacteria includes the majority of crops and ornamental plants, the host range of individual
strains of P. syringae is generally restricted to one or a small number of known plant species.
When environmental conditions are favorable, P. syringae may enter host leaves through
wounds or stomata, multiply exponentially and cause disease. However, some P. syringae
strains have been found to survive on leaf surfaces for extended periods of time as epiphytes
without causing any disease symptoms, and, even apparently host specific strains have been
isolated from non-symptomatic weeds near crop fields [72] suggesting that P. syringae strains
can grow, or at least survive, on plants on which they do not cause disease ([73]; [3]).
One of the ways P. syringae strains seem to facilitate their own entry into leaves is by
causing frost damage through catalyzing the freezing of water with an ice nucleation protein
[74]. After growing to high number within leaves, disease symptoms are believed to aid
P. syringae to erupt back to the leaf surface to be transmitted to new plants [3]. Recently,
evidence accumulated that P. syringae bacteria can be transmitted to geographically distant
plants by being transported with air currents to clouds and coming back to the earth surface
with rain and snow [10]. Possibly, some P. syringae strains facilitate their return to earth
by again taking advantage of their ice nucleation protein to catalyze ice crystal formation in
clouds, which will give rise to rain drops and snow flakes.
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The best-studied section of the P. syringae life cycle is its exponential endophytic growth
phase between entry into leaves and the appearance of disease symptoms. To accomplish
this part of its life cycle, P. syringae suppresses the plant innate immune system triggered
by microbe associated molecular patterns (MAMPs), such as the flg22 epitope of the flagellin protein [75], by translocating immune-suppressing effector proteins through a type III
secretion system (T3SS) into plant cells [50]. While effector proteins suppress immunity
in some plants, in other plants they trigger the plant immune system (effector triggered
immunity-ETI, [29]) upon their recognition by cognate resistance proteins, which in turn
activate a secondary defense reaction termed the hypersensitive response (HR) [32]. Therefore, effectors represent a double-edged sword allowing growth on some plant species while
interfering with it on others. Optimizing effector repertoires for maximum virulence on host
plant species may thus exclude other plant species from host range and effectors may be the
main reason for the narrow host range of most P. syringae strains.
The T3SS is encoded by a cluster of hrp/hrc genes, so-named because their mutation abolishes the HR and pathogenicity, while some genes are conserved among a broad range of
T3SS-harboring bacteria [76]. Some effectors are encoded by loci flanking the hrp/hrc locus.
The conserved effector locus (CEL) [77] is composed of the effector genes hopM1 and avrE1,
with demonstrated roles in suppressing plant immunity [78], and of hrpW, which encodes a
T3SS-secreted helper protein that targets the plant cell wall [79]. The exchangeable effector
locus (EEL) [77] encodes effectors that vary among strains ([80]; [81] Strain Number 161).
Other loci containing effectors are distributed throughout the P. syringae genome [82]. Besides effectors, some P. syringae strains also produce phytotoxins that play a facultative role
in the disease process [53].
We recently reported the existence of a small phylogenetic sub-group of P. syringae strains
that do not induce an HR, and do not cause disease on any tested plant species [83] supporting
the hypothesis that some P. syringae are non-pathogenic ([73]; [3]). This group included
PsyTLP2 and Psy508 reported previously to be non-pathogenic ([73]; [84]). Based on several
molecular analyses, bacteria in this group neither have the canonical P. syringae T3SS, nor
orthologues of known P. syringae effectors. In particular, sequencing the hrp/hrc locus and
flanking effector loci in one of these strains, Psy508, we found that this entire genomic region
only contained two hypothetical genes with similarity to two genes in the EEL of the tomato
and Arabidopsis thaliana pathogen strain P. syringae pv. tomato DC3000 (PtoDC3000)
[85]. However, these two genes do not have any features predictive of being T3S-effectors. As
expected, Psy508 was unable to translocate the effector AvrRpt2 into A. thaliana expressing
the cognate resistance gene RPS2 and induce an HR [86]. Intriguingly however, Psy508
expressing AvrRpt2 triggered small HR-resembling specks in N. benthamiana suggesting
limited translocation of AvrRpt2 through the flagellum or through a T3SS encoded by genes
too different from the canonical P. syringae hrp/hrc cluster to be detected by the employed
molecular tests.
Here we show that Psy508-like strains are very common leaf colonizers of healthy plants.
Based on multilocus sequence analysis ([87] [88]) these strains form a distinct P. syringae
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clade and grow as well as, or better than, other P. syringae strains on nonhost species
without causing disease. Psy508-like strains contain an unusual hrp/hrc cluster that is only
distantly related to the canonical P. syringae hrp/hrc cluster. The encoded T3SS appears
to be constitutively expressed and functional but not to play a major role during in planta
growth. A hypothetical life cycle for this novel P. syringae group is described.

2.3

Results

Psy508-like strains are common leaf colonizers and constitute a monophyletic
group within the P. syringae species complex.
We previously reported [83] that Psy508 isolated from a fallen apple leaf [84], PsyTLP2
isolated from a healthy potato leaf [73], three P. syringae strains from healthy Primula
species in France, and two strains from unidentified healthy weeds in Virginia are all missing
the canonical P. syringae hrp/hrc cluster, do not cause an HR on tobacco, and are more
closely related to each other than to any other P. syringae strain analyzed by Hwang et
al. [89]. To determine how common bacteria from this group are compared to other P.
syringae bacteria that have a classic hrp/hrc cluster, P. syringae were isolated from leaves
of random weeds and bushes in Southwestern Virginia and West Virginia in spring 2008
(Table 2.1). All sampled plants had no visible disease symptoms and belonged to at least
six distinct plant families (Rosaceae, Solanaceae, Plantaginalceae, Lamiales, Primulaceae,
and Ranunculaceae). Several plants could not be identified since no flowers were present
at the time of collection in early spring. Between one and several hundred colonies were
isolated from surface sterilized leaf disks on medium selective for P. syringae [90]. A gyrB
gene fragment of representative colonies was sequenced as described by [89]. 24 strains
from 24 different plants were provisionally identified as P. syringae based on the fact that
their gyrB sequence was most similar to a P. syringae strain in Genbank using the blastn
algorithm [91]. Only two of these strains were positive for the hrp/hrc region using hrp/hrc
specific PCR primers [83] (data not shown). The 22 strains that were negative for the
hrp/hrc region based on PCR were also negative for the hypersensitive response (HR) when
inoculated at an OD600 of 0.1 in leaves of cultivated tobacco (N. tabacum) in agreement with
the absence of the hrp/hrc cluster. However, when a subset of these strains were tested at
higher concentrations of inoculum, some caused leaf collapse: four of fourteen strains caused
leaf collapse at an OD600 of 0.3 and seven of fourteen caused leaf collapse at an OD600 of
0.6 (data not shown), suggesting that these strains either produce some kind of elicitor of
plant defenses or phytotoxins that damage tissue integrity.
Multilocus sequence typing (MLST) based on four loci [89] was performed on the 22 HRnegative strains and for one of the two strains found to have a hrp/hrc cluster. The data
for these strains and for the seven HR-negative strains described in [83] were added to
the Plant Associated Microbes Database PAMDB (www.pamdb.org and [92]). The four
sequences were concatenated for each of the 30 strains and all strains typed by Hwang et
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Table 2.1: Strains used in Chapter 2 study. Strains with an unknown plant of isolation (indicated
by a dash) all came from small newly emerging weedy plants in early spring.

Isolate
Plant
Psy5081
Malus X domestica
PsyTLP22 Solanum tuberosum
Psy908
Veronica officinalis
Psy907
Glechoma hederacea
Psy897
Psy909
Physalis heterophylla
Psycc15023
Primula farinosa
Psycc6673
Primula sp.
Psycc15033
Primula farinosa
Psy914
Ranunculus bulbosus
Psy892
Psy895
Psy872
Psy871
Psy6453
Psy912
Plantago rugelii
Psy889
Psy898
Psy863
Psy884
Psy879
Psy6423
Psy891
Psy869
-

Place
Geneva, NY
Blacksburg, VA
Blacksburg, VA
Blacksburg, VA
Blacksburg, VA
France
Jura, France
France
Blacksburg, VA
Blacksburg, VA
Blacksburg, VA
Athens, WV
Athens, WV
Blacksburg, VA
Blacksburg, VA
Blacksburg, VA
Blacksburg, VA
Athens, WV
Roanoke, VA
Athens, WV
Blacksburg, VA
Blacksburg, VA
Athens, WV

Year
1991
2008
2008
2008
2008
2004
2008
2008
2008
2008
2008
2007
2008
2008
2008
2008
2008
2008
2007
2008
2008
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al. [89], and a neighbor-joining tree was constructed (Figure 2.1). All 29 putative hrp/hrc
negative strains were found to be more similar to each other than to any known pathogenic
relative and to populate a distinct branch of the tree. The bootstrap support for this branch
is only 39.3, but removing a single isolate, PsyTLP2, increases the bootstrap support to
82.3. Moreover, all 29 strains including PsyTLP2 form a distinct clade when individual gene
genealogies are constructed for the four individual gene fragments (data not shown). Because
this group of strains represents a separate phylogenetic group within phylogroup 2 [89], the
putative hrp/hrc negative strains will be called group 2c strains hereafter. The other two
major subgroups within phylogroup 2 have been named 2a and 2b. The bean pathogen
PsyB728a [93] in group 2b is the closest known sequenced pathogenic relative of group 2c P.
syringae. The only hrp/hrc positive strain that was typed was identical to Psycit7 in group
2a. Among all group 2c strains, there were only five instances of multiple strains having
identical sequences across all four loci indicating that the true diversity of this group is not
fully enumerated.
Group 2c P. syringae strains reach in planta population densities at least as
high as other P. syringae strains on nonhosts.
The apparent lack of a classic T3SS in all group 2c strains suggested for these bacteria a
life style different from that of well-characterized pathogenic P. syringae bacteria. Without
a T3SS, they should be unable to translocate effectors into plant cells to suppress MAMPtriggered immunity (MTI) on host plants, or elicit ETI [15] on non-host plants. This suggests
that they may not be pathogenic on any plant species and propagate better than pathogenic
P. syringae strains on nonhosts (defined as plant species on which a strain does not cause
disease, i.e., is not virulent).
To test this hypothesis, four widely used model host plants of P. syringae were chosen: bean
(Phaseolus vulgaris), tomato (Solanum lycopersicum), N. benthamiana, and A. thaliana.
Four group 2c P. syringae strains (indicated in Figure 2.1 with an asterisk) representative
of the diversity within group 2c, were selected to infect the four plant species via spray
infection (to mimic natural infections) at a bacterial concentration sufficient for a known
pathogen to induce disease symptoms. As expected, the group 2c strains did not cause
disease symptoms on any of the tested plant species even 7 days after infection (Figure
2.2). Furthermore, group 2c strains, unlike some of the tested known nonhost pathogens,
did not elicit an HR either (data not shown). Total bacterial population densities indicated
that all of the tested group 2c strains are able to survive or propagate at least as well as
nonhost pathogens on all four tested plants (Figure 2.3). Note that day zero population
densities are high because leaves were not sterilized prior to bacterial isolation (in order to
include epiphytic populations). Therefore, bacteria sprayed on leaf surfaces are included
in the measured population densities on day zero. On bean three days post-inoculation,
three of four strains had multiplied approximately 100-fold and reached a population density
similar to that of the snap bean pathogen PsyB728a, which was only slightly lower than
the population size of the kidney bean pathogen Pph1448A; however, by day seven their
population sizes decreased almost to the level of the tomato pathogen PtoT1, which had a
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Figure 2.1: Neighbor-joining tree of P. syringae. Tree is based on the concatenated data set of
fragments derived from the four housekeeping genes gyrB, rpoD, gltA, and gap1. All
strains in group 2c are missing a classical P. syringae hrp/hrc cluster. * indicates
strains used for further characterization. Numbers in parentheses next to strain names
indicate number of analyzed strains with sequences identical to the named strain.
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Figure 2.2: Diseae symptoms of group 2c strains. Group 2c strains did not cause any disease
symptoms on any of the plants infected in Figure 2.3. Leaves were photographed 7
days post infection.
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Chico III
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Figure 2.3: Growth in planta of group 2c P. syringae strains and host and non-host pathogens on
four plant species. Cultivar Chico III was used for tomato and cultivar Red Mexican
was used for bean. Total population densities (epiphytic plus endophytic populations)
were determined on day 0, 3, and 7 post infection. The host pathogen is always the
left-most bar in each graph and the nonhost pathogen is next to the host pathogen;
except for bean for which two pathogens (Pph1448A and PsyB728a) were tested.
Similar results were found in 3 independent experiments.
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population size approximately 1000-fold lower than that of Pph1448A. On N. benthamiana,
group 2c strains multiplied approximately 100-fold by day three post infection and stayed
at that level through day seven. Similar growth was observed for PtoT1 while PsyB728a,
which is pathogenic on N. benthamiana, reached population sizes 100-fold higher on both
days. Group 2c strains were not able to propagate on either tomato or A. thaliana but were
still able to perform similarly to the tested nonhost pathogen PsyB728a up to day three.
The inability to grow in A. thaliana was also confirmed using a 100-fold lower infection
dose (Figure 2.4). In tomato, on the other hand, a 10-fold lower infection dose allowed the
strains to increase their population size slightly by day three (Figure 2.5). Since group 2c
P. syringae had been initially isolated from surface-sterilized leaf disks suggesting an ability
to enter leaves and to grow endophytically, endophytic and epiphytic population sizes were
compared between the four representative group 2c strains and the pathogenic P. syringae
strains used above. All four strains were found to be able to survive/grow endophytically
better than the tested nonhost pathogens on bean, N. benthamiana, and, to a lesser extent,
tomato, but not on A. thaliana (Figure 2.6 and data not shown). Therefore, although group
2c strains are apparently missing a T3SS and effector genes, they still demonstrate a certain
degree of host specificity (or at least preference).
Key:

day0
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C
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1e+0
DC3000

Psy508

Psy642

Figure 2.4: Lowering the infection dose does not allow group 2c P. syringae strains to propagate
on A. thaliana. The total in planta population densities of the indicated strains at 0,
3, and 7 days post infection are shown. 100 x lower concentrations (OD600 of 0.001)
of bacteria than in Figure 2.3 were used for infections. Similar results were found
in 2 independent experiments. Letters in common between days for the same strain
indicate population densities that were not significantly different (p greater than0.05,
students t-test).

A draft genome sequence of the group 2c isolate Psy642 reveals a noncanonical
P. syringae Type III secretion system.
To begin unraveling how group 2c P. syringae are able to survive and even grow on some
plant species, we sequenced the genome of the group 2c isolate Psy642 using Illumina tech-
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Figure 2.5: Lowering the infection dose allowed group 2c P. syringae strain Psy508 to grow on
Chico III. The totoal in planta growth of the indicated strains are shown on day
0, 3, and 7 post infection. 10 x lower concentrations (0.001 OD) of bacteria were
used for the initial infection compared to Figure 2.3. Similar results were found
in 2 independent experiments. Letters in common between days for the same strain
indicate population densities that were not significantly different (p greater than 0.05,
students t-test).
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Figure 2.6: Group 2c P. syringae are able to survive endophytically similarly well compared
to other P. syringae on nonhosts. Endophytic (black bars) and epiphytic (gray
bars) growth of four representative group 2c P. syringae strains compared to a host
pathogen (PsyB728a) and a nonhost pathogen (PtoT1) are shown 0 and 3 days post
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nology [94]. The genome was assembled from 8,477,656 pairs of 42 nt long reads giving
an approximately 120 fold theoretical genome coverage. The assembly consists of 488 contigs with the longest contig being 135,361 nt long and an N50 length of 26,055 nt and an
N50 number of 69 contigs. The total length of the assembly is 5,965,778 nt. The assembly
can be searched using blast at our website (http://genome.ppws.vt.edu/blast/blast.html).
A Psy642 genome project was submitted to Genbank (Project ID: 40347) and the genome
sequence will be deposited and annotated in Genbank after improving the assembly with
additional reads in the future.
To determine how genetically similar Psy642 is to typical P. syringae strains, we compared
the Psy642 sequence reads against the genome sequence of the closely related P. syringae
pathogen PsyB728a [93]. We used the program MAQ [95] to align the Psy642 sequencing
reads against the PsyB728a genome (Figure 2.7A). Note that this alignment approach does
not rely on de novo assembly and thus is not affected by any assembly errors or artifacts.
Of the 5,089 PsyB728a genes, 4,123 are covered by aligned Psy642 reads over at least 90%
of their lengths. Of these, 3,142 genes are covered over 99% or more of their lengths.
Considering that some regions of some genes are probably not sufficiently similar between
PsyB728 and Psy642 to allow the 42 nt long Psy642 Illumina reads to align, we consider
most PsyB728a genes with over 90% coverage to be present in the Psy642 genome. This
supposition was supported by the observation that of 640 PsyB782a genes that are also highly
conserved in PtoDC3000 and Pph1448A, 637 were covered for over 90% of their length by
Psy642 reads. On the other hand, we found that 667 PsyB728a genes were covered by
Psy642 reads over no more than 10%, suggesting that these genes are most likely absent
from Psy642. As a comparison, when aligning a similar number of Illumina reads of the
tomato pathogen PtoMax13 against the genome of the closely related tomato and A. thaliana
pathogen PtoDC3000 [85], 4,765 of the 5,475 PtoDC3000 chromosomal genes are covered to
90% or more (our unpublished data). Therefore, we conclude that the overall difference in
gene content between PsyB728a and Psy642 is comparable to the difference between two
similarly related pathogenic P. syringae strains with different host range. We did not count
Psy642 genes absent from PsyB728a because of the uncertainty of genes missing from the
current assembly of Psy642.
When examining an alignment of the Psy642 sequencing reads against the PsyB728a genome,
it becomes clear that several of the PsyB728a genes missing from Psy642 are organized in
large clusters (Figure 2.7B). One of these clusters is the hrp/hrc cluster of PsyB728a (Psyr1183 to Psyr-1226). The two genomes align up to the conserved effector locus (CEL) of
PsyB728a, and start aligning again after the exchangeable effector locus (EEL; Figure 2.8).
In Psy642, the entire 40kbp hrp/hrc cluster and flanking CEL and EEL are replaced with only
1.7kbp of DNA (Genbank accession number GQ268172). Of these 1.7kbp of non-aligning
DNA, 1kbp has similarity to two hypothetical DC3000 EEL proteins that are not effectors.
These are the same two EEL genes found at this locus in the group 2c isolate Psy508 [83].
The other 700bp have no significant similarity to any sequence in Genbank.
Besides the hrp/hrc cluster and the flanking effector loci, the largest PsyB728a region missing
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Figure 2.7: Comparison of the Psy642 draft genome with the assembled PsyB728a genome. A,
histogram showing breadth of coverage of PsyB728a genes by Illumina sequencing
reads of the Psy642 genome. B, alignment of Psy642 de novo contigs (black ring)
with the PsyB728a genome (genes are light grey or dark grey depending on gene orientation). The location of the canonical hrp/hrc cluster in PsyB728a and the atypical
hrp/hrc cluster in Psy642 are indicated. C, organization of the Psy642 hrp/hrc cluster
and flanking regions. Open reading frames (ORFs) of the T3SS components (white
rectangles) and putative effectors (dark grey rectangles) are shown. Arrows indicate
reading frame direction and black boxes indicate conserved hrp boxes.
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Figure 2.8: Aligning Psy642 de novo contigs with the PsyB728a genome reveals that the entire
PsyB728a hrp/hrc cluster is missing from the Psy642 genome. Red and blue arrows
indicate ORFs of the B728a genome. Olive bars represent areas covered by 642 de
novo contigs.
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from Psy642 (Psyr-1492-Psyr-1539) contains a copper resistance gene cluster, a heavy metal
sensor and regulator, and type II secretion system proteins. The region from Psyr-2030
to Psyr-2045 that is also missing from Psy642 contains a gene cluster for the synthesis of
fimbrial proteins. Other PsyB728a regions missing in Psy642 contain ABC transporters,
type I secretion systems, a TonB-dependent siderophore receptor, and all PsyB728a genes
coding for type III secreted effectors. However, the majority of PsyB728a regions missing
from Psy642 are bacteriophage genomes containing mainly hypothetical proteins.
The draft genome sequence of Psy642 did, however, reveal a surprise: an atypical hrp/hrc
region inserted in a different genomic location compared to the conserved location of the
canonical P. syringae hrp/hrc cluster (Figure 2.7B). This hrp/hrc cluster is located between
the orthologues of two neighboring PsyB728a genes, Psyr-1587 and Psyr-1588, which code
for a bile acid:sodium symporter and a recombination associated protein respectively. Also
in the other completely sequenced P. syringae genomes, PtoDC3000 and Pph1448A, these
two genes flank each other directly. Figure 2.7C shows the region in Psy642 between
the orthologues of the PsyB728a genes Psyr-1587 and Psyr1588 (GQ268170). The hrp/hrc
cluster in Psy642 shows synteny to the canonical P. syringae hrp/hrc cluster (Figure 2.7C;
see [77] for comparison). The main differences are that the Psy642 hrp/hrc cluster lacks
hrpK, which is thought to encode a protein with a role in effector translocation [96], and
only has one response regulator. The typical P. syringae hrp/hrc cluster instead contains two
response regulators, hrpR and hrpS, which code for positive regulators of the sigma factor
HrpL [97], the master regulator of Type III secretion in P. syringae ([98]. We annotated
the response regulator in the Psy642 hrp/hrc cluster as hrpR because the gene sequence is
more similar to hrpR of PsyB728a than to hrpS. A gene coding for a protein with similarity
to HrpL with a predicted sigma (54)-dependent promoter is present in the same position as
in the classical P. syringae hrp/hrc cluster. An additional difference consists in a 6638 nt
long insert between hrcU and hrpV that encodes homologs of the effector AvrE1 and its
chaperone AvrF1. This location of avrE1 and avrF1 is similar to the location of these genes
in some hrp/hrc clusters in P. viridiflava and P. cichorii [99].
In other P. syringae genomes, a Hrp box motif is found in the promoter regions of all
operons that compose the hrp/hrc cluster and upstream of practically all confirmed effector
genes [100]. Hrp boxes are believed to be binding sites for the HrpL sigma factor ([98].
We identified Hrp boxes that strongly resemble confirmed Hrp boxes in other P. syringae
genomes using a hidden Markov Model based on PtoDC3000 Hrp boxes [101] only upstream
of the C, J and Z operons of the Psy642 hrp/hrc cluster (Figure 2.7C and Table 2.2).
The R and the U operon have candidate Hrp boxes that only partially resemble the typical
Hrp boxes in other P. syringae genomes (Table 2.2). When compared to the typical P.
syringae Hrp box [100], G for C and C for G substitutions appear to be common, which
may indicate that HrpL of Psy642 has slightly different DNA binding specificity compared
to HrpL of other P. syringae strains and/or that these operons are regulated independently
of HrpL.
To determine the similarity between the individual components of the Psy642 T3SS and
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Table 2.2: Putative Hrp boxes of the T3SS operons and putative effector orthologues in Psy642.
Dashes indicate that no putative hrp box was identified
gene/operon
L operon
J operon
U operon
C operon
Z operon
R operon
avrE
hopM1
T3SS ORF29-30
lytic transglycosylase
exoU
exoY

Hrp box
TGGAACCG..14.. CCACACA
TGGAACT ..19..GCGACAGA
GGGAACG..5..GCAC
TGGAACCG..15.. CCACTCA
GTCAAGCG..11.. CCAATAA
GCGAACT ..14.. GGCAGCA
GCAACCG..4.. GCAC
TGACGC..12.. GCCACCA
TGCAACG..16..CCACACA

nt after Hrp
32
96
53
72
41
107
25
55
11

HMM score
28.75
26.92
27.58
27.1
16.86
29.84

15.01

their counterparts in the canonical P. syringae T3SS, the protein sequence for each T3SS
component in PsyB728a was blasted against the genome of Psy642 using the tblastn algorithm (Table 2.3). Percentage protein identity values range between 25 percent and 72
percent for the components for which any alignment was detected. The predicted HrpA
protein could not be aligned at all and was exclusively predicted based on its expected location in respect to its flanking genes and the 14% Serine residues in the N-terminal 50 amino
acids of the predicted protein. Most Psy642 hpr/hrc genes do not align at the DNA level
with their PsyB728a hrp/hrc homologues explaining why we could not detect this unusual
hrp/hrc cluster by PCR or DNA/DNA hybridization in Psy508 [83]. As expected, the Hrc
components of the T3SS, which are conserved between all described bacterial T3SSs, were
typically more conserved between PsyB728a and Psy642 than the Hrp components, which
are specific to plant pathogenic Pseudomonads and Enterobacteriaceae.
To determine how common this noncanonical T3SS is among group 2c strains, all 29 group
2c strains were surveyed for the presence of the hrcC P sy642 gene by PCR using primers
designed to anneal to hrcC P sy642 but not to the hrcC gene of the canonical P. syrinagae
hrp/hrc cluster. All group 2c strains amplified a band of the expected size while no product
was amplified when using any of the sequenced P. syringae pathogens as template (data not
shown).
Distant homologues of P. syringae and P. aeruginosa effectors flank the Psy642
hrp/hrc cluster.
In addition to avrE1 located between hrpV and hrcU, open reading frames (ORFs) for several
other putative effectors were also identified flanking the Psy642 hrp/hrc cluster (Table 2.4).
Homologues of hopM1 and its chaperone were found downstream of hrpR, like in the typical
P. syringae CEL. Also, between hrpR and hopM1 are two small ORFs that encode putative
effectors based on a high (greater than 10%) serine content [102] and a propensity for polar
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Table 2.3: The T3SS of Psy642 is distantly related to the T3SS of PsyB728a. The protein sequences of the T3SS components of PsyB728a were locally aligned against the genome
of Psy642 using the tblastn algorithm. For each sequence, the number of proteins for
which there was significant alignment, the percent amino acid identity of this alignment, and the expectation value are shown. 1 No significant alignment was found using
the PsyB728a protein. The data shown indicates the alignment with the corresponding
protein from PtoDC3000. 2 HrpA from Psy642 does not align with HrpA from any of
the sequenced P. syringae genomes.
642 T3SS component
HrpL
HrpJ
HrcV
HrpQ
HrcN
HrpO
HrpP
HrcQ
HrcR
HrcS
HrcT
HrcU
HrpV
HrpT
HrcC
HrpG
HrpF2
HrpE
HrpD
HrcJ
HrpB
HrpZ1
HrpA2
HrpR

Length of alignment with PsyB728a
159/184
315/393
675/695
324/324
439/449
136/148
174/190
154/238
214/217
84/88
229/265
349/359
108/115
66/67
698/700
118/146
70/100
181/193
170/175
201/268
122/124
99/326
278/314

% amino acid identity
51%
26%
72%
40%
71%
30%
32%
25%
70%
58%
44%
59%
47%
47%
50%
27%
32%
38%
35%
66%
32%
37%
61%

E-value
2.00E-42
8.00E-27
0.0
2.00E-58
1.00E-178
4.00E-17
2.00E-16
8.00E-12
9.00E-81
1.00E-21
4.00E-55
1.00E-119
6.00E-25
2.00E-14
0.00E+00
7.00E-05
3.00E-09
2.00E-26
2.00E-24
4.00E-72
1.00E-10
7.00E-09
9.00E-94
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Table 2.4: Characteristics predictive of T3-secretion of putative Psy642 effectors. 1 Number of
serines in 50 most N-terminal amino acids; over five is typical of T3-secreted effectors.
2 Acidic residues in 12 most N-terminal amino acids; absence is typical of T3-secreted
effectors. 3 Polar amino acids in 50 most N-terminal amino acids; high number is typical
of T3-secreted effectors. 4 Aliphatic residues in position 3 or 4; presence is typical of
T3-secreted effectors.
Name
HopM1
AvrE1
T3SS ORF29
T3SS ORF30
Lytic Transglycosylase
ExoY
ExoU

Length
700aa
1852aa
222aa
270aa
191aa
319aa
629aa

Serines1
5
5
10
5
2
7
3

Acidic residues2
0
0
0
0
0
0
1

Polar residues3
26
28
30
27
16
25
26

Aliphatic residues4
Yes
Yes
Yes
Yes
Yes
No
No

amino acids in the 50 most N-terminal amino acids, absence of acidic residues in the first
12aa, and an aliphatic amino acid in position 3 or 4 [96]. The two genes appear to be
organized in an operon that is preceded by an upstream Hrp box (Table 2.2). Upstream of
hrpL, in the region that corresponds to the EEL in typical P. syringae strains, is an ORF
coding for a putative lytic transglycosylase and an ORF coding for a protein with similarity
to the effector ExoY of the opportunistic animal pathogen Pseudomonas aeruginosa [103].
The exoY homologue has a candidate Hrp box (Table 2.2) and satisfies all but one of the
criteria for being a putative effector (Table 2.4). The Psy642 genome also has an ORF
(GQ268171) encoding a protein with similarity (e-value = e-141) to the P. aeruginosa T3S
effector ExoU [104] in a different genomic location. However, there is no similarity between
these two proteins in the 60 most N-terminal amino acids, this protein has no features of a
putative T3S effector (based on the criteria listed above, Table 2.4), and no putative Hrp
box precedes this ORF. Therefore, if the Psy642 homologue of ExoU is secreted, it is likely
through a type III-independent mechanism. The putative lytic transglycosylase, flanking
the exoY homologue, also lacks features typical of T3S effectors and no Hrp box is present.
This is not surprising because even in typical P. syringae strains lytic transglycosylases do
not act as true T3Es but rather appear to play a role in aiding effector translocation through
the periplasm [105].
No additional effector orthologues were identified when the Psy642 genome was searched
with all described P. syringae, P. aeruginosa, and Xanthomonas effector proteins using
tblastn [91] (data not shown). Effector sequences were obtained from the www.pseudomonassyringae.org website for P. syringae and by searching Genbank for P. aeruginosa and Xanthomonas effectors. Also, no other genes predicted in the Psy642 draft assembly and absent
from PsyB728a (data not shown) revealed an obvious virulence mechanism that Psy642 could
use to grow in plants besides the just described hrp/hrc locus. Instead, genes shared between PsyB728a and Psy642 that are known to be important for the interaction of PsyB728a
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with plants include the biosynthetic genes for production of the toxins syringmomycin, syringopeptin, and syringolin and the ice nucleation gene [93].
The T3SS of Psy642 is only distantly related to all previously described Pseudomonas T3SSs.
Many variants of the T3SS exist in the genus Pseudomonas [106] [107]. To determine if
the Psy642 hrp/hrc locus is closely related to any previously described T3SS gene cluster in
a different Pseudomonas species, and thus might have been acquired from that species by
horizontal gene transfer, sequences for a core genome protein (GyrB) and a T3SS structural
protein (HrcC) were compared between the three completely sequenced P. syringae strains
and strains of other Pseudomonas species. Several representatives of the close relative of P.
syringae, P. viridiflava, were examined because this species has a polymorphic T3SS [99].
Some P. viridiflava strains have a hrp/hrc locus similar to the P. cichorii T3SS. This locus
is named S-PAI for single pathogenicity island because it does not have the typical tripartite
organization of the P. syringae hrp/hrc cluster. It is missing the flanking EEL and CEL
loci and, like Psy642, has the avrE1 gene and its chaperone avrF1 inserted between hrcU
and hrpV. Other P. viridiflava strains instead have a typical tripartite P. syringae hrp/hrc
locus including the flanking CEL and EEL loci. This locus is named T-PAI for tripartite
PAI. Because the Psy642 hrp/hrc cluster has an organization similar to the hrp/hrc cluster
of the P. viridiflava and P. chicorii S-PAI we hypothesized that the S-PAIs of these species
might be the closest relatives of the Psy642 hrp/hrc cluster. However, as can be seen from
the neighbor-joining tree for HrcC (Figure 2.9A), HrcC from Psy642 is different from all
other HrcC proteins and clusters basal to HrcC of P. viridiflava, P. chicorii, and P. syringae.
As expected from the MLSA tree in Figure 2.1, Psy642 clusters with the other P. syringae
strains in the GyrB tree shown in Figure 2.9B. Since the GyrB protein is so similar between
most strains in the tree, and therefore a distinct phylogeny supported by high bootstrap
values could not be obtained, a similar tree based on DNA sequence alignment of gyrB was
also built (Figure 2.10). This tree has a higher resolution and confirms the GyrB tree. While
it is impossible to identify an obvious donor of the Psy642 hrp/hrc cluster from these data,
the very different position of Psy642 in relation to the other P. syringae strains in the HrcC
tree compared to the gyrB tree suggests that the Psy642 hrp/hrc cluster and the canonical
hrp/hrc cluster are not derived by vertical descent from a single hrp/hrc cluster in the most
recent common ancestor (MRCA) of all P. syringae.
The Psy642 T3SS is functional but has no apparent role during in planta growth.
A luciferase reporter assay was used to determine whether or not the T3SS of Psy642 might
be controlled similarly to the T3SS of regular P. syringae strains despite the differences
discussed above. A luciferase construct (kindly provided by Dr. Zhou, China Agricultural
University, Beijing, China) fused to the HrpL-regulated Hrp box-containing avrPto1 promoter [108] was ectopically expressed in Psy642 and, as a control, in PsyB728a. Strains
were grown in rich medium (that represses expression of the P. syringae T3SS and effectors)
and in minimal medium (that induces HrpL-dependent expression of the P. syringae T3SS
and effectors, [109]). As expected, in PsyB728a the avrPto1 promoter was strongly induced
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Figure 2.9: Linearized neighbor-joining trees based on the protein sequences of the conserved
T3SS structural protein HrcC (A) and the housekeeping protein GyrB (B). P. viridiflava 1 (strain p23.1a) and 3 (strain pna3.3a) have a T-PAI and P. viridiflava 2
(strain me3.1b), 4 (strain rmx3.1b), and 5 (strain rmx23.1a) have an S-PAI. Trees
were midpoint rooted. Bootstrapping was performed for 1000 trials and a random
seed of 111. Sequences of strain PAO-1 were used for P. aeruginosa, sequences of
strain 83-1 were used for P. cichorii, sequences of strain SBW25 were used for P. fluorescens, sequences of strain 85-10 were used for Xanthomonas campestris, strain 321
was used for the HrcC sequence and strain NCPPB311 was used for GyrB sequence
of Erwinia amylovora.

Christopher R. Clarke

Chapter 2

29

Pviridiflava1 TPAI
62

Pviridiflava3 TPAI
92

Pviridiflava2 SPAI
71

79

Pviridiflava5 SPAI
74

Pviridiflava4 SPAI

Pcichorii
94

PsyB728a
100
83

92

61

Psy642

Pph1448a

PtoDC3000

Pfluorescens
98

Paeruginosa

Erwinia amylovora

Xanthomonas campestris
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only in minimal medium (Figure 2.11A). However, when the same construct was expressed
in Psy642, strong luciferase activity was detected in both, minimal and rich, medium (Figure 2.11A). Luciferase activity was even higher in rich compared to minimal medium. No
luciferase activity was detected in either absence of the substrate luciferin or in the absence
of bacteria with the avrPto1 -luciferase construct. These data suggest that Psy642 does not
limit T3SS and effector expression to in planta conditions.
Since bacteria expressing avrRpt2 elicit an HR (visible as collapse of the infiltrated leaf area)
in A. thaliana ecotype Columbia only upon T3SS-dependent translocation into plant cells
[111], the effector gene avrRpt2 was ectopically expressed from the Psy642 genome using
the integration plasmid pVT359 [83] to establish the functionality of Psy642’s T3SS. When
infiltrated into A. thaliana Columbia, Psy642 expressing avrRpt2 caused tissue collapse 24
hours later in the majority of leaves (Figure 2.11b). However, the HR was weaker and
delayed compared to the HR caused by PtoDC3000 (which has a canonical hrp/hrc cluster
[77]) expressing avrRpt2 (data not shown). Leaf collapse was only observed for a minority
of leaves when Psy642 expressing avrRpt2 was infiltrated into mutant plants that do not
recognize AvrRpt2 because of a mutation in the RPS2-encoding resistance gene [86] or when
Psy642 harboring the empty vector pVT138 [83] was infiltrated into leaves (Figure 2.11b).
Therefore, Psy642 appears to be able to translocate AvrRpt2 into A. thaliana cells. This
result was unexpected since the group 2c P. syringae isolate Psy508 expressing avrRpt2
had not caused leaf collapse in a similar experiment [83]. However, the previous HR test
for Psy508 had been performed growing plants in a different growth chamber with different
lights resulting in hardier leaves than the leaves in the HR test performed here. Also, a
lower infection dose had been used (OD600 of 0.1 compared to OD600 of 0.3). When the
HR experiment was repeated with Psy508 under the new conditions, Psy508 caused collapse
of many leaves also when carrying an empty vector and on rps2 mutant plants (data not
shown) making it impossible to determine AvrRpt2 translocation. This propensity of Psy508
to cause leaf collapse was previously observed in N. benthamiana [83]. However, when Psy508
expressing avrRpt2 was infiltrated at low dose in N. benthamiana it caused small HR specks
[83], while wild-type Psy508 did not, which is in agreement with an ability of group 2c P.
syringae to translocate AvrRpt2 into plant cells.
To confirm that AvrRpt2 was translocated from Psy642 into plant cells through the identified
non-canonical T3SS, putative T3SS-deficient derivatives of Psy642 were created by disrupting
the hrcC gene, a gene coding for an essential component of the T3SS and commonly used
to disrupt type III secretion [102]. The plasmid pLH12 [110] carrying avrRpt2 was then
added to two hrcC disruption strains derived from two independent recombination events.
avrRpt2 expressed in a Psy642 strain with a chromosomal integration of the empty plasmid
pVT138 [83] was used as control. The ability of the Psy642 hrcC disruption strains to
cause leaf collapse on A. thaliana Columbia when expressing avrRpt2 was reduced to the
same background level caused by the control strain on the A. thaliana rps2 mutant (Figure
2.11C). Therefore, translocation of AvrRpt2 from Psy642 into plant cells appears to be
dependent on the Psy642 hrp/hrc cluster. The fact that only eleven out of twenty leaves
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Figure 2.11: Tests for expression and function of the Psy642 hrp/hrc cluster. A, luciferase activity
of PsyB728a or Psy642 ectopically expressing the firefly luciferase gene under control
of the avrPto1 promoter in either rich or minimal medium. Bars represent total
photons counted in 5 minutes. All bacteria were diluted to 0.1 OD600. Similar
results were found in two independent experiments with three replicates each. B, HR
test on A. thaliana Col-0 RPS2 or the derived rps2 mutant [86]. Psy642 ectopically
expressing avrRpt2 (642 avrRpt2 ) from its chromosome on the integration vector
pVT359 [83] or 642 with the empty integration vector pVT138 [83] (642 e.v.) were
infiltrated into the left half of each leaf as indicated. Symptoms were assessed 24
hours post infection. Symptoms of a typical leaf are shown and the fractions indicate
the number of infiltrated leaves that exhibited collapse of the entire infiltrated leaf
area compared to the total number of infiltrated leaves. Similar results were obtained
in three independent experiments. C, two independent strains of Psy642 with a
disruption in the hrcC gene (labeled as 642 hrcC -(1) and 642 hrcC -(2)) and a strain
of Psy642 with the empty integration vector pVT138 [83] (labeled simply as 642)
all expressing avrRpt2 from plasmid pLH12 [110] were compared for HR induction.
Similar results were obtained in two independent experiments. D, N. benthamiana
leaves were inoculated with wild-type Psy642 and Psy642 hrcC -(1) and population
densities were determined at 0 and 3 days post infection.
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infiltrated with the control strain expressing avrRpt2 from the pLH12 plasmid caused leaf
collapse (Figure 2.11C) while nine out of ten leaves infiltrated with Psy642 expressing
avrRpt2 from the chromosome caused leaf collapse (Figure 2.11B) is not surprising, as we
previously observed that single-copy chromosomally encoded avrRpt2 causes a stronger HR
than avrRpt2 expressed from the pLH12 plasmid [36].
The Psy642 hrcC disruption strains were then compared to wild-type Psy642 in regard to
growth on N. benthamiana, bean, and A. thaliana. Surprisingly, bacterial population sizes
were indistinguishable between the wild-type strain and the hrcC disruption strains three
days post infection (Figure 2.11D and data not shown).

2.4

Discussion

It was well known that P. syringae represents a very diverse group of plant pathogens causing
disease on dozens of different plant species with the aid of a wide variety of different effectors
and toxins. However, one commonality between all P. syringae pathogens appeared to be
the hrp/hrc cluster encoding a T3SS and the flanking conserved and exchangeable effector
loci [77]. Manipulation of plant cells by effector proteins to suppress plant immunity was
considered to be a hallmark of P. syringae pathogenesis; however, there have been reports
of non-pathogenic P. syringae that do not cause disease on any plant [73] [3].
Previous work characterized P. syringae strains that apparently did not have a T3SS and
were non-pathogenic on any tested plant species [83]. Here we have shown that these unusual P. syringae strains belong to a phylogenetic sub-group that is very common on healthy
plants. Surprisingly though, these strains actually contain a hrp/hrc cluster and putative effectors. Importantly, our finding that the group 2c isolate Psy642 causes an RPS2-dependent
HR (although delayed and weak) in A. thaliana when expressing the effector gene avrRpt2
while a Psy642 strain with a disruption of the conserved T3SS gene hrcC does not, strongly
suggests that the Psy642 T3SS is functional. However, two genes that are part of the canonical P. syringae hrp/hrc cluster are missing: hrpK and hrpS. Also, two operons in the Psy642
hrp/hrc cluster only have partially conserved Hrp boxes, which are known to be required
for HrpL-dependent (T3SS-associated) expression of downstream genes in other P. syringae
strains ([98]. Therefore, the Psy642 hrp/hrc cluster may be expressed only weakly because
of imperfect or missing Hrp boxes, and the T3SS may only inefficiently translocate effectors because of the absence of hrpK. This may explain the weak and delayed HR caused by
Psy642 when expressing avrRpt2 during infection of A. thaliana.
Interestingly, deletion of either hrpS or hrpR was found to abolish hrpL expression in P. syringae [112], but Psy642 expresses the HrpL-dependent promoter of the PtoDC3000 effector
avrPto1 in rich and minimum medium although there is no hrpS locus. HrpR and HrpS
are enhancer-binding proteins that interact with each other to induce transcription of hrpL
[113]. One explanation why HrpLPsy642 appears to be expressed in the absence of hrpS
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may lay in the fact that hrpR and hrpS have similar sequences and one might thus have
evolved by duplication from the other. Therefore, it is possible that HrpR from Psy642 is
the progenitor of HrpR and HrpS encoded by the canonical hrp/hrc cluster and can form a
homomeric complex while in other P. syringae strains HrpR can only form a heteromeric
complex with HrpS to activate transcription of hrpL.
HrpR and HrpS protein levels are regulated by the Lon protease and deletion of lon protease has opposite effects in rich versus minimum medium increasing hrpL expression in rich
medium and abolishing it in minimum medium [112]. Therefore, we hypothesize that the
activity of the HrpL-dependent avrPto1 promoter in group 2c P. syringae bacteria in rich
medium may be due to a different regulation of HrpRP sy642 by Lon protease compared to
other P. syringae strains.
Since the phylogenetic position of Psy642 in the gyrB tree is markedly different from its
position in the HrcC tree (Figure 2.9), the two types of P. syringae hrp/hrc clusters were
probably acquired in separate evolutionary events. However, at this point we can only
speculate if the most recent common ancestor (MRCA) of all P. syringae had one or the
other hrp/hrc cluster and whether the MRCA of group 2c P. syringae lost the canonical
hrp/hrc cluster and acquired the Psy642-like cluster, or if the MRCA of all other P. syringae
lost the Psy642-like cluster and acquired the canonical cluster. Nonetheless, the absence of
hrpS and hrpK suggests that the Psy642 hrp/hrc cluster is more primitive than the canonical
hrp/hrc cluster and that thus the Psy642 hrp/hrc cluster may be more similar to the ancestor
of both of these clusters.
Besides the differences in the hrp/hrc cluster, the other striking difference between group 2c
P. syringae and other P. syringae is the difference in their effector repertoires. The only
shared effector genes are avrE1 and hopM1. Moreover, avrE1 P sy642 and hopM1 P sy642 are
only very distantly related to their homologues in other P. syringae strains. Comparing
AvrE1Psy642 with AvrE1 homologues from P. syringae, P. viridiflava, P. cichorii, and even
P. fluorescens, and Erwinia and Pantoea species in Genbank revealed that AvrE1P sy642 has
two regions (approximately from position 500 to 700 and from position 1350 to 1550) that
are so divergent that they do not align with any AvrE1 homologue (while AvrE1P toDC3000 ,
for example, aligns with AvrE1 homologues of P. syringae and P. viridiflava strains over
its entire length and from position 221 to its C-terminus with all other homologues besides
AvrE1P sy642 ). Ham et al. [114] recently found that AvrE1 homologues from P. syringae,
Pantoea stewartii, and other hemibiotrophs have two WxxxE motifs necessary to suppress
callose deposition and to induce cell death. They noted that WxxxE motifs are also present
in effectors of mammalian pathogens and appear to mimic activated Ras-like GTPases. However, similarly to the AvrE1 homologues of P. viridiflava and Pectobacterium atrosepticum
[114], AvrE1P sy642 does not have any WxxxE motifs suggesting that it may not function in
either suppression of plant defenses or cell death induction.
Besides suppressing MTI, AvrE1P toDC3000 also triggers an HR in soybean [115] and HopM1P toDC3000
contributes to lesion formation during disease on tomato [116] and causes necrosis on several
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plants when transiently expressed in Agrobacterium-mediated assays [38]. Also, the putative
Psy642 effector with homology to ExoY could possibly trigger immunity in some plants.
In fact, an ExoY homologue from the biocontrol strain P. fluorescens SBW25 [117] was
found to induce necrosis indicative of an HR on many tomato and lettuce cultivars when
transiently expressed in Agrobacterium-mediated assays [38]. It is also possible that some
of the putative effectors flanking the Psy642 hrp/hrc cluster and possibly other putative
type III effectors in the Psy642 genome trigger plant immunity. However, the fact that the
T3SS-deficient hrcC mutant strains of Psy642 grow to indistinguishable population densities compared to wild-type Psy642 on N. benthamiana, bean, and A. thaliana suggests that
effector-dependent suppression or elicitation of plant immunity may only play a minor role
in the interaction of group 2c strains with plants and in the observed host preference of
group 2c strains for N. benthamiana and bean over A. thaliana. Instead, T3SS-independent
mechanisms may be important determinants of host preference in this group. However, we
cannot yet exclude that the Psy642 T3SS and effectors may play a role in the interaction
with other plant species.
At this point there is not enough evidence to either definitely claim that group 2c P. syringae
are pathogens or non-pathogens of plants. On the one hand, all identified strains have a
hrp/hrc cluster, putative effectors, and genes for the synthesis of the phytotoxin syringomycin
(data not shown). At least one group 2c strain, Psy508, also produces syringopeptin [118]
and the Psy642 genome encodes the gene cluster for its synthesis. Therefore, group 2c strains
are equipped with known virulence factors suggesting their pathogenic nature. On the other
hand, all group 2c P. syringae have been isolated from healthy plants, did not cause disease
on any tested plant species (PsyTLP2 was found to be non-pathogenic on 50 plant species
by [73]), their T3SS does not seem to be necessary for in planta growth, and they have never
been identified as causal agents of any plant diseases, which suggests their non-pathogenic
nature. Moreover, the presence of the ice nucleation activity gene in all analyzed group 2c
strains suggests that their life cycle might be connected to the water cycle [10], i.e., group
2c strains may be transported with air currents to clouds, catalyze ice formation, and return
to plant surfaces with snow and rain. Ability to colonize many different plant species would
be particularly advantageous with such a mode of transmission while being a host restricted
pathogen equipped with effectors that trigger plant defenses on many plant species would
limit their chance of completing their life cycle. Being a generalist non-pathogen would also
favor insect transmission since healthy leaves may be preferred by insects over sick leaves.
The observation that other P. syringae have recently been found to cause disease in aphids
[11] and the genome of Psy642 contains genes for the insect toxins AprA [119] and XaxAB
[120] (data not shown) speak in support of this hypothesis. Also the fact that the Psy642
T3SS is expressed in rich medium and does not appear to play a major role during in planta
growth on either N. benthamiana, bean, or A. thaliana suggests that Psy642 might interact as
pathogen (or as commensal) with non-plant hosts and that its T3SS may play an important
role in those interactions.
Identifying and characterizing the complete Psy642 effector repertoire and further investigat-
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ing the role of the hrp/hrc cluster in the interaction of Psy642 with additional plant species
and non-plant hosts, will be the next steps to understand the intriguing biology of group 2c
P. syringae bacteria.

2.5

Methods

Isolation of bacterial strains.
Bacterial isolation was performed as previously described [83] but plating homogenates on
agar plates of Kings medium B (KB) modified with cephalexin and boric acid (KBC) [90]
instead of KB plates containing nitrofurantoin. All P. syringae and E. coli strains were
grown as previously described [83].
Phylogenetic tree construction.
DNA sequences for MLSA were obtained as previously described [89]. Allele sequences and
allelic profiles were added to the PAMDB website (www.pamdb.org; [92]) together with metadata for each isolate. Concatenated locus sequences were downloaded and a Neighbor-joining
tree (Fig. 1) was constructed in Megalign of the Lasergene package (DNA*, Madison, WI)).
Bootstrapping was performed using 1000 trials and a random seed value of 111. To construct
phylogenetic trees of proteins, edited protein sequences were first aligned in BioX 1.0b2 to
1.1b1 (E. Lagercrantz [http://www.lagercrantz.name/software/biox/]) using ClustalW 1.83.
The tree was then constructed in Megalign as above. To create the gyrB tree, edited DNA
sequences were aligned in BioX as above. Then trees were constructed and bootstrapped in
PAUP* 4.0b10 [121] using 1000 bootstrapping trials.
Plant growth conditions and bacterial growth assays.
Plants were grown in a Percival Scientific CU-32L growth chamber (Perry, IA) in SunGro
Sunshine mix 1 (SunGro Horticulture Inc., Seba Beach, Canada) under 16-h days at 22o C
and infected when three to four weeks old (2.5 weeks old for bean). All in planta bacterial
growth assays were done as previously described [83] with minor modifications: inoculum
doses for N. benthamiana and bean cultivar Red Mexican corresponded to an OD600 (optical
density at 600nm) of 0.001, for tomato cultivar Chico III the OD600 was 0.01, and for A.
thaliana ecotype Columbia-0 the OD600 was 0.1. The surfactant Silwet L-77 (Lehle Seeds,
Round Rock, TX) was added to all bacterial suspensions to a final concentration of 0.025%
v/v. Leaf tissue samples were punched out of the infected plants using the blunt end of a
pipette tip for A. thaliana or the top of a 1.5ml centrifuge tube for N. benthamiana, bean,
and tomato (representing 0.35 cm2 and 0.52 cm2 leaf area respectively). To determine total
bacterial growth, leaf punches were pestle grinded without prior sterilization. To distinguish
between endophytic and epiphytic growth, leaf punches were placed in 200 uL 10mM MgSO4
in a 1.5 ml centrifuge tube and vortexed using a Fisher Vortex Genie 2 for 20 seconds to
remove epiphytic bacteria from the leaf surface [36]. Leaf punches were then transferred to
a new 1.5 ml centrifuge tube with 200 uL 10mM MgSO4 and grinded thoroughly to release
the endophytic bacteria. All bacterial suspensions were serial diluted on KBC plates [90].
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Statistical analysis was performed using SAS JMP 7 (Cary, NC, USA). For HR assays,
strains were infiltrated into half leaves at a concentration corresponding to an OD600 of
0.3. The bacterial suspension was infiltrated into the left half of leaves of four-week-old A.
thaliana plants. The number of leaves exhibiting characteristic HR-associated leaf collapse
was quantified 22 to 24 hours later.
Genome sequencing and analysis.
Psy642 was sequenced via paired-end sequencing with 42bp long reads on two channels of an
Illumina GA-II producing 8,477,656 high quality clusters with an insert size of 150bp. The
primary image data was analyzed using the GA Pipeline version 1.0. Sequence data were
assembled using Velvet 0.7.18 [122]. The previously published sequence of PsyB728a [93] was
downloaded from the NCBI FTP site (ftp://ftp.ncbi.nih.gov/genomes/ Bacteria/Pseudomonas
syringae pv B728a). Illumina reads were aligned against the PsyB728a genome using the
MAQ software (Li et al., 2008). The Psy642 assembly was searched for matches to canonical
Hrp boxes and sigma(54)-dependent promoters using the HMMER 1.8.5 package
(http://hmmer.janelia.org). The hidden Markov Model (HMM) for the Hrp box was previously described [101]. The RpoN HMM was built from the compilation of 186 sigma(54)dependent promoters described by Barrios et al. [123].
Luciferase assay.
Plasmids containing avrPto-luc [108] were kindly provided by Dr. Zhou, State Key Laboratory of Plant Physiology and Biochemistry, China Agricultural University, Beijing, China.
Plasmids were conjugated into PsyB728a and Psy642 as previously described [102]. The four
resulting strains were grown overnight in liquid KB or minimal medium at 28o C with shaking
at 200rpm. All overnight cultures were diluted to the same concentration and 150uL were
aliquoted into individual wells of a 96-well plate. Luciferin was added to a concentration of
10uM and the reaction was allowed to proceed for 15 minutes. An intensified charge-coupled
device video camera (model C2400 47; Hamamatsu Photonics, Hamamatsu City, Japan)
in combination with an Image Intensifier Controller (model M4314; Hamamatsu Photonics) and Image Processor (Argus 50; Hamamatsu Photonics) was used to measure luciferase
activity.
hrcC gene disruption.
A primer pair was designed to amplify a central 500bp-long fragment of the hrcC P sy642
gene. In frame stop codons were added to the 5 end of the primers, an ApaI site to one
primer, and a ClaI site to the other primer. The fragment was cloned into pBAV208 and
two E. coli colonies were confirmed to contain the correct fragment (plasmids pVT1097 and
pVT1098). These plasmids were then introduced into Psy642 to disrupt hrcC P sy642 using
the same procedure as previously described [83]. Strains P. syringae VT1112 and VT1113
were obtained. These strains each contain two hrcC fragments, one 5 fragment with a stop
at codon 417 and one 3 fragment starting with a stop codon at position 242.
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Abstract

The 22 amino acid long flagellin epitope flg22 is the archetypical microbial-associated molecular pattern (MAMP), which elicits pattern triggered immunity (PTI) in plants upon detection by the pattern recognition receptor FLS2. The plant pathogen Pseudomonas syringae
pv. tomato DC3000 suppresses flg22-triggered immune responses through the action of type
III-secreted effector proteins and the phytotoxin coronatine. We recently identified a second epitope of flagellin, flgII-28, that also triggers PTI in tomato (Solanum lycopersicum).
Here we show that recognition of flgII-28 is dependent on FLS2 in Nicotiana benthamiana.
Moreover, a non-active flg22 variant competes with flgII-28 preventing induction of reactive
oxygen species in tomato, and A. thaliana differentially responds to other MAMPs in flagellin
besides flg22 in an FLS2 -dependent manner. Taken together, these results suggest a direct
role of FLS2 in flgII-28 perception. Examination of closely related P. syringae strains reveals
significant diversity of both flg22 and flgII-28 in terms of protein sequence and strength of
the triggered PTI response. Complementation of a DC3000∆fliC strain with a single amino
acid substitution in flgII-28 of FliC reduces P. syringae virulence during infection of wildtype A. thaliana but not during infection of an FLS2 mutant. This observed modulation
of PTI due to allelic variation of flagellin suggests that the current paradigm of P. syringae
primarily evading PTI through effector- and coronatine-mediated PTI suppression should be
expanded to include allelic variation in MAMPs as an important alternative strategy.

3.2

Introduction

Perception of conserved molecular patterns of pathogenic microbes, called PAMPS (PathogenAssociated Molecular Patterns) or MAMPS (Microbe-associated Molecular Patterns), is an
important first line of plant defense known as pattern-triggered immunity (PTI) [15] [124].
Perception of the 22 amino acid long flagellin epitope flg22 of the plant pathogen Pseudomonas syringae by the Arabidopsis pattern recognition receptor (PRR) FLS2 is one of
the most intensively studied examples of PTI. The flg22 epitope directly binds to FLS2
[21], upon which FLS2 interacts with its co-receptor BAK1 [22]. This interaction leads to
almost immediate release of reactive oxygen species (ROS) [125] and activates a MAP kinase cascade triggering a complex defense response [126], which includes stomatal closure
to interfere with pathogen invasion [51] in an fls2 -dependent manner [52], callose deposition
to strengthen plant cell walls [127], and expression of pathogenesis-related genes [127] [128].
Treating plants with flg22 epitope in advance of pathogen inoculation demonstrated that
these responses can suppress pathogen growth [75]. PTI is analogous to mammalian innate
immunity where the PRR TLR5 recognizes extra-cellular flagellin [129] and the intracellular
receptor NLRC4 recognizes flagellin inside macrophages [130].
The primary strategy of plant pathogens to avoid PTI is considered to be the injection of
immunity-suppressing effector proteins directly into host cells [29] [15] [131]. This strategy
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has been best exemplified through elucidation of the molecular mechanisms of the type
III-secreted effector proteins AvrPto and AvrPtoB of P. syringae pv. tomato (Pto) both
of which suppress FLS2-mediated immunity [132] [133] [134]. Some plants defend against
such activity through deployment of resistance (R) proteins capable of directly or indirectly
recognizing cognate effectors and triggering a strong immune response known as effector
triggered immunity (ETI) which culminates in programmed cell death [29]. Some effectors,
in turn, are able to suppress the function of R proteins leading to an arms race between
ever-changing repertoires of pathogen effectors and plant R proteins [29] [15].
Because MAMPS are by definition essential for a pathogen’s life cycle [124], pathogens
cannot avoid PTI by losing MAMPS and allelic variation is expected to be limited by evolutionary constraints on their structure [16] [135]. However, recent studies suggest that some
pathogens are able to alter MAMPs to avoid PTI. For example, a single amino acid change
in flg22 of the plant pathogen Xanthomonas campestris pv. campestris severely attenuates or
eliminates perception of flagellin by FLS2 [136]. No known alleles of flagellin from Ralstonia
solanacearum elicit PTI [137]. Also post-translational modifications of flagellin, including
glycosylation, can have a major impact on the elicitation activity of flagellin [138] [139].
Flagellins of the human pathogens Bartonella bacilliformi, Campylobacter jejuni, and Helicobacter pylori escape detection by TLR5 through mutations in the known recognition site
[140]. Diversity of flagellin perception due to mutations in FLS2 has also been demonstrated
in that the flg15 epitope of Escherichia coli flagellin is recognized in tomato but not in
Arabidopsis [141] or Nicotiana benthamiana [142].
Interestingly, while some MAMPs and PRRs are present in multiple kingdoms others are
limited to specific families or species [16]. The identification and genetic transfer of plantfamily-limited PRRs is at the heart of a novel crop protection strategy [23]. There is hope
that such transfer of PRRs, for example of the PRR EFR from A. thaliana to tomato, may
help confer durable field resistance because of the relative invariance of - and presumed
evolutionary constraints on - MAMPs [23].
We previously identified that a second epitope of flagellin, termed flgII-28, is sufficient to
trigger immunity in tomato [143]. This epitope was identified based on two non-synonymous
mutations in otherwise almost identical strains of Pto, which suggested selection for evasion
of plant perception of flgII-28. The two derived alleles of flgII-28 (Figure 3.1) were found
to elicit significantly less ROS than the ancestral allele [143]. The clonal lineage of Pto that
recently expanded in North America and Europe carries one of the two derived alleles, and
all analyzed Pto strains from Colombia in South America carry the other derived allele. S.
lycopersicum has a functional orthologue of FLS2, called SlFLS2 [142], and this prompted
us to test the hypothesis that both flg22 and flgII-28 perception are FLS2-dependent. Also,
because in one Pto lineage we identified a mutation in flg22, we further tested the hypothesis
that allelic variation of MAMPs may be an important PTI avoidance mechanism in the
evolutionary arms race between P. syringae and plants.
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Position:1 30
51 84
111 282
DC3000:.... TRLSSGLKINSAKDDAAGLQ I A .... ESTNILQRMRELAVQSRNDSNSATDREA ....
T1: .... TRLSSGLKINSAKDDAAGLQ I A ....ESTNILQRMRELAVQSRNDSNSSTDRDA ....
LNPV17.41:.... TRLSSGLKINSAKDDAAGLQ I A .... ESTNILQRMRELAVQFRNDSNSSTDRDA ....
Colombia198:.... TRLSSGLKINSAKDDAAGLQ I A .... ESTNILQRMRELVVQSRNDSNSSTDRDA ....
Colombia338:.... TRLSSGLKI I SAKDDAAGLQ I A .... ESTNILQRMRELVVQSRNDSNSSTDRDA ....
ES4326: .... ERLSTGKKINTASDDAGGSVTQ .... ESVSILQRMRELAVQSRNDSNSSEGRDA ....
flg22
flgII-28

Figure 3.1: Alignment of flg22 and flgII-28 regions of fliC of the strains that are the focus of this
study.

3.3

Results

A. thaliana can weakly recognize flgII-28
While many A. thaliana accessions, including Col-0, recognize flg22, other accessions do
not perceive flg22 because of absence of the FLS2 gene [75]. We thus wanted to test if
there is also variability among A. thaliana accessions in their response to flgII-28. We
found that flgII-28 peptide neither triggered ROS production nor suppressed virulence of
strain DC3000 in A. thaliana ecotype Col-0 (Figure 3.2A and Figure 3.3A respectively).
However, flgII-28 treatment of A. thaliana Col-0 synergistically increased ROS production
when co-infiltrated with flg22 (Figure 3.1B) suggesting that flgII-28 is perceived by ecotype
Col-0 but is insufficient to trigger ROS production by itself. Extending ROS assays to an
additional seven ecotypes we found that ecotypes Ws and Cvi-0, which are missing FLS2
and do not respond to flg22, did not respond to flgII-28 treatment either. Of the remaining
five ecotypes, one responded only to flg22 and four responded to flg22 as well as flgII-28.
While the response to flgII-28 was weaker than the response to flg22 (Table 3.1) flgII-28
was able to suppress growth of strain DC3000 in the ecotype Mt-0 in a virulence suppression
assay (VSA; Figure 3.3B). No other tested Brassicaceae species recognized flgII-28 (Table
3.1).
flgII-28 elicits a strong immune response on Solanaceae plants in an alleledependent manner
Because tomato cultivars were found to strongly respond to flgII-28 treatment in ROS assays
[143], we wanted to test for flgII-28 perception in other Solanaceae. Therefore, nine cultivars
belonging to six different species within the Solanaceae were screened for ROS response to
both flg22 and flgII-28. All nine of the tested cultivars had marked ROS bursts following
treatment with either elicitor (Table 3.2 and 3.3).
The flgII-28LN P V 17.41 allele (Figure 3.1) of the Pto lineage that recently underwent clonal
expansion and flgII-28Colombia198 typical of Pto strains in Colombia trigger less ROS than
the ancestral flgII-28T 1 allele and are marginally better at avoiding PTI in tomato ([143],
Table 3.2 and 3.3). We hypothesized that these alleles were specifically adapted to avoid
detection by tomato and therefore would elicit equivalent or more ROS when compared
to the ancestral allele in other Solanaceae plants. However, to our surprise, the ancestral
flgII-28T 1 allele triggers more ROS production in six of the eight other Solanaceae tested:
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Table 3.1: ROS response of the Brassicaceae and selected other plant families to flg22 and flgII-28.
Similar results were obtained in at least 2 independent experiments. 1 The Bayes Factor
(H0 vs Ha); 2 Probability of the null model (no response) explaining the observed data
Family
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Fabaceae
Fabaceae
Convolvulaceae
Convolvulaceae
Apiaceae
Apiaceae
Plantaginaceae
Plantaginaceae

Plant
DraI
Co-1
Condara
Mt0
Cvi-0
WS
Bu-3
Col
La-er
DraI
Co-1
Condara
Mt0
Cvi-0
WS
Bu-3
Col
La-er
Cauliflower
Cauliflower
Turnip
Turnip
Radish
Radish
Bean
Bean
Morning Glory
Morning Glory
Celery
Celelery
Snapdragon
Snapdragon

Peptide
flg22
flg22
flg22
flg22
flg22
flg22
flg22
flg22
flg22
flgII-28
flgII-28
flgII-28
flgII-28
flgII-28
flgII-28
flgII-28
flgII-28
flgII28
flg22
flgII-28
flg22
flgII-28
flg22
flgII-28
flg22
flgII-28
flg22
flgII-28
flg22
flgII-28
flg22
flgII-28

B.F.1
0
0
0
0
31.0348
49.1919
0
0
0.0541
0.0011
4.7055
0
0
6.0921
1.2958
0
44.6687
24.9601
0
23.3965
0
80.7774
0
196.3214
0
0.2458
0.0259
2.3012
21.796
3.1169
0.1298
3.7826

Pos. (H0)2
0
0
0
0
0.9688
0.9801
0
0
0.0513
0.0011
0.8247
0
0
0.859
0.5644
0
0.9781
0.9615
0
0.959
0
0.9878
0
0.9949
0
0.1973
0.0252
0.6971
0.9561
0.7571
0.1149
0.7909
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Figure 3.2: Perception of flgII-28 in A. thaliana by ROS assay. A. Leaf punches of 4-week-old A.
thaliana ecotype Col-0 were treated with 1uM of indicated peptides and then ROS
was measured for 1 hour immediately following treatment. Results shown are the
average of 8 replicate leaves. B. Leaf punches of 4-week-old A. thaliana ecotype Col-0
were treated with either single or combined peptide mixtures as indicated and ROS
was measured for 1 hour immediately after peptide treatment. Results shown are the
average of 6 replicate leaves. C. Leaf punches of 4-week-old A. thaliana ecotype Mt-0
were treated with 1uM of indicated peptides and then ROS was measured for 1 hour
immediately following treatment. Results shown are the average of 8 replicate leaves.
Similar results obtained for all sections in at least 3 independent experiments. Error
bars are the standard error.
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Figure 3.3: Perception of flgII-28 in A. thaliana by VSA. Leaves of 4-week-old A. thaliana ecotype Col-0 (A) or ecotype Mt-0 (B) were pretreated with indicated peptides at 1uM
concentration 18 hours prior to spray infection with DC3000 at OD600 of 0.01. Total bacterial populations were quantified at 4 days. Different letters indicate means
significantly different at 0.05 alpha level in unpaired Students t-test. Data represent
the average of 4 replicate leaves and error bars are the standard error. Similar results
were obtained in 2 independent experiments.
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Table 3.2: Difference in ROS response of Solanaceae plants the T1 allele and LNPV17.41 allele of
flgII-28. Non-bracketed numbers indicate the differential value for either peak intensity
or offset (time interval at which ROS begins being produced) between flgII-28T 1 and
flgII-28LN P V 17.41 . Positive values indicate that flgII-28T 1 had the higher peak intensity
or shorter offset. Numbers in bracket are the 95% Bayesian credible interval of the
difference in value between flgII-28T 1 and flgII-28LN P V 17.41 . We consider the difference
between the two peptides significant if the 95% credible interval does not overlap 0.
Dashes indicate that the peptide did not trigger any ROS and thus comparing the
offset is not meaningful.
Plant
S. lycopersicum cv. Chico III
S. lycopersicum cv. Rio Grande
S. lycopersicum cv. Sunpride
S. tuberosom cv. Red Maria
C. annuum cv. CA Wonder
C. annuum cv. Jalapeno Early
N. benthamiana
N. tabacum cv. Burly
Petunia X

∆Peak Intensity
1003.28 [-1860.87, 3630.31]
1456.33 [464.04, 3248.91]
2456.17 [649.70, 5842.46]
607.28 [299.89, 1500.96]
103.39 [-5195.06, 4822.81]
362.71[-77.19, 1069.60]
3991.65 [2628.89, 7948.62]
11966.46 [9373.66, 17271.29]
743.38 [316.11, 1534.75]

∆Offset
2.37 [ 1.51, 3.35]
0.8 [ -0.36, 2.11]
1.36 [ 0.87, 1.83]
0.13 [ -0.58, 0.80]
-1.26 [ -3.48, 0.44]
-6.42 [ -9.32, -3.82]
-7.33 [-12.45, -1.84]

Solanum tuberosum, Solanum melongena, Petunia, N. benthamiana, and N. tabacum than
both flgII-28LN P V 17.41 (Table 3.2) and flgII-28Colombia198 (Table 3.3). The absence of PTIelicitation by the derived alleles flgII-28LN P V 17.41 and flgII-28Colombia198 was confirmed in N.
benthamiana using VSA (Figure 3.4). Interestingly, flgII-28LN P V 17.41 pretreatment even
enhances virulence of strain DC3000∆avrPto1∆avrPtoB∆hopQ1 [144] in this assay.
In addition to tomato, only the Capsicum annum (pepper) cultivars responded to the derived
alleles of flgII-28 (Table 3.2 and 3.3). Capsicum annum cv. California Wonder was the only
tested plant species on which the derived alleles of flgII-28 did not elicit quantifiably less
ROS than the ancestral flgII-28T 1 allele. Members of four other plant families, in addition
to Brassicaceae and Solanaceae, were also screened for the ability to respond to treatment
with flg22 and flgII-28: two responded strongly to flg22 and weakly to flgII-28 (Fabaceae and
Convolvulaceae), one responded to neither (Apiaceae), and one responded weakly to only
flg22 (Plantaginaceae, Table 3.1). Taken together these results suggest that allelic diversity
in both P. syringae MAMPs and plant PRRs contribute to the magnitude of PTI.
flgII-28 recognition is dependent on FLS2
To determine if flgII-28 recognition is dependent on FLS2 and BAK1 we silenced these genes
individually in N. benthamiana and observed significant attenuation of ROS production
following treatment with flgII-28 (Figure 3.5A). The reduction was of similar magnitude
to that observed for flg22 using disks from the same leaves. Because it is known that flg22
recognition requires FLS2 and BAK1 [22], we conclude that the residual response to flgII28 on these silenced plants is due to incomplete silencing as is normal in this assay [145].
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Table 3.3: Difference in ROS response of Solanaceae plants the T1 allele and Colombia198 allele of
flgII-28. Non-bracketed numbers indicate the differential value for either peak intensity
or offset (tim interval at which ROS begins being produced) between flgII-28T 1 and
flgII-28Colombia198 . Positive values indicate that flgII-28T 1 had the higher peak intensity
or shorter offset. Numbers in bracket are the 95% Bayesian credible interval of the
difference in value between flgII-28T 1 and flgII-28Colombia198 . We consider the difference
between the two peptides significant if the 95% credible interval does not overlap 0.
Dashes indicate that the peptide did not trigger any ROS and thus comparing the
offset is not meaningful.
Plant
S. lycopersicum cv. Chico III
S. lycopersicum cv. Rio Grande
S. lycopersicum cv. Sunpride
S. tuberosom cv. Red Maria
C. annuum cv. CA Wonder
C. annuum cv. Jalapeno Early
N. benthamiana
N. tabacum cv. Burly
Petunia X

∆Peak Intensity
2129.97 [830.25, 4690.16]
1864.34 [782.09, 3664.44]
4552.11 [2260.67, 8040.91]
578.05 [268.16, 1468.73]
428.84 [-3339.95, 4673.26]
379.22 [-106.57, 1115.06]
3998.01 [2636.07, 7958.69]
12017.34 [9421.46, 17327.12]
774.27 [346.33, 1568.44]

∆Offset
1.21 [ 0.46, 1.86]
-32.16 [-87.27, 2.18]
1.62 [ 0.69, 2.94]
0.27 [ -0.42, 0.87]
-40.88 [-92.47, -0.25]
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Figure 3.4: Diversity of perception of flgII-28 alleles on N. benthamiana. Leaves of 5-week-old N.
benthamiana were infiltrated with indicated peptides at 1uM concentration. Strain
DC3000∆avrPto1∆avrPtoB∆hopQ1 was then spray infected (OD600 0.01) onto the
leaves 16 hours later and total bacterial populations were quantified at 4 days. *
indicates means significantly less than mock at 0.05 alpha level in unpaired Students
t-test. Results represent the average of 4 replicate leaves and error bars represent
standard error. Similar results were obtained in 4 independent experiments.
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However, the differing kinetics of the ROS response to flg22 and flgII-28 suggest varying
signaling events following recognition of the peptides.
To further test whether flgII-28 recognition is dependent on FLS2, tomato leaves were treated
with either flg22 or flgII-28 along with either flg22∆2 or elf18. flg22∆2 is known to compete
with flg22 for FLS2 binding but does not trigger typical PTI responses when used alone [146].
The epitope elf18 is an unrelated MAMP that does not trigger immunity in Solanaceous
plants [16]. Co-treatment of flgII-28 with flg22∆2 resulted in significantly attenuated ROS
elicitation similar to co-treatment of flg22 with flg22∆2 (Figure 3.5B). Co-treatment with
elf18 did not attenuate ROS elicitation of either flg22 or flgII-28. These results strongly
suggest that FLS2 plays a direct role in perception of flgII-28.
Alleles of Pseudomonas syringae flg22 are not universally recognized in either
Brassicaceae or Solanaceae
The recently sequenced Pseudomonas syringae pv. maculicola ES4326 strain [147] (recently
reclassified P. cannabina pv. alisalensis [148]), was originally isolated from radish but also
causes disease in A. thaliana [149]. Strains closely related to ES4326 frequently cause disease
on various other Brassicaceae [148]. We hypothesized that ES4326 and ES4326-like strains
may have evolved a flagellin sequence adapted specifically to avoid recognition by Brassicaceae including Arabidopsis. In fact, while the flgII-28 region of ES4326 was very similar to
that of Pto, the flg22 region differed dramatically from flg22 of DC3000 with only 12 identities over its 22 amino acid length (Figure 3.1). flg22ES4326 failed to elicit PTI based on the
ROS assay and did not suppress P. syringae virulence on A. thaliana (Figure 3.6A, Figure
3.7A). flg22ES4326 did not elicit any ROS or suppress DC3000 virulence in tomato either
(Figure 3.6B, Figure 3.7B,C). A SNP also distinguishes the flg22 allele of the Colombian
strain Col198 from the flg22 allele present in all other Pto strains including DC3000 (Figure
3.1) [143]. Peptides of this flg22 variant triggered more PTI in some Solanaceae but less in
others when compared to flg22DC3000 (Table 3.4) further demonstrating that allelic diversity
in MAMPs affects the strength of PTI.
Swapping fliC alleles in a DC3000∆fliC background does not affect motility
The flg22 epitope represents a region of flagellin with high sequence conservation even between distantly related bacteria like Escherichia coli and Pseudomonas sp. flgII-28 is structurally similar to flg22 in that it comprises a bend in the protein between two alpha helices
[150]. This suggests that mutations within flg22 and flgII-28 may affect flagellin structure
interfering with correct assembly of the flagellum and thus negatively affect motility. To test
whether the strains used in this study have undergone changes in their flagellin at the cost
of motility, we cloned the fliC alleles under control of their native promoters from DC3000,
T1, LNPV17.41, and ES4326 and used them for complementation of a DC3000∆fliC mutant
strain. We then measured motility in a swim plate assay and surprisingly found that all fliC
alleles complemented motility of the DC3000∆fliC strain equally well (Figure 3.9A, Figure
3.8C) despite differences in motility among the wild-type strains (Figure 3.8A-B). Therefore,
a significant amount of plasticity in fliC sequence appears possible while maintaining a fully
functional flagellum.
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Table 3.4: Difference in ROS response of Solanaceae plants the DC3000 allele and Colombia338
allele of flg22. Non-bracketed numbers indicate the differential value for either peak
intensity or offset (time at which ROS begins being produced) between flg22DC3000 and
flg22Colombia338 . Positive values indicate that flg22DC3000 had the higher peak intensity
or shorter offset. Numbers in bracket are the 95% Bayesian credible interval of the
difference in value between flg22DC3000 and flg22Colombia198 . We consider the difference
between the two peptides significant if the 95% credible interval does not overlap 0.
Dashes indicate that the peptide did not trigger any ROS and thus comparing the
offset is not meaningful.
Plant
S. lycopersicum cv. Chico III
S. lycopersicum cv. Rio Grande
S. lycopersicum cv. Sunpride
S. tuberosom cv. Red Maria
C. annuum cv. CA Wonder
C. annuum cv. Jalapeno Early
N. benthamiana
Petunia X

∆Peak Intensity
-348.62 [-1165.53, 852.50]
707.13 [-1031.95, 3397.97]
-1806.68 [-6588.49, 1057.78]
295.23 [ 39.26, 880.58]
-3437.07 [-6060.24, -2383.16]
-174.4 [-1113.16, 968.17]
-2358.81 [-27385.81, 14018.92]
-2683.62 [-6567.96, 2007.09]

∆Offset
-0.22 [ -0.78, 0.12]
-0.05 [ -0.55, 0.38]
-0.27 [ -1.12, 0.58]
0.24 [ -0.31, 0.81]
1.31 [ -0.38, 3.15]
-0.17 [ -0.86, 0.58]
1.22 [ 0.14, 2.34]
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Figure 3.5: flgII-28 recognition is dependent on FLS2. A. Leaf punches of 6-week-old wt, FLS2
VIGS, or BAK1 VIGS N. benthamiana plants were treated with 1uM of indicated
peptides (T1 alleles) and ROS was measured for 1 hour. Results shown are the average
of 8 replicate leaves. Similar results obtained in 5 independent experiments using 3
independently silenced batches of plants. Error bars are the standard errors. B. Leaf
punches were treated with either single or combined peptide mixtures (T1 alleles) as
indicated and ROS was measured for 1 hour immediately after peptide treatment.
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Figure 3.6: flg22 in the A. thaliana pathogen P. canabina ES4326 is not recognized by tomato
or Arabidopsis in ROS assay. Leaf punches of either 4-week-old A. thaliana ecotype
Col-0 (A) or 4-week-old S. lycopersicum cv. ChicoIII (B) were treated with 1uM
of indicated peptides and then ROS was measured for 1 hour immediately following
treatment. Data shown are the average of 8 replicate leaves and error bars represent
standard error. Similar results were obtained in at least 3 independent experiments
for all sections.
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Figure 3.7: flg22 in the A. thaliana pathogen P. canabina ES4326 is not recognized by tomato or
Arabidopsis in VSA. Leaves of either 4-week-old A. thaliana ecotype Col-0 (A) or S.
lycopersicum cv. chicoIII (B) or S. lycopersicum cv. Rio Grande (C) were infiltrated
with indicated peptides at 1uM concentration. Either strain DC3000 (A) or strain
DC3000∆avrpto1∆avrptoB (B-C) was then spray infected onto the leaves 16 hours
later and total bacterial populations were quantified at 0 and 4 days. Different letters
indicate significant differences at the 0.05 alpha level in an unpaired Students t-test.
Data represent the average of 4 replicate leaves.
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Figure 3.8: Diversity in in vitro motility exists in the P. syringae species complex but it is not
due to varying alleles of fliC. A-B. Indicated wildtype P. syringae strains were was
toothpick inoculated onto 0.3% agar KB media swim plates. Pictures were taken (A)
and Swimming diameter was measured 2 days following inoculation for quantification
(B). C. A representative swim plate picture of the strains quantified in Figure 6A.
Quantified data represent the average Swimming diameter measured from 8 replicate
plates. Different letters indicate significant differences at the 0.05 alpha level in an
unpaired Students t-test. Similar results were obtained in at least 3 independent
experiments.
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Figure 3.9: In a ∆fliC background the various of alleles of fliC do not differentially contribute to
motility but do differentially contribute to virulence on some plants. 1: DC3000+EV;
2: DC3000∆fliC +EV; 3:DC3000∆fliC + fliC DC3000 ; 4: DC3000∆fliC + fliC ES4326 ;
5: DC3000∆fliC + fliC T 1 ; 6: DC3000∆fliC + fliC LN P V 17.41 . (A) Swimming diameter 2 days following toothpick inoculation with either wildtype DC3000, DC3000∆fliC
or DC3000∆fliC complemented with the indicated alleles of flagellin. Data represent
the average of 8 replicate plates, error bars are the standard error, and letters indicate
significant differences at the 0.05 alpha level in an unpaired Students t-test. Similar
results were obtained in at least 3 independent experiments. (B and C) 4-week-old S.
lycopersicum cv. Rio Grande (B) or A. thaliana (wt or fls2 ) (C) were spray inoculated with wildtype DC3000, DC3000∆fliC or DC3000∆fliC complemented with the
indicated alleles of flagellin. Bacterial titers were quantified 4 days after infection.
Different letters indicate significant differences at the 0.05 alpha level in an unpaired
Students t-test. Results represent the average of 4 replicate leaves and error bars
represent standard error. Similar results were obtained for all sections in at least 3
independent experiments.
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Swapping fliC alleles in a DC3000∆fliC background affects virulence
To determine if swapping fliC alleles in the DC3000∆fliC background affects virulence,
DC3000∆fliC strains complemented with fliC from DC3000, T1, LNPV17.41, and ES4326
were spray-inoculated onto leaves of three tomato cultivars. All complemented strains
reached similar population densities except for DC3000∆fliC complemented with fliC ES4326
which was inconsistent among experiments (Figure 3.9B). Although not statistically significant, DC3000 complemented with the fliC LN P V 17.41 allele consistently grew to 2-6 fold
higher population densities than the other strains on the cultivar Rio Grande (Figure 3.9B)
but not on the other cultivars (Figure 3.10A). Interestingly, even the DC3000∆fliC strain
carrying an empty vector reached population densities as high as the complemented strains
suggesting either only a minor role for fliC during tomato leaf infections under the laboratory
conditions used in this experiment or counterbalance between the contribution of flagellar
motility to virulence and the contribution of flagellin-triggered PTI to resistance.

Figure 3.10: Contribution of fliC alleles to in planta fitness in second transformants. 4-week-old
S. lycopersicum cv. Chico III (A) or A thaliana Col-0 (B) were spray inoculated with
second transformants of wildtype DC3000, DC3000∆fliC or DC3000∆fliC complemented with the indicated alleles of flagellin. Bacterial titers were quantified 4 days
after infection. Results represent the average of 4 replicate leaves and error bars
represent standard error. Similar results were obtained for all sections in at least 2
independent experiments.

The same strains were used to inoculate A. thaliana Col-0. Interestingly, DC3000∆fliC
complemented with the LNPV17.41 allele of fliC grew significantly less that DC3000∆fliC
complemented with the DC3000 allele (Figure 3.9C) and caused reduced disease symptoms
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Figure 3.11: Disease symptoms on A. thaliana of DC3000∆fliC and complemented strains.
Pictures of whole plants and individual leaves were taken of A. thaliana Col-0
4 days following spray infection with the indicated strains - 1: DC3000+EV; 2:
DC3000∆fliC +EV; 3:DC3000∆fliC + fliC DC3000 ; 4: DC3000∆fliC + fliC ES4326 ;
5: DC3000∆fliC + fliC T 1 ; 6: DC3000∆fliC + fliC LN P V 17.41

(Figure 3.11). Furthermore, DC3000∆fliC complemented with fliC T 1 in eight out of ten
independent experiments reached population densities 2 to 10 fold higher than DC3000∆fliC
complemented with fliC LN P V 17.41 although a single amino acid substitution in flgII-28 is the
only difference betwen FliCT 1 and FliCLN P V 17.41 . In inoculations of the same strains on
an A. thaliana Col-0 fls2 mutant, differences in bacterial growth and symptoms between
complemented strains disappeared (Figure 3.9C), suggesting the observed differences in virulence were due to FLS2-dependent flagellin recognition. This result further confirms FLS2dependent recognition of flgII-28 because the fliC alleles of DC3000, T1 and LNPV17.41
have the same flg22 epitope but different flgII-28 epitopes (though DC3000 also has additional differences in FliC outside of either epitope that might also contribute to the observed
differences in FLS2-dependent perception). To make sure that the observed differences in
virulence were due to the differences in fliC and not due to genomic changes that occurred
during complementation of the DC3000∆fliC strain, these experiments were repeated with a
second set of complemented strains obtained in a second independent set of transformations
of DC3000∆fliC (Figure 3.10B) with similar results.
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Discussion

Studies of plant immunity triggered by bacterial flagellin so far has focused on the flg22
epitope. In fact, flg22 has been reported to be sufficient to elicit PTI in representatives of
all clades of seed plants [16]. We recently found that in tomato a second epitope of flagellin,
flgII-28, also is sufficient to trigger immunity [143]. We have now shown that flgII-28 elicits
immunity in A. thaliana and many other plant species as well.
The observation that accessions of Arabidopsis known to lack FLS2 did not respond to treatment with flgII-28 gave a first indication that flgII-28 recognition might be FLS2-dependent.
Silencing of FLS2 and BAK1 in N. benthamiana confirmed that flgII-28 perception is in
fact mediated by FLS2 and BAK1 in N. benthamiana. Competition assays of flg22∆2 with
flgII-28 in tomato demonstrated that flg22∆2 prevents flgII-28 from triggering ROS just as it
prevents flg22 from eliciting PTI [146]. Furthermore, A. thaliana Col-0 exhibited differential
resistance in an FLS2-dependent manner to DC3000 fliC mutant strains complemented with
different alleles of fliC that were identical at the flg22 locus. This result clearly indicates
that FLS2 plays a role in mediating the PTI response to regions of flagellin other than the
canonical flg22 epitope. Interestingly, FLS2 has also been implicated as receptor for the
flagellin-unrelated MAMP AvrXa21 [151] and for CLV3 [152]. The fact that plant responses
to flg22, AvrXa21, and CLV3, are all abolished in the fls2 -24 mutant of Arabidopsis ecotype
Ler, which has a single amino acid substitution in one leucine rich repeat (LRR) [153], were
interpreted as flg22, AvrXa21, and CLV3 sharing the same binding site within the LRR region of FLS2 (flgII-28 could not be tested on fls2 -24 plants because flgII-28 does not trigger
ROS in Ler (Table 3.1). However, it is also possible that the amino acid substitution in the
fls2 -24 mutant prevents binding of flg22, AvrXa21, and CLV3 because it causes a conformational change in the LRR region of FLS2 that interferes with binding of the three epitopes
at distinct sites within FLS2. Alternatively, the amino acid substitution may prevent FLS2
from acting as a co-receptor of AvrXa21 and CLV3-specific receptors that yet need to be
identified. Similarly, FLS2 might act as a co-receptor for a flgII-28 specific receptor. Because
flg22 and flgII-28 are very small peptides compared to the size of the FLS2 LRR region, we
can neither exclude the possibility that FLS2 binds a larger region of flagellin that comprises flg22, the entire alpha helix that starts just downstream of flg22 and ends upstream
of flgII-28, and flgII-28.
We had hypothesized that the Pto alleles flgII-28LN P V 17.41 and flgII-28Col198 , which elicit less
PTI in tomato and almost entirely replaced the ancestral flgII-28T 1 alleles in Pto populations
in Europe and North America over the last 30 years only recently evolved under selection
pressure in agricultural settings [143]. Here we compared the strength of PTI elicited by
flgII-28 alleles in other solanaceous plants and surprisingly found that flgII-28LN P V 17.41 and
flgII-28Col198 are even better at avoiding PTI in several Solanaceae other than tomato. These
data suggest that the flgII-28LN P V 17.41 and flgII-28Col198 alleles may not be the result of recent
selection on tomato but rather evolved to evade PTI in other solanaceous plants and was
recently acquired by Pto through horizontal gene transfer. The fact that we had found
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the flgII-28LN P V 17.41 mutation in two separate genetic lineages of Pto [143] supports this
scenario.
Because we identified a SNP within flg22 in the Pto strain Col198, we wondered whether
allelic diversity of flagellin at the flg22 epitope also affects the strength of PTI similar to what
we observed for flgII-28. In fact, we identified marked differences in PTI elicitation between
flg22Colombia198 and flg22DC3000 across many different plant species. Moreover, flg22 from the
recently sequenced Arabidopsis pathogen ES4326 [147] [148] is not only markedly different
from flg22DC3000 in its sequence but also does not trigger any immunity in either tomato
or Arabidopsis. Interestingly, ES4326 does not have the effector avrPto1 found to interfere
with FLS2 kinase activity [147]. Moreover, the ES4326 homologue of the effector avrPtoB is
missing the ubiquitin-ligase domain shown to ubiquitinate FLS2 leading to its degradation
[102]. This suggests that evasion of PTI through allelic diversification at MAMP loci is
similarly efficient in overcoming PTI as delivery of PTI-suppressing effector proteins.
Diversity in flg22 among closely related pathogens is particularly striking because MAMPS
are considered to be essential for important functions [135] [23] [15], such as motility in
the case of flagellin. However, to our surprise none of the differences in flg22 or flgII-28
led to deficiencies in motility when placed in the same genetic background (DC3000∆fliC )
demonstrating that there is significant room for divergence at both of these epitopes without
cost to motility, thus unsettling the theory that PTI is more evolutionarily stable than
ETI.
The differences in PTI triggered by the same peptide across very closely related accessions
of Arabidopsis further highlights the role of allelic diversity of plant PRRs in contributing to
immunity, complementing our observation of the importance of allelic diversity of pathogens
MAMPs in determining the immune outcome. The elucidation of allelic diversity, of both
pathogen MAMPs and plant PRRs, as significantly contributing to PTI has direct implications for biotechnology approaches to crop protection. For example, the transfer of PRRs
across plant families is anticipated to provide more durable resistance than the transfer of
R genes because of the hypothesized higher degree of evolutionary constraints on pathogen
MAMPs than pathogen effector proteins [23]. Natural diversity in flg22 from Xanthomonas
is known to modulate the degree of flagellin-triggered immunity on Arabidopsis [136]. Additionally, our data suggest that MAMPs are under less constraint than previously presumed,
and distinct alleles of MAMPs can can trigger relatively differential PTI on different plants.
Thus transfer of PRRs for crop protection may not be as durable as hoped. As mentioned by
Lacombe et. al. [23], the MAMP EF-Tu also has different alleles in closely related pathogen
populations. Therefore, what we observed for flagellin may also apply to other peptide
MAMPs but possibly not to nonpeptide MAMPs such as fungal chitin. On the other hand,
we also demonstrated that different plant alleles of the same PRR have a significant effect on the strength of the plant immune response to MAMPs. We therefore propose that
PRR based molecular breeding should involve careful evaluation of variability in candidate
MAMPs and functional screens for the most effective alleles of PRRs.
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Methods

Peptide synthesis and storage and production of reactive oxygen species for
measuring PTI
Peptides were synthesized by EZ Biolab (Carmel, IN, USA) at a purity of 70% to 90%.
Water was added to the peptides to bring them to a concentration of 5uM except for the
LNPV17.41 flgII-28 and Colombia flgII-28 peptides which where insoluble in water and were
rather resuspended in a solution of 50% DMSO. Storage in DMSO is unlikely to affect
the ROS elicitation potential of the peptides because flgII-28T 1 is an equivalent elicitor on
tomato whether dissolved in water or 50% DMSO (Figure 3.12). All dilutions for working
concentrations were done in ultrapure H2 O. Peptides were stored at -20o C for short-term
storage or -80o C for long-term storage.
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Figure 3.12: Stability of flg peptides in DMSO. Leaf punches of 4-week-old S. lycopersicum cv.
Sunpride were treated with 1uM of indicated peptides diluted in either H2 O or
50% DMSO (as indicated) and ROS was measured for 1 hour immediately following
treatment. Results shown are the average of 8 replicate leaves. Error bars indicate
standard error. Similar results obtained in 3 independent experiments.

Previously described protocols were used to quantify production of reactive oxygen species
following elicitation with peptides [154]. Briefly, leaf disks were punched out with a Number
1 cork borer and floated adaxial side up overnight at room temperature in 200uL ddH2 O
in individual wells of a clear bottom 96 well microassay plate (Greiner Bio-one, Germany).
16 hours later, the water was replaced with a solution containing 1uM peptide (unless concentration otherwise noted in figure), 34ug/ml luminol, and 20ug/ml horseradish peroxidase
(Sigma, St. Louis, MO, USA) all in ddH2 O. Luminescense of each well was then immediately
measured using a Synergy HT plate reader (Biotek, Winooski, VT) using the bottom camera
at optical sensitivity of 225 every 3 minutes for 60 minutes. For comparison among different
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peptides, multiple leaf punches were taken from the same leaf to allow for the peptides to
act on the same leaf (though different sections) to control for variability among leaves. 4-8
leaves were used for each experiment.
Swim plate assay for quantifying bacterial motility
Swim plates were prepared by making KB plates with 0.3% agar instead of 1.5% agar as is
used in normal media plates. Swim plates were always made the same day as used. Plates
were inoculated via toothpick inoculation using a 2uL pipette tip by placing the tip in oneday-old bacterial colony on a plate and then gently placing the pipette tip on the swim
plate. The pipette tip was always placed aligned with radial lines of the plate. The plates
were then placed in a 28o C incubator for 2 days before measurement of swim diameter. The
diameter of Swimming of each strain was measured using a ruler held perpendicular to the
radial lines of the plate and therefore perpendicular to the orientation of the pipette tip
during inoculation to nullify slight variation resulting from not perfectly consistent pipette
tip inoculations. Larger 150X15mm petri dishes (VWR, Radnor, PA, USA) were used for
accommodating 7 bacterial strains on the same swim plate.
Cloning of fliC and complementation of DC3000∆fliC
Primers were designed to amplify 326bp upstream (except for ES4326 with 327bp upstream)
and 52bp downstream of the fliC ORF with Sac1 and XhoI restriction enzyme sites on
the forward and reverse primers respectively. This region contains both the fliC ORF and
nearly the entire flanking region before flanking genes in the flagellum gene cluster. gDNA
was extracted from the strains DC3000, Kuzzen40 (same genotype as LNPV17.41), T1,
and ES4326 and used as a template for PCR amplification of fliC. PCR products were
then cleaned up using Bioneer (Alameda, CA, USA) PCR cleanup kit and then digested
by SacI and XhoI (NEB, Ipswich, MA, USA) at 37o C for 3 hours. The broad expression
vector Pme6010 [155] was similarly digested with SacI and XhoI. All digested products
were then separated using gel electrophoresis and cleaned up using Bioneer(Alameda, CA,
USA) gel extraction kit and then each PCR product was then individually ligated into the
digested pME6010 using DNA ligase (Takara Bio, Shiga, Japan). Because of the orientation
of restriction enzyme sites in the multiple cloning site of pME6010, each PCR product was
ligated 3’ to 5’ with respect to the Pk promoter of pME6010; therefore, fliC is under control
of its native promoter in these vectors. The resulting vectors were then transformed via
conjugation into DC3000∆fliC using previously described procedures [83].
Virulence Suppression Assay and plant infection assays
Virulence suppression assays were performed similar to previously described protocols [75]
[143]. Briefly, 1uM (or 100nm for N. benthamiana) of each peptide was infiltrated into the
adaxial side of at least 5 attached leaves on 2-4 different 4-5 week old plants via blunt end
syringe and marked to indicate sites of infiltration. Plants were placed in high humidity
for 16 hours before spray innoculation using a Preval sprayer with the described pathogen
at an OD of 0.01 at 10ml bacteria solution per pot. The plants were then covered with
clear plastic flat covers to maintain high humidity 8 hours following the infection. After the
number of days indicated in each figure legend, in most cases 4 days, leaves that had been
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previously infiltrated by the peptide were punched using a 0.52mm2 leaf punch (or 0.32mm2
for A. thaliana) and then placed in a tube containing 200uL of 10mM MgSO4 and three
2mm glass beads. The tube was placed in a mini bead beater (Biospec Products, Inc.) and
shaken for 90 seconds to grind the leaf and release endophytic bacteria into the solution.
This solution was then appropriately diluted and plated on a KB plate with appropriate
antibiotic selection. After 2 days, colony-forming units were counted and used to calculate
the number of bacteria that successfully invaded the endophytic space of the tomato leaves
following infection.
Similar procedures were used to quantify growth the DC3000∆fliC strains on A. thaliana
and S. lycopersicum. The plants were not pretreated with any peptides but were covered to
maintain high humidity 16 hours prior to infection.
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Abstract

Many bacteria are able to respond to chemical cues in a process known as chemotaxis.
Chemotactically-active bacteria bias their motion towards favorable chemical compounds,
known as chemoattractants, and away from unfavorable chemical cues, known as chemorepellants, by alternating the rotational direction of their flagella between swimming (continuing
in the same direction) and tumbling (reorientating) in the presence of chemoattractants and
chemorepellants, respectively. Through our work in comparative genomics of Pseudomonas
syringae, we have found evidence that chemotaxis is an important mechanism during plant
invasion of P. syringae. Some chemoreceptors for specific chemicals at the beginning of
chemotaxis pathways appear to be under selection in recent lineages of P. syringae pv.
tomato (Pto) suggesting adaptation in recognition of specific chemical cues. To test for
the importance of chemotaxis in Pto, we disrupted homologous genes known to be essential
for functional chemotaxis in the model organisms Escherichia coli and Salmonella enterica.
These model organisms have one core chemotaxis pathway but P. syringae has two, designated che1 and che2. Both che1 and che2 contribute to chemotaxis and pathogenicity on
tomato. Intriguingly, mutations in che1 and che2 lead to increased growth of Pto on the
nonhost plant Arabidopsis thaliana suggesting an important role for chemotaxis in defining
the host range of P.syringae pathogens. Importantly, several P. syringae strains are more
chemoattracted to plant extracts from their host plants than from nonhost plants in a che1 dependent manner further implicating chemotaxis as a major contributor to P. syringae host
range. Taken together, these results demonstrate a fundamental role for chemotaxis in both
pathogenicity and host range determination for pathovars of P. syringae.

4.2

Introduction

Most of what we know today about the molecular basis of chemotaxis resulted from the
study of a few model systems: Escherichia coli, Salmonella enterica, and Bacillus subtilis.
Also chemotaxis in some of the plant-associated bacterial diazatrophs has been studied extensively. For plant pathogens, almost all work is limited to the soilborne pathogen Agrobacterium tumefaciens. But an important role for chemotaxis has also been found for the
soilborne pathogen Ralstonia solanacearum and the eukaryotic oomycete pathogen Phytophthora sojae. The foliar pathogens Xanthomonas and Pseudomonas syringae have chemotaxis
systems, but hardly anything is known from the literature about chemotaxis in these important pathogens.
How does chemotaxis work in Escherichia coli, Salmonella and Pseudomonas
aeruginosa?
The enteric bacteria use chemotaxis pathways to control their motility in response to environmental stimuli in what is considered a biased random walk [156]in which bacteria fluctuate
between moving forward (running) and reorienting (tumbling) in a controlled manner where
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running is favored in the presence of increasing levels of favorable chemical cues (chemoattractants) and tumbling is favored in the presence of unfavorable chemical cues (chemorepellants). The pathway begins with transmembrane-spanning ligand binding proteins known
as methyl-accepting chemotaxis proteins (MCPs) that function as dimers [157] to recognize
specific chemical cues in the periplasm and propagate that signal, through a highly conserved
cytoplasmic HAMP domain [158] to a histidine-aspartate phosphorelay system (see [159] for
review). Briefly, CheA is the histidine protein kinase; its phosphorylation state is controlled
by sensory inputs from the MCPs through an adapter protein CheW [160]. Less favorable
environmental chemicals result in the phosphorylation of CheA. Phosphorylated CheA will
pass its phosphoryl group either to system adapter proteins or the response regulator of the
system – CheY. Phosphorylated CheY can then interact with the flagellar motor [161] to induce tumbling [162]. For other organisms, such as B. subtilis, the phosphorelay has opposite
control of the flagellar motor because the MCPs control CheA phosphorylation in a different
manner [163]. Finally the system can be quickly reset by the CheZ-dependent dephosphorylation of CheY [161] and the alteration of CheA activity, either directly or through MCPs,
by the methylating adaptive proteins CheB [164] and CheR [165].
The model enteric bacteria have relatively simple chemotaxis pathways in terms of number of
proteins involved [163]; thus despite being in the same class of gamma-proteobacteria, E. coli
and S. enterica provide poor models for P. syringae chemotaxis because of the large discrepancy in number of annotated chemotaxis proteins — for example E. coli has only 5 MCPs
whereas P. syringae has 46. A closer relative, Pseudomonas aeruginosa, is emerging as another model organism for studying chemotaxis because of its relative complexity compared
to the chemotaxis systems of E. coli and S. enterica [166] and provides a better framework
on which to dissect P. syringaes chemotaxis systems. The general signal propagation pathways in P. aeruginosa are very similar but sensory input and control mechanisms are more
complicated than in E. coli. P. aeruginosa has two primary chemotaxis gene clusters and
three secondary gene clusters with distant homologues of chemotaxis genes [167] [166]. One
primary gene cluster (designated the che gene cluster) is considered essential for chemotaxis
[168] [169] though the other primary gene cluster has higher sequence similarity to that of
E. coli [166]. The secondary che gene clusters are involved in type IV pili formation and
motility [170] [171] and biofilm formation [172].
Function and role of chemotaxis in nitrogen-fixing plant-associated bacteria.
For plant-associated microbes, chemotaxis pathways have been best studied in diazotrophs.
The alpha proteobacterium Sinorhizobium meliloti, has a chemotaxis system significantly
divergent from that of E. coli and S. enterica [173]. It has two cheY genes but does not
have two distinct chemotaxis pathways, as there is only one cheA. CheY2 acts as the master
switch for the flagellar motor like E. coli CheY [174] and CheY1 compensates for the lack of
CheZ by acting as a phosphate sink because it can dephosphorylate CheY2 through CheA
[175]. The phosphate sink regulatory mechanism of the secondary CheY is also found in
the alpha proteobacterium Rhodobacter sphaeroides [176]. In the close relative Rhizobium
leguminosarum, both chemotaxis clusters contribute to motility but only one is responsible
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for chemotactic responses to host chemical cues in the rhizosphere [177]. Also in Azospirillum
brasilense motility, and specifically chemotaxis, is necessary for successful colonization of its
hosts roots [178].
Chemotaxis in plant pathogens.
Chemotaxis in Agrobacterium tumefaciens
The plant pathogen Agrobacterium tumefaciens uses chemotaxis in the rhizosphere to locate
host roots [179]. Like Sinorhizobium, it has multiple orthologues of core chemotaxis genes
including cheY. Both cheY orthologues contribute to chemotaxis but to varying extents
[180]. A. tumefaciens forms biofilms during colonization of hosts, and chemotaxis has been
implicated as being important for biofilm formation [181]. However, chemotaxis has never
been directly shown as required for plant pathogenicity after locating host roots.
Chemotaxis in R. solanacearum
The soilborne pathogen R. solanacearum requires motility [182] and, equally, functional
chemotaxis for full virulence on tomato plants [57]. Chemotactically deficient strains of
R. solanacearum are similar to E. coli chemotaxis mutants in that they retain swimming
motility but lose chemotaxis response capability [57]. R. solanacearum chemotaxis knockout
mutants are only impaired in their virulence when soaked into the soil but not when directly
introduced into the plant stem via wounds [57]. Also a tomato isolate of R. solanacearum was
more chemoattracted to tomato root exudates than rice root exudates [57]. Taken together
these results suggest chemotaxis is important for locating the host in the environment but
not for direct interactions with the plant.
Chemotaxis in oomycetes
The eukaryotic organism Phytophthora sojae is also capable of using chemotaxis. Specifically, P. sojae zoospores home in on plant roots by swimming up concentration gradients of
isoflavones excreted into the rhizosphere by soybean [183] in a chemical-specific manner [58].
It is not known whether P. sojae continues using chemotaxis during its disease cycle after
it has located soybean roots or if other members of the devastating Phytophthora genus of
plant pathogenic oomycetes use chemotaxis at all.
Chemotaxis in foliar plant pathogens
There are only a couple of publications on chemotaxis of foliar plant pathogens. Kamoun
and Kado [184] detected an intriguing phenomenon of phenotypic switching in Xanthomonas
sp. that involved motility, and possibly chemotaxis, and affected virulence. Cuppels [185]
established that a strain of the tomato pathogen P. syringae pathovar tomato (Pto), is
capable of performing chemotaxis in vitro and identified several chemicals that can act as
chemoattractants. P. syringae is a foliar pathogen that is believed to invade the leaf apoplast
(i.e., the extracellular spaces within plant leaves) through natural openings like stomata and
through wounds [1]. It has long been speculated that P. syringae uses chemotaxis for leaf
invasion (but has never been shown) and it is known that motility is required for full virulence
[186]. Moreover, it has been shown that Pto swims towards open stomata of Arabidopsis
thaliana leaves [51] suggesting that P. syringae can sense some chemical cue released from
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Table 4.1: SNPs in MCPs of Pto. 5 of the 7 SNPs are in strain Pto1108.
in T1
A
G
G
A
G
A
A

in Max4
A
G
A
A
G
A
A

in NCPPB1108
C
G
A
C
T
C
C

in Kuzzen40
A
C
A
A
G
A
A

in Max13
A
G
A
A
G
A
A

Locus ID
PSPTOT1 0118
PSPTOT1 2691
PSPTOT1 3412
PSPTOT1 5509
PSPTOT1 5509
PSPTOT1 5347
PSPTOT1 5257

stomata.
P. syringae is a plant pathogen that comprises dozens of different genetic variants (called
pathovars [187]) with each pathovar having a different host range and causing a devastating
disease on a different crop or ornamental plant. Recent examples are severe outbreaks on
tomato in Florida and California [188] [189], outbreaks on leafy greens in California [148],
and an emerging new disease on kiwi fruit in Europe and New Zealand [190]. We have begun
to elucidate the molecular basis and importance of chemotaxis in various phases of the P.
syringae disease cycle. Most notably, we are beginning to develop a model that suggests
chemotaxis is essential for full virulence of P. syringae, directly contributes to the host range
of individual strains of P. syringae, and can possibly be exploited for plant protection in a
novel disease control strategy we call ”chemodistraction”.

4.3

Results

Chemotaxis genes appear to be under selection in the lineage of P. syringae pv.
tomato responsible for recent outbreaks of bacterial speck disease
To identify the genetic impetus for the recent disease outbreaks of a single lineage of Pto,
we sequenced and analyzed the genomes of several closely related Pto strains [143]. One
of the most striking features distinguishing the recent disease outbreak-causing strains from
their immediate ancestors was the presence of several non-synonymous single nucleotide
polymorphisms (SNPs) in MCPs indicating that chemotaxis pathways may be under selection
in Pto. Six of the seven SNPs are in the periplasmic domain of the MCPs (Figure 4.1, based
on structure predictions using the SMART database [191]), which is the ligand-binding
domain responsible for recognizing specific chemoattractants/repellants suggesting adaption
in chemical recognition. Five of the seven SNPs are found in strain PtoNCPPB1108 (Table
4.1), which is the most ancestral of the analyzed Pto strains [143], suggesting that the ’new’
MCPs are found in the majority of recently isolated problematic strains of P. syringae.
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SNP
PSPTOT1_5257
SNP
PSPTOT1_5347
SNP
PSPTOT1_0118
SNP
PSPTOT1_3412
SNPs
PSPTOT1_5509
SNP
PSPTOT1_2691
Periplasmic Dom.

Cytoplasmic Dom.

Figure 4.1: MCPs with SNPs in recently shifting Pto lineages. Location of the SNPs are indicated
by red arrows. Blue rectangles: transmembrane domains; Green hexagons: Cache
domains - domains binding small molecules [192]; Green pentagons: HAMP domain
conserved across MCPs considered responsible for linking input and output signals
[193]; Orange pentagons: Methyl-accepting domain allowing for methylation for signal
adaptation [159]
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Pto has two orthologous chemotaxis gene clusters both of which appear to contribute to in vitro chemotaxis
It is known that Pto is capable of using chemotaxis to move towards specific attractants
in vitro [185]; however, the genetic basis and importance of chemotaxis in Pto-plant interactions have never been elucidated. To determine whether or not the SNPs in MCPs
contribute to improved fitness, we first investigated the general role of chemotaxis for Pto.
Like P. aeruginosa, Pto has two primary chemotaxis gene clusters (Figure 4.2). Based on a
phylogenetic tree of CheY, the core response regulator, the che2 cluster appears to be more
similar to the typical chemotaxis gene cluster (Figure 4.3) as CheY2 more closely clusters
with known flagellin-controlling cheY s than cheY 1. Furthermore, the flagellum gene cluster
is immediately upstream of the che2 cluster. Interestingly, the type IV pili cluster is immediately upstream of the che1 cluster suggesting a genetic linkage between types of motility
and chemotaxis pathways.

che1
che2

cheA2

cheY2 cheZ

mcp 4153

cheA1

mcp 4150 cheY1STAS

cheW1 cheR1 cheD1

cheB2 Che motA flg motor

cheB1

cheW2 cheW3

parA

Figure 4.2: The two primary gene clusters in Pto. The genome also contains 2 more cheB, 4 more
cheW, 3 more cheR, 2 cheV, cheC, and 44 more MCP s. The che1 cluster is flanked
immediately upstream by a type IV pili gene cluster. The che2 cluster is flanked
immediately upstream by a flagellum gene cluster
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Figure 4.3: Linearized neighbor joining tree based on clustalW alignment of several CheY orthologues. Bootstrap values are indicated at branches. Bootstrapping was performed for
1000 trials and a random seed of 111.

To assess the importance of these pathways we created disruptions in both cheA1 and cheA2
individually in Pto. In E. coli and many other bacteria, disruption of cheA eliminates chemotaxis [194]. To test the effect of these disruptions, wildtype Pto strain NCPPB Pto1108 (from
now on simply called Pto1108) and an Pto1108 strain with disruptions in either cheA2 (strain
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Pto1108∆cheA2) or cheA1 (strain Pto1108∆cheA1) were grown on low concentration agar,
minimal media plates, called swim plates [195], which allow for flagellar-based swimming
motility. In the presence of chemoattractants, chemotactically capable strains are expected
to swim outwards from an initial point of inoculation on such plates because as growing bacteria deplete the nutrients present at the point of inoculation swimming outwards towards
higher concentrations of chemoattractants is favored [195]. Plates were inoculated with a
small spot of bacteria and then allowed to spread on the plate for 2 days. After the 2 day
incubation, wild-type Pto1108 spread well on the nutrient plates, Pto1108∆cheA1 had attenuated Swimming similar to an E. coli chemotaxis knockout mutant, and Pto1108∆cheA2
appeared to be completely non-motile (Figure 4.4a), similar a fliC mutant of Pto (Figure
3.9A); however, under the microscope Pto1108∆cheA2 is identified as a smooth swimmer
(unable to tumble to reorient direction) which results in a non-motile phenotype on swim
plates [196]. The cheA disruption mutants also had similarly dysfunctional Swimming on
swim plates prepared with minimal medium (a medium resembling the leaf apoplast and generally used to induce P. syringae Type III secretion;[109]) and minimal media swim plates
spiked with tomato plant extract (Figure 4.4b). Oddly, Pto1108∆cheA1 is not impaired
in Swimming on rich media (KB; [197]) swim plates (Figure 4.5) suggesting a role of the
che1 cluster only in more challenging environments such as the in planta-mimicking minimal
media plates. In liquid media, Pto1108 is able to both swim and tumble as apparent under
the microscope (Data not shown).

A

1108∆cheA1
1108∆cheA2

Swim diameter (cm)

B

1108

Minimal Media Supplment

Figure 4.4: Swimming of Pto1108 and ∆che mutants on minimal media swim plates. A. A
representative picture. B. Swim diameter measured 2 days after inoculation. Graph
represents average of 8 replicate plates. Error bars represent standar error. Letters
represent significant differences in Student’s t-test at 0.05 alpha level.
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Figure 4.5: Swimming of Pto1108 and ∆che mutants on KB swim plates. A. A representative
picture. B. Swim diameter measured 2 days after inoculation. Graph represents
average of 8 replicate plates. Error bars represent standar error. Letters represent
significant differences in Student’s t-test at 0.05 alpha level.

The che1 pathway of Pto appears to be associated with Type IV pili motility
On some swim plates used during our chemotaxis experiments, the bacteria would create
dense streaks of growth reminiscent of Type IV pili twitching motility in addition to Swimming. This phenotype was only seen in wildtype Pto1108 or Pto1108∆cheA2 but never in
Pto1108∆cheA1 (Figure 4.6a). Complementing the cheA1 mutant with cheA1 on a plasmid
reconstituted this streaking motility (Figure 4.6b)Taken together with the fact that che1
is flanked by a Type IV pili gene cluster, this result suggests that che1 also plays a role in
directing twitching motility.
To independently confirm the contribution of the cheA pathways to chemotaxis in an environment where only swimming motility matters (0.3% agar swim plates address the importance
of swimming and Swimming motility), a modified version of the Adler capillary assay [198]
was performed, here called the split-capillary assay, using Pto1108 and the disruption mutants in the two cheA pathways. Sealed pools of bacteria in salt buffer were exposed to two
capillary tubes, one containing a rich media to act as positive chemoattractant, and one containing only salt buffer. After 45 minutes, the capillary tubes where removed, the contents
were diluted, and then plated on media plates to allow for growth of single colonies of bacteria to quantify how many bacteria swam into each capillary tube. As expected, Pto1108 wt
entered the rich media capillary tube at a much higher rate than Pto1108∆cheA2 (Figure
4.7); however, Pto1108∆cheA1 showed no chemotactic deficiency in this assay (Figure 4.7).
This result corroborates the hypothesis that cheA1 contributes to Type IV pili-associated
chemotaxis because cheA1 disruption strains are impaired in assays that rely on Type IV
pili motion (swim plates) but not in assays that rely on flagellar-based motility (capillary

Christopher R. Clarke

A

Chapter 4

1108
1108∆cheA2
1108∆cheA1

B

69

1108
1108∆cheA1
+ cheA1

1108∆cheA1
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assays). Interestingly, Pto1108∆cheA2 appears to retain some chemotactic function because
it still preferentially entered the rich media capillary tube at an approximately 10 times
greater rate than the blank buffer capillary tube (Figure 4.7).
P. syringae strains display more chemoattraction toward plant extracts of host
plants than nonhost plants
Our original hypothesis states that one lineage of Pto is more adept at causing disease on
tomato partly due to more honed chemotaxis pathways. A corollary to this hypothesis is
that chemotaxis contributes to host specificity of individual P. syringae strains. In other
words, a strain adapts to one host over another partly due to being more chemoattracted to
that host. To begin testing this hypothesis, we inoculated minimal media swim plates spiked
with hydrophilic extracts from different plant species with different strains of P. syringae to
see if the strains have a chemo-preference towards some plant extracts over others. The read
out in this experiment is the swim diameter on plates infused with different plant extracts
(since it is known from the literature that Swimming is a function of the attractiveness of
the medium contained in the swim plate; [195]). We compared the Swimming habits of
strain Pto1108 and the closely related P. syringae pv. anthirini (Pan) strain Pan126 (a
pathogen of snapdragon) on minimal media swim plates infused with either tomato extract
or snapdragon extract. Consistent with the hypothesis, Pto1108 swimed better on the plates
containing tomato extracts and Pan126 swimed better on the plates containing snapdragon
extracts (Figure 4.8a). To control for the possibility that the resultant Swimming preference
is not due to chemotaxis but rather that the strains simply grow better in the plant extract
of their host, we grew the strains in shaking (homogenous) minimal liquid culture, where
chemotaxis should not play a role, infused with either of the plant extracts. We observed
that the strains grew equivalently in both plant extracts (Figure 4.8b). We have obtained
similar results demonstrating a chemopreference of Pto1108 for tomato extract over radish
or Arabidopsis extract and a chemopreference for the bean pathogen Pph1448a for bean
extract over tomato or snapdragon extract (data not shown) suggesting that our observation
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Figure 4.7: Role of cheA pathways in capillary assay chemotaxis. Split capillary assay of Pto1108
and cheA disruption mutants. Data represent the average of colony formation from
4 replicate capillary tubes after being inserted in 0.01OD pools of indicated bacteria
for 45 minutes. Error bars represent standard error. Letters indicate significant
differences (p less than 0.05) using a Student’s t-test

may be a general response. In contrast to wild-type Pto1108, Pto1108∆cheA1 does not
discriminate among different plant extracts in this swim plate assay (Figure 4.9) further
implicating chemotaxis as the force for strains Swimming better on plates spiked with the
extracts of their hosts.
To confirm the chemopreference of strains for host plant extracts, we performed the previously described split capillary assay using snapdragon extract and tomato extract as the two
potential chemoattractants on both Pan126 (snapdragon pathogen) and Pto1108 (tomato
pathogen). Both pathogens consistently preferentially entered the capillary tube containing
the extracts of their host plants (Figure 4.10) though not significantly at the 0.05 alpha
level in a Students t-test. Together with the above results, this demonstrates chemopreference of P. syringae in both environments relying on Swimming motility and flagellar-based
motility.
Both chemotaxis pathways are required for full virulence on tomato
The role of the two chemotaxis pathways in Pto-plant interactions was preliminary assessed by inoculating tomato plants with either wildtype strain Pto1108, Pto1108∆cheA1,
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Figure 4.8: P. syringae exhibits more chemoattraction towards plant extracts of a host plant than
a nonhost plant. A. Diameter of Swimming two days after inoculation of swim plates.
B. Growth in liquid culture wit h different plant extracts after 1 day. Data represent
average of 8 replicate plates. Error bars represent standar error. Letters represent
significant differences in Student’s t-test at 0.05 alpha level.

or Pto1108∆cheA2 and monitoring bacterial growth. Both of the chemotaxis mutants failed
to grow to the level of wildtype Pto1108 (Figure 4.11a) implicating chemotaxis as being
important for the fitness of Pto on plant hosts. In repeated experiments, the disruptions
in the either cheA1 or cheA2 reduce growth of Pto1108 on tomato between 2 and 15 fold.
However, the chemotaxis mutants also sometimes grow slightly slower (though usually not
significantly slower) in shaking liquid culture (Figure 4.11b) suggesting a possibility for a
slight general fitness defect. It should be noted that this phenotype has not been consistent
among repeated experiments, and in other growth conditions, outlined below, the chemotaxis
mutants actually grow better than wildtype Pto1108 countering the evidence for a general
fitness defect.
Functional chemotaxis pathways limit growth of Pto on the nonhost plant A.
thaliana
Infecting tomato with Pto1108, Pto1108∆cheA1, or Pto1108∆cheA2 suggested that the
chemotaxis pathways in Pto are important for fitness on host plants (Figure 4.11a). To
investigate the role of chemotaxis for fitness on nonhost plants, we spray-inoculated the same
strains onto A. thaliana ecotype Columbia, a plant on which Pto strains cannot cause disease
[199]. In contrast to tomato, the Pto1108 chemotaxis mutants reach higher population
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densities in A. thaliana than their wildtype counterpart (Figure 4.12a). An A. thaliana
pathogen, DC3000, however still grows better on Arabidopsis when having intact chemotaxis
pathways (Figure 4.12a).
On plant hosts, P. syringae is thought to have a biphasic lifecycle first surviving as an
epiphyte and then invading the apoplast to become an endophyte and cause disease [3] [6].
Our infection conditions (spraying bacteria on leaf surfaces) mimic a natural infection of
starting the inoculation P. syringae as an epiphyte. To distinguish whether the chemotaxis
pathways play a role in the epiphytic or endophytic phase of the life cycle, we infected the
same strains into A. thaliana via syringe infiltration to directly place the bacteria in the
apoplastic space. With this form of infection, mutations in cheA1 still reduce growth of a
host strain and increase growth of a non-host strain (Figure 4.12b) but to less of an extent
than what is observed after spray infection. Mutations in the cheA2 mutant instead do
not affect growth after infiltration of either host or non-host strains (Figure 4.12b). Taken
together these results suggest a role for the che1 pathway in both the epiphytic and, to a
lesser extent, endophytic phase but a role for the che2 pathway in only the epiphytic phase.
The opposite phenotypes of che knockout mutants during infection of a host and nonhost
plant further suggest a role for chemotaxis pathways in shaping the host range of Pto.
The chemotactic capabilities of Pto can be exploited to protect tomato plants
from bacterial speck through putative ’chemodistraction’ in laboratory condi-
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tions.
The above outlined results begin to suggest a model in which chemotaxis is important for P.
syringae to adapt to a plant host and to cause disease. We hypothesize that P. syringae uses
chemotaxis to find favorable locations on the plant leaf surface that allow for invasion into
the endophytic space of the plant such as stomata [51] by following concentration gradients.
We further hypothesize that a low dose application of chemoattractants will disrupt these
concentration gradients thereby reducing disease in a process we here call chemodistraction.
To preliminarily test for the possibility of such a disease control technique, we sprayed low
doses of asparagine, found to be a chemoattractant of Pto strain DC3000 [185], onto tomato
leaves and subsequently inoculated plants with PtoDC3000 (which is both a tomato and
Arabidopsis pathogen). This pretreatment reduced the in planta population levels of the
tomato pathogen in a cheA1 /cheA2 -dependent manner (Figure 4.13a). The chemoattractant did not generally inhibit growth of Pto in liquid culture (Figure 4.13b). At this time
we cannot rule out the possibility that the chemoattractants interfered with DC3000 growth
in a mechanism distinct from chemodistraction, for example, defense elicitation. We have
so far tested the potential for chemodistraction with two other DC3000 chemoattractants
– citric acid and glutamine [185] – and found a reduction in growth due to citric acid but
not glutamine (not shown) suggesting that not all chemoattracts can successfully act as
chemodistractants.

4.4

Discussion

As chemotaxis has been increasingly studied in more microbes, chemotaxis pathways have
been shown to be incredibly diverse and complex compared to the original model organisms
for chemotaxis: E. coli and S. enterica [163]. This preliminary investigation into chemotaxis
in P. syringae further accentuates the diversity of chemotaxis systems among microbes. P.
syringae appears to employ two parallel chemotaxis pathways - one directing flagellar-based
motility and one directing type IV pili-based motility. The closely related human pathogen P.
aeruginosa is also thought to have chemosensory input into type IV pili-controlled twitching
motility [171]. Still relatively little is known about the specific roles of both flagellin motility
and type IV pili motility of P. syringae on plant hosts, but the finding that chemotaxis
input to both motility systems is important for P. syringae fitness further highlights the
high-degree of adaptation of P. syringae to their plant hosts and the complexity of host
range delineation.
Currently, the action of virulent and avirulent effector proteins are considered the primary
determinant of host range for P. syringae [98] [15] [70] though other factors have been shown
to contribute to nonhost resistance [60] [199]. Here we have demonstrated that chemotaxis
pathways of P. syringae contribute to the host range of individual pathovars and underscore
aspects of nonhost resistance. Most intriguing is the finding that P. syringae strains disrupted in chemotaxis function are able to grow significantly better on nonhost plants than
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Figure 4.13: Growth of P. syringae is limited when the plants are previously (1 hour ahead)
sprayed with a chemoattractant. A. Growth of P. syringae in planta 4 days following infection with DC3000. B. Growth of P. syringae in liquid culture with the
same concentration of chemoattractant used in the spraying experiment 1 day after
inoculation. Data represent average of 4 replicate leaves (A) or 8 replicated plates
(B). Error bars represent standar error. Letters represent significant differences in
Student’s t-test at 0.05 alpha level.

their wild-type counterpart. Our primary hypothesis to explain this phenomenon is that
chemotaxis-deficient strains inadvertently avoid much of the strong immune response associated with nonhost interactions due to several putative contributions of the che pathways
to interactions with plant hosts as outlined below.
The closely related bacteria P. aeruginosa can use type IV pili to walk upright on biofilms
[200]; P. syringae might employ a similar strategy on leaf surfaces. Also type IV pili may be
used by P. syringae to adhere to cell walls during the endophytic infection stage. One of our
hypotheses as to why the cheA1 mutants, which we suspect to be deficient in type IV pili
production, grow better than wild-type Pto on A. thaliana is that they are compromised in
their ability to move towards and/or attach to plant cell walls and thus are detected to a lesser
extent by receptors of microbe-associated molecular patterns than wild-type bacteria [29].
Type IV pili were recently identified as an important virulence determinant of P. syringae
pv. tabaci [201]. Furthermore, disruption of Type IV pili function downregulates expression
of Type III effector proteins [201] further suggesting that the che1 disruption strains might
grow better on nonhost plants due to eliciting less ”effector-triggered immunity” (ETI, [29])
– in fact, two of the Pto1108 effectors are avr effectors that elicit ETI in A. thaliana [199]
[70]. It remains to be observed whether the che1 mutants are also down regulated in type
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III effector expression. Another similar possibility is that Type IV pili are required for
attachment to plant cell walls and thus without functional type IV pili, the che1 mutants
aren’t able to attach and inject type III effectors into plant cells also resulting in ETI not
being triggered unlike with the wild-type strain.
It will be exciting to determine whether the result of chemotaxis knockout strains growing
better on nonhosts is a general phenomenon or restricted to the Pto-Arabidopsis pathosystem. If the response is specific, it suggests A. thaliana (and possibly other related Brassicaceae) have developed a unique mechanism for warding off some pathogens, possibly
a chemorepellant, that A. thaliana pathogens have had to overcome. If it is general, as
our findings on bean suggest, these findings will add valuable knowledge to the general
understanding of nonhost resistance and general bacterial plant pathology strategies. Attachment to plant cell walls and inject effector proteins is only beneficial if the pathogen
has means of defending against the plant immune system. If our hypothesis is correct that
chemotaxis-deficient strains are more successful on nonhost plants because they live more
as commensal organisms than pathogens, it suggests that host adaptation may have little
to do with metabolic preferences and be more dependent on capability of avoiding or suppressing the host plant immune response as the majority of research on nonhost resistance
currently suggests. However, the simplest explanation of the identified ”chemopreferences”
is that they underpin general metabolic preferences. A more nuanced understanding of the
role of chemotaxis systems for P. syringae-host interaction might be ascertained by profiling
the transcriptional response of defense genes of both host and nonhost plants following P.
syringae wild-type and cheA mutant infection.
We have yet to determine if the SNPs in MCPs have directly contributed to the population
shift of Pto observed in the last 30 years. Identifying the roles of specific MCPs in P. syringae
represents a substantial technical challenge because there are 46 annotated MCPs in the Pto
genomes. However, we have established the importance of chemotaxis in plant interactions
for P. syringae and shown a substantial role for chemotaxis in host adaptation. Regardless of
whether the recent outbreak-associated Pto strains were empowered by improved chemotaxis
pathways, chemotaxis might be an important pathogenicity hub on which to focus resistance
efforts in parallel to effectors and, on the plant side, R-genes. Also, the need for chemotaxis
by P. syringae directly suggests a novel approach for chemically controlling plant infection
in our described chemodistraction strategy. Thus, excitingly, this research project has the
potential to consummate a translational research pipeline from basic science findings to
real-world agricultural applications.

4.5

Methods

Swim plate assay
Swim plates [195] were made using 0.3% agar concentration in the media. Either KB [197]
or minimal media [109] with only 1/3 of the sugar (added after autoclaving) was used as
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the base media for swim plates. Plant extract-infused swim plates were made by making
minimal media swim plates with 1/3 sugar and then after autoclaving adding 10ml of ground
plant extract (0.025g plant leaves per ml H2 O) to 250ml of the media. Media was poured
into petri dishes and allowed to dry for 3 hours to allow for setting of the agar and then
inoculated the same day as being made. Toothpick inoculation was used to place a small,
barely visible dot of bacteria on the swim plate. The plates were stored at 28o C for two days
to allow for growth and Swimming of the bacteria and then the diameter of Swimming was
measured.
Overnight growth measurements To measure in vitro growth, freshly growing bacteria
on a media plate were resuspended in 10mM MgSO4 and diluted to an OD of 0.001. 5uL of
this suspension was then introduced into 4ml of liquid KB media and grown for 16 hours in
a shaking 28o C incubator. After incubation, suspensions were diluted in 10mM MgSO4 and
plated on KB plates containing appropriate antibiotics. When visible, colonies were counted,
and CFU/ml was back-calculated for each strain.
Split capillary assay
The split capillary assay was based on the capillary assay used by Adler [198] to quantify E.
coli chemotaxis. An approximately 1cm square ring of vacuum grease (VWR, Radnor, PA)
was applied to a 24X50mm cover glass slip (Fisher-Scientific, Waltham, MA). Individual
strains of bacteria were resuspended in chemotaxis buffer [185] and diluted to 0.01 optical
density. 100uL pools of the resuspended bacteria were introduced into the vacuum grease
rings. Two different chemicals (either buffer, rich media, or plant extract) were uptaken into
two different 10uL capillary tubes (microcaps, Drummond-Scientific, Broomail, PA), rinsed
with ddH2 O to remove residual media on the outside of the tube, dried, sealed on one end
with parafilm, and placed in opposite sides of the grease ring on the coverslip with one end
submerged in the pool of bacteria. A small amount of vacuum grease was placed on top of
the capillary tube were it contacted the grease ring and a second cover slip was applied to the
top of the grease ring to seal the bacteria pool with the capillary tubes. After 45 minutes,
the capillary tubes were removed, rinsed and wiped clean on the outside to remove bacteria
on the outside of the tube, and expunged into 90uL of 10mM MgSO4 (for a 10x dilution)
and then further serially diluted to 100x and 1000x. These dilutions were then plated on
KB plates containing appropriate antibiotics and colonies were counted when visible on the
plates two days following to quantify the amount of bacteria that swam into each capillary
tube.
Plant infections and growth curves
Plant growth conditions and infections were done as previously described [202] with minor
alterations. Tomato plants were grown in 50% Promix BX(Premier Horticulture, Quakertown, PA) and 50% Metromix 360(SunGro Horticulture Inc., Seba Beach, Canada) soil, and
Arabidopsis plants were grown in Sunshine mix 1(SunGro Horticulture Inc., Seba Beach,
Canada) soil on short day light cycle until 4 weeks old. 18 hours preceding plant infection,
plants were covered with clear plastic covers to mimic high humidity and bacteria strains
were streaked on KB plates containing appropriate antibiotics. The following day, bacteria
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strains were resuspended in 10mM MgSO4 and then diluted to an OD of 0.01 for spray infection or 0.0001 for infiltration infections. 10ml of bacteria was then sprayed onto one pot
of plants using a compressed air sprayer(Preval, Coal City, IL) or infiltrated directly into
the apoplastic space of leaves using 1ml blunt end insulin syringes (BD, Franklin Lake, NJ).
Plants were again covered for 18 hours following the infection to maintain high humidity.
Leaf punches were taken 4 days following the infection and bacteria growth was quantified
as previously described [83].

Chapter 5
Conclusions and Future Directions
Significant progress is being made in the field of molecular plant-microbe interactions on
both the front of basic science and in translating that knowledge to real-world agricultural
solutions. Much research has been put into elicitors of plant immunity and cognate resistance
genes to develop resistant plants: progress is being made in engineering novel resistance determinants for a class of Xanthomonas effectors [203]; pathogen-associated molecular pattern
receptors have potential [23]; activators of systemic acquired resistance are being used [204].
All of these strategies show promise toward complementing traditionally used R-genes to control many devastating plant pathogens. However, no one disease control strategy can ever
be considered a panacea as versatile pathogens are apt to overcome any resistance strategy
implemented by agricultural producers. Indeed, the research outlined here directly demonstrates the plasticity of several components of P. syringae’s pathogenicity apparatus that
are the focus of specific recognition for breeding of resistance determinants into plants.
In Chapter 2, the first examples of P. syringae strains that do not rely on the Type III
secretion system or on injection of effector proteins to colonize plant hosts are described.
Although the strains in this study do not appear to be agricultural threats, recently several
such strains have been identified as potential pathogens [205]. The strains that are not
agricultural threats, but do grow well on many plant hosts (all of the group 2c strains
examined in Chapter 2), show great promise as biocontrol agents. These strains contain genes
for the synthesis of both fungal and insect toxins. In the future, fungal and insect toxicity
of these strains should be empirically determined. Fungal toxicity can be demonstrated by
growing the fungal (or oomycete) pathogen on a media plate along with an inoculation of
P. syringae and examing for growth inhibition in the area around the area of P. syringae
growth. The ability to be ingested by and toxicity towards feeding insects of group 2c can
be determined as previously described [11]. Though we have already quantified the ability of
several group 2c strains to survive on plant hosts out to 7 days, even longer term survivability
studies are warranted if they are to be used as biocontrol agents.
Additionally the group 2c strains provide a telling illustration that P. syringae strains do
81
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not necessarily rely on Type III effectors, and can instead use toxins or other strategies, to
colonize plants. Current breeding strategies against many classes of plant pathogens rely
heavily on recognition of specific effector proteins (see [206] [207] for examples). Recognition
of pathogen effector proteins by plant resistance proteins comprises the molecular basis of
most cases of what is classically referred to as gene-for-gene resistance [31] — the heart
of most disease-resistance breeding programs. We must continue to recognize the tenuous
nature of relying on expression of a pathogen’s effector proteins for our disease control
strategies; loss of expression of a single effector protein has the potential to enable a pathogen
to beat instances of race resistance.
Combining classic R-gene mediated resistance with other strategies should enable more
durable crop protection methods. The transfer of plant pattern recognition receptors (PRRs),
which are responsible for recognizing conserved microbial-associated molecular patterns
(MAMPs), has potential to provide a durable alternative, or complement, to R-gene mediated resistance [23] because MAMPs of microbial pathogens are thought to be under
stronger stabilizing selection for both sequence and presence compared to effector proteins
[135]. However, our research in Chapter 3 demonstrates that one MAMP of P. syringae is
under less restraint to avoid recognition by PRRs, without any fitness cost to the microbe,
than previously presumed; therefore, a single PRR transfer may not provide durable resistance against any pathogen. But pyramiding PRRs in combination with R-genes has the
potential to improve durability. Essentially, recognizing the value of PRRs for plant resistance adds another tool to our toolbox to consider when creating designer crops but will
not be a permanent solution. Our research on PRRs in Chapter 3 suggests a potentially
even more broadly beneficial tool: Different cultivars/ecotypes of the plants we tested had
significantly differential immunity outputs, even when compared to closely related members
of the same species, in response to several of our MAMP elicitors. The simplest explanation
for the differential response among closely related plants to the same elicitor is that some
alleles of the elicitor-recognizing PRR are more effective than others. We therefore propose
that identification and transfer of more effective alleles of PRRs has the potential to be an
effective alternative strategy to the employment of completely novel PRRs and R-genes. To
begin preliminary tests of this hypothesis, we are cloning FLS2 from several tomato cultivars with differential ROS responsiveness to the flagellin peptides and transiently expressing
them in other cultivars of tomato to measure both the change in ROS induction and disease
resistance of the plants expressing a second allele of FLS2.
The most promising differences in MAMP perception across closely related plant species,
from our data, lie in recognition of flgII-28. Though we have successfully demonstrated
the FLS2 -dependence of flgII-28 recognition in several plants, we cannot infer that FLS2
is the direct receptor of flgII-28. Identification of the flgII-28 receptor in tomato, N. benthamiana, and Arabidopsis is therefore a primary goal. Because we have several ecotypes
that respond to flgII-28 treatment and several that do not respond to flgII-28 recognition,
it should be possible to genetically map the flgII-28 receptor in Arabidopsis. Three parallel
sets of experiments are planned to this end. First we will screen many sequenced ecotypes of
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Arabidopsis for recognition of flgII-28, group the ecotypes into flgII-28-sensitive and flgII-28nonsensative batches, and then perform association mapping between the two groups using
available genomic data to predict the flgII-28 receptor. We will use RNAi or tDNA insertions to knockdown the transcript levels of the best candidates to test for a role in flgII-28
recognition. Second, we will screen all of the ecotypes of Arabidopsis for which recombinant inbred lines with ecotype Col-0 (flgII-28-nonsensitive) are available. If we identify a
flgII-28-sensitive ecotype, we will order the recombinant inbred lines to screen for flgII-28
perception and map the region of the flgII-28 receptor accordingly. Third we will cross ecotype Col-0 (flgII-28-nonsensitive) and ecotype Mt-0 (flgII-28 sensitive). We will then screen
the F2 generation of the cross and bulk the flgII-28-sensitive and flgII-28-nonsensitive plants
for genome sequencing of both and then perform SNP screening to identify loci with SNP
indices indicative of being responsible for flgII-28 recognition alerting us to potential regions
responsible for flgII-28 recognition. In the Solanaceae plants, we will first focus our efforts
on testing the role of FLS2 paralogs (termed FLS2-2 ) in the tomato and N. benthamiana
genomes in flgII-28 recognition. We will design constructs to perform virus induced gene
silencing of FLS2-2 and test for responsiveness to flgII-28.
In Chapter 4, we have hopefully shown that there are still undiscovered aspects of the
strategies and pathogenicity instruments used by P. syringae to cause disease on plant hosts.
While chemotaxis has been previously identified as important for homing in on plant roots
by several soil-borne plant pathogens, Chapter 4 includes the first data that chemotaxis is
important for a plant pathogen after making contact with the plant host. Furthermore,
the data suggest that chemotaxis contributes to delineating the host range of individual
pathovars of P. syringae, expanding our understanding of host adaptation and nonhost
resistance. Elucidating this new facet of P. syringae pathogenicity enabled design of a
novel disease control strategy, ”chemodistraction.” Hopefully, chemodistraction will provide
a convincing case study on the value of basic research as still being the driving force behind
agriculturally beneficial translational research. Because we cannot rule out pleitropic effects
with the cheA disruption mutants, the immediate next steps, are to confirm the respective
of the che pathways inferred from the cheA disruption mutants. We will make either point
mutations in an essential histidine residue in CheA for it to act as a transducer in the
histidine asparate phosphorelay system or using clean deletions in the cheY gene. These
strains should have the same phenotype as the cheA disruption mutants, if not we can infer
that we either disturbed transcription in downstream genes due to the disruption or that
CheA affects P. syringae through other unconsidered mechanisms.
We also hope to soon test our hypothesis that diruptions in either cheA gene lead to increased
fitness in non-host interactions because they trigger less plant immunity than their wildtype counterparts by acting more as commensal organisms than adapted pathogens. We
will perform RT-PCR on several Arabidopsis defense-related genes during infection by both
wild-type Pto1108 and the corresponding cheA mutants. Furthermore, we will use either
confocal fluorescence microscopy or environmental electron scanning microscopy to determine
differences in localization of Pto1108 and the cheA mutants during infection of both the
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host plant tomato and the non-host plant Arabidopsis. If our hypothesis is correct, the cheA
mutants should not attach to the plant cell walls and be able to invade the plant as effectively
in both interactions.
In sum, this research project ultimately represents a successful effort to broaden the understanding of two well characterized aspects of P. syringae pathogenicity — Type III secretion
systems (Chapter 2) and MAMP-triggered immunity (Chapter 3) — and uncovers a new
mechanism of pathogenicity — chemotaxis (Chapter 4) — to the ever-morphing paradigm
of plant-pathogen interactions.

Bibliography
[1] Agrios, G. Plant Pathology. Academic Press, San Diego, fourth edition, (1997).
[2] Bauske, E., Zehnder, G., Sikora, E., and Kemble, J. Horticulture Technology 8, 40–44
(1998).
[3] Hirano, S. and Upper, C. Microbiol Mol Biol Rev 64, 624–653 (2000).
[4] Wilson, M., Hirano, S., and Lindow, S. Appl. Environ. Microbiol 65, 1435–1443 (1999).
[5] Hirano, S., Baker, L., and Upper, C. Appl Environ Microbiol 62, 2560–2566 (1996).
[6] Lindow, S. and Brandl, M. Appl Environ Microbiol 69(1875-1883) (2003).
[7] Lindow, S., Arny, D., and Upper, C. Applied Environmental Microbiology 36, 831–838
(1978).
[8] Sands, D., Langhans, V., Scharen, A., and de Smet, G. Journal of Hungarian Meteorological Services 86, 148–152 (1982).
[9] Christner, B., Cai, R., Morris, C., McCarter, K., Foreman, C., Skidmore, M., Montross,
S., and Sands, D. Proceedings of the National Academy of Sciences 105, 18854–18859
(2008).
[10] Morris, C., Sands, D., Vinatzer, B., Glaux, C., Guilbaud, C., Buffiere, A., Yan, S.,
Dominguez, H., and Thompson, B. International Society of Microbial Ecology Journal
2, 321–324 (2008).
[11] Stavrinides, J., McCloskey, J., and Ochman, H. Applied Environmental Microbiology ,
doi:10.1128/AEM.02860–08 (2009).
[12] Dangl, J. and Jones, J. Nature 411, 826–833 (2001).
[13] Medzhitov, R. and Janeway, C. Science 296, 298–300 (2002).
[14] Nürnberger, T., Brunner, F., Kemmerling, B., and Piater, L. Immunology Review 198,
249–266 (2004).
[15] Jones, J. and Dangl, J. Nature 444, 323–329 (2006).

85

Christopher R. Clarke

Bibliography

86

[16] Boller, T. and Felix, G. Annual Review of Plant Biology 60(1), 379–406 (2009).
[17] Gomez-Gomez, L. and Boller, T. Trends in Plant Science 7, 251–256 (2002).
[18] Zipfel, C. and Felix, G. Current Opinion in Plant Biology 8, 353–360 (2005).
[19] Kunze, G., Zipfel, C., Robatzek, S., Niehaus, K., Boller, T., and Felix, G. Plant Cell
16, 3496–3507 (2004).
[20] Felix, G. and Boller, T. Journal of Biological Chemistry 279, 6201–6208 (2003).
[21] Chinchilla, D., Bauer, Z., Regenass, M., Boller, T., and Felix, G. Plant Cell 18,
465–476 (2006).
[22] Chinchilla, D., Zipfel, C., Robatzek, S., Kemmerling, B., Nürnberger, T., Jones, J.,
Felix, G., and Boller, T. Nature 448, 497–500 (2007).
[23] Lacombe, S., Rougon-Cardoso, A., Sherwood, E., Peeters, N., Dahlbeck, D., van Esse,
H. P., Smoker, M., Rallapalli, G., Thomma, B. P. H. J., Staskawicz, B., Jones, J.
D. G., and Zipfel, C. Nat Biotech 28(4), 365–369 (2010).
[24] Collmer, A., Badel, J., Charkowski, A., Deng, W., Fouts, D., Ramos, A., Rehm, A.,
Anderson, D., Schneewind, O., van Dijk, K., and Alfano, J. Proceedings of the National
Academy of Sciences 97, 8770–8777 (2000).
[25] Lindgren, P., Peet, R., and Panopoulos, N. Journal of Bacteriology 168, 512–522
(1986).
[26] Cornelis, G. and Gijsegem, F. V. Annual Review of Microbiology 54, 735–774 (2000).
[27] Xiang, T., Zong, N., Zou, Y., Wu, Y., Zhang, J., Xing, W., L, Y., Tang, X., Zhu, L.,
Chai, J., and Zhou, J. Current Biology 18, 74–80 (2008).
[28] Jin, Q., Thilmony, R., Zwiesler-Vollick, J., and He, S. Microbes and Infection 5, 301–
310 (2003).
[29] Chisholm, S., Coaker, G., Day, B., and Staskawicz, B. Cell 124, 803–814 (2006).
[30] Flor, H. Advanced Genetics 8, 29–54 (1956).
[31] Flor, H. Annual Review of Phytopathology 9, 275–296 (1971).
[32] Greenberg, J. and Yao, N. Cell Microbiology , 6201–6211 (2004).
[33] Alfano, J. and Collmer, A. Journal of Bacteriology 179, 5655–5662 (1997).
[34] Guo, M., Tian, F., Wamboldt, Y., and Alfano, J. Molecular Plant Microbe Interactions
22, 1069–1080 (2009).
[35] Alfano, J. and Collmer, A. Annual Review of Phytopathology 42, 385–414 (2004).
[36] Guttman, D. and Greenberg, J. Molecular Plant Microbe Interactions 14, 145–55

Christopher R. Clarke

Bibliography

87

(2001).
[37] Stavrinides, J., McCann, H., and Guttman, D. Cell Microbiology 10, 285–292 (2008).
[38] Wroblewski, T., Caldwell, K., Piskurewicz, U., Cavanaugh, K., Xu, H., Kozik, A.,
Ochoa, O., McHale, L., Lahre, K., Jelenska, J., Castillo, J., Blumenthal, D., Vinatzer,
B., Greenberg, J., and Michelmore, R. Plant Physiology 150, 1733–1749 (2009).
[39] McHale, L., Tan, X., Koehl, P., and Michelmore, R. Genome Biology 7, 212 (2006).
[40] Boller, T. and He, S. Science 324, 742 – 744 (2009).
[41] Sarkar, S., Gordon, J., Martin, G., and Guttman, D. Genetics 174, 1041–1056 (2006).
[42] Stavrinides, J., Ma, J., and Guttman, D. PLoS Pathogens 2, e104 (2006).
[43] Greenberg, J. and Vinatzer, B. Current Opinion in Microbiology 6, 20–28 (2003).
[44] Joardar, V., Lindeberg, M., Jackson, R., and et al, J. S. Journal of Bacteriology 18,
6488–98 (2005).
[45] Ferrante, P., Clarke, C., Cavanaugh, K., Michelmore, R., Buonaurio, R., and Vinatzer,
B. Molecular Plant Patholgoy 10, 837–842 (2009).
[46] Wei, C., Kvitko, B., Shimizu, R., Crabill, E., Alfano, J., Lin, N., Martin, G., Huang,
H., and Collmer, A. The Plant Journal 51, 32–46 (2007).
[47] Beattie, G. and Lindow, S. Annual Review of Phytopathology 89, 353–359 (1995).
[48] Hancock, J. and Huisman, O. Annual Review of Phytopathology 19, 309–331 (1981).
[49] Monier, J. and Lindow, S. Applied Environmental Microbiology 70, 346–355 (2004).
[50] Zhou, J. and Chai, J. Current Opinion in Microbiology 11, 179–185 (2008).
[51] Melotto, M., Underwood, W., Koczan, J., Nomura, K., and He, S. Cell 126, 969–980
(2006).
[52] Zeng, W. and He, S. Y. Plant Physiology 153(3), 1188–1198 (2010).
[53] Bender, C., Alarcon-Chaidez, F., and Gross, D. Microbial Molecular Biology Review
63, 266–292 (1999).
[54] Mino, Y., Matsushita, Y., and Sakai, R. Annual Phytopathology Society of Japan 53,
53–55 (1987).
[55] Brooks, D., Bender, C., and Kunkel, B. Molecular Plant Patholgoy 6, 29–39 (2005).
[56] Uppalapati, S., Ayoubi, P., Wang, H., Palmer, D., Mitchell, R., Jones, W., and Bender,
C. The Plant Journal 42, 201–217 (2005).
[57] Yao, J. and Allen, C. Journal of Bacteriology 188, 3697–3708 (2006).

Christopher R. Clarke

Bibliography

88

[58] Tyler, B. M., Wu, M., Wang, J., Cheung, W., and Morris, P. F. Applied and Environmental Microbiology 62(8), 2811–7 (1996).
[59] Lipka, U., Fuchs, R., and Lipka, V. Current Opinion in Plant Biology 11, 404–411
(2008).
[60] Ham, J., Kim, M., Lee, S., and Mackey, D. The Plant Journal 51, 604–616 (2007).
[61] Lipka, V., Dittgen, J., Bednarek, P., Bhat, R., Wiermer, M., Stein, M., Landtag, J.,
Brandt, W., Rosahl, S., Scheel, D., Llorente, F., molina, A., Parker, J., Somerville, S.,
and Schulze-Lefert, P. Science 310, 1180–1183 (2005).
[62] Sindhu, A., Chintamanani, S., Brandt, A., Zanis, M., Scofield, S., and Johal, G.
Proceedings of the National Academy of Sciences 105, 1762–1767 (2008).
[63] Mysore, K. and Ryu, C. Trends in Plant Science 9, 97–104 (2004).
[64] de Torres, M., Mansfield, J., Grabov, N., Brown, I., Ammouneh, H., Tsiamis, G.,
Forsyth, A., Robatzek, S., Grant, M., and Boch, J. The Plant Journal 47, 368–382
(2006).
[65] Keith, R., Keith, L., Hernandez-Guzman, G., uppalapati, S., and Bender, C. Microbiology 149, 1127–1138 (2003).
[66] Peart, J., Lu, R., Sadanandom, A., Malcuit, I., Moffett, P., Brice, D., Schauser, L.,
Jaggard, D., Xiao, S., Coleman, M., Dow, M., Jones, J., Shirasu, K., and Baulcombe,
D. Proceedings of the National Academy of Sciences 99, 10865–10869 (2002).
[67] Lu, M., Tang, X., and Zhou, J. Plant Cell 13, 437–447 (2001).
[68] Tao, Y., Xie, Z., Chen, W., Glazebrook, J., Chang, H., Han, B., anad G Zou, T. Z.,
and Katagiri, F. Plant Cell 15, 317–330 (2003).
[69] Hückelhoven, R., Dechert, C., and Kogel, K. Molecular Plant Patholgoy 2, 199–205
(2001).
[70] Sohn, K. H., Saucet, S. B., Clarke, C. R., Vinatzer, B. A., O’Brien, H. E., Guttman,
D. S., and Jones, J. D. G. New Phytologist 193(1), 58–66 (2012).
[71] Li, X., Lin, H., Zhang, W., Zou, Y., Zhang, J., Tang, X., and Zhou, J. Proceedings of
the National Academy of Sciences 102, 12990–12995 (2005).
[72] McCarter, S., Jones, J., Gitaitis, R., and Smitley, D. Phytophathology 73, 1393–1398
(1983).
[73] Lindow, S. Engineered Organisms in The Environment: Scientific Issues , 23–35
(1985).
[74] Lindow, S., Arny, D., and Upper, C. Plant Physiology 70, 1084–1089 (1982).
[75] Zipfel, C., Robatzek, S., Navarro, L., Oakeley, E., Jones, J., Felix, G., and Boller, T.

Christopher R. Clarke

Bibliography

89

Nature 428, 465–476 (2004).
[76] Huang, H., Xiao, Y., Lin, H., Lu, Y., Hutcheson, S., and Collmer, A. Molecular
Plant-Microbe Interactions 6, 515–520 (1993).
[77] Alfano, J. R., Charkowski, A. O., Deng, W.-L., Badel, J. L., Petnicki-Ocwieja, T., van
Dijk, K., and Collmer, A. Proceedings of the National Academy of Sciences 97(9),
4856–4861 (2000).
[78] DebRoy, S., Thilmony, R., Kwack, Y.-B., Nomura, K., and He, S. Y. Proceedings of
the National Academy of Sciences of the United States of America 101(26), 9927–9932
(2004).
[79] Charkowski, A. O., Alfano, J. R., Preston, G., Yuan, J., He, S. Y., and Collmer, A.
Journal of Bacteriology 180(19), 5211–5217 (1998).
[80] Charity, J. C., Pak, K., Delwiche, C. F., and Hutcheson, S. W. Molecular Plant-Microbe
Interactions 16(6), 495–507 (2003).
[81] Deng, W.-L., Rehm, A. H., Charkowski, A. O., Rojas, C. M., and Collmer, A. Journal
of Bacteriology 185(8), 2592–2602 (2003).
[82] Lindeberg, M., Myers, C. R., Collmer, A., and Schneider, D. J. Molecular PlantMicrobe Interactions 21(6), 685–700 2011/12/09 (2008).
[83] Mohr, T., Liu, H., Yan, S., Morris, C., Castillo, J., Jelenska, J., and Vinatzer, B. J.
Bacteriology 190(8), 2858–2870 (2008).
[84] Burr, T., Matteson, M., Smith, C., Corral-Garcia, M., and Huang, T. Biological
Control 6, 151–157 (1996).
[85] Buell, C., joardar, V., Lindeberg, M., and et al, J. S. Proceedings of the National
Academy of Sciences 100, 10181–10186 (2003).
[86] Mindrinos, M., Katagiri, F., Yu, G.-L., and Ausubel, F. M. Cell 78(6), 1089 – 1099
(1994).
[87] Maiden, M., Bygraves, C., Feil, J., and et al, E. M. Proceedings of the National
Academy of Sciences 95, 3140–3145 (1998).
[88] Gevers, D., Cohan, F. M., Lawrence, J. G., Spratt, B. G., Coenye, T., Feil, E. J.,
Stackebrandt, E., de Peer, Y. V., Vandamme, P., Thompson, F. L., and Swings, J.
Nat Rev Micro 3(9), 733–739 (2005).
[89] Hwang, M., Morgan, R., Sarkar, S., Wang, P., and Guttman, D. Applied Environmental
Microbiology 71, 5182–5191 (2005).
[90] Mohan, S. and Schaad, N. W. Phytophathology 77, 1390–1395 (1987).
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Contributions of the effector gene hopQ1-1 to differences in host range between
Pseudomonas syringae pv. phaseolicola and P. syringae pv. tabaci
P. Ferrante, C. R. Clarke, K. A. Cavanaugh, R. W. Michelmore, R. Buonaurio, B. A.
Vinatzer. 2009. Molecular Plant Pathology; 10, 837-842.
To study the role of type III-secreted effectors in the host adaptation of the tobacco (Nicotiana sp.) pathogen Pseudomonas syringae pv. tabaci, a selection of seven strains was
first characterized by multilocus sequence typing (MLST) to determine their phylogenetic
affinity. MLST revealed that all strains represented a tight phylogenetic group and that
the most closely related strain with a completely sequenced genome was the bean (Phaseolus vulgaris) pathogen P. syringae pv. phaseolicola 1448A. Using primers designed to 21
P. syringae pv. phaseolicola 1448A effector genes, it was determined that P. syringae pv.
phaseolicola 1448A shared at least 10 effectors with all tested P. syringae pv. tabaci strains.
Six of the 11 effectors that failed to amplify from P. syringae pv. tabaci strains were individually expressed in one P. syringae pv. tabaci strain. Although five effectors had no effect
on phenotype, growth in planta and disease severity of the transgenic P. syringae pv. tabaci
expressing hopQ1 -1Pph1448A were significantly increased in bean, but reduced in tobacco.
We conclude that hopQ1 -1 has been retained in P. syringae pv. phaseolicola 1448A, as
this effector suppresses immunity in bean, whereas hopQ1 -1 is missing from P. syringae pv.
tabaci strains because it triggers defences in Nicotiana spp. This provides evidence that
fine-tuning effector repertoires during host adaptation lead to a concomitant reduction in
virulence in non-host species.
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PAMDB, A Multilocus Sequence Typing and Analysis Database and Website
for Plant-Associated Microbes
N. F. Almeida, S. Yan, R. Cai, C. R. Clarke, C. E. Morris, N. W. Schaad, E. L. Schuenzel,
G. H. Lacy, X. Sun, J. B. Jones, J. A. Castillo, C. T. Bull, S. Leman, D. S. Guttman, J. C.
Setubal, and B. A. Vinatzer. 2010. Phytophatology; 100, 208-215.
Although there are adequate DNA sequence differences among plant-associated and plantpathogenic bacteria to facilitate molecular approaches for their identification, identification
at a taxonomic level that is predictive of their phenotype is a challenge. The problem is the
absence of a taxonomy that describes genetic variation at a biologically relevant resolution
and of a database containing reference strains for comparison. Moreover, molecular evolution, population genetics, ecology, and epidemiology of many plant-pathogenic and plantassociated bacteria are still poorly understood. To address these challenges, a database with
web interface was specifically designed for plant-associated and plant-pathogenic microorganisms. The Plant-Associated Microbes Database (PAMDB) comprises, thus far, data from
multilocus sequence typing and analysis (MLST/MLSA) studies of Acidovorax citrulli, Pseudomonas syringae, Ralstonia solanacearum, and Xanthomonas spp. Using data deposited
in PAMDB, a robust phylogeny of Xanthomonas axonopodis and related bacteria has been
inferred, and the diversity existing in the Xanthomonas genus and in described Xanthomonas
spp. has been compared with the diversity in P. syringae and R. solanacearum. Moreover,
we show how PAMDB makes it easy to distinguish between different pathogens that cause
almost identical diseases. The scalable design of PAMDB will make it easy to add more
plant pathogens in the future.
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Multilocus Sequence Typing of Pseudomonas syringae Sensu Lato Confirms Previously Described Genomospecies and Permits Rapid Identification of P. syringae
pv. coriandricola and P. syringae pv. apii Causing Bacterial Leaf Spot on Parsley
C. T. Bull, C. R. Clarke, R. Cai, B. A. Vinatzer, T. Jardini, S. T. Koike. 2011. Phytopathology; 101, 847-858.
Since 2002, severe leaf spotting on parsley (Petroselinum crispum) has occurred in Monterey
County, CA. Either of two different pathovars of Pseudomonas syringae sensu lato were isolated from diseased leaves from eight distinct outbreaks and once from the same outbreak.
Fragment analysis of DNA amplified between repetitive sequence polymerase chain reaction;
16S rDNA sequence analysis; and biochemical, physiological, and host range tests identified
the pathogens as Pseudomonas syringae pv. apii and P. syringae pv. coriandricola. Koch’s
postulates were completed for the isolates from parsley, and host range tests with parsley
isolates and pathotype strains demonstrated that P. syringae pv. apii and P. syringae pv.
coriandricola cause leaf spot diseases on parsley, celery, and coriander or cilantro. In a multilocus sequence typing (MLST) approach, four housekeeping gene fragments were sequenced
from 10 strains isolated from parsley and 56 pathotype strains of P. syringae. Allele sequences were uploaded to the Plant-Associated Microbes Database and a phylogenetic tree
was built based on concatenated sequences. Tree topology directly corresponded to P. syringae genomospecies and P. syringae pv. apii was allocated appropriately to genomospecies
3. This is the first demonstration that MLST can accurately allocate new pathogens directly
to P. syringae sensu lato genomospecies. According to MLST, P. syringae pv. coriandricola
is a member of genomospecies 9, P. cannabina. In a blind test, both P. syringae pv. coriandricola and P. syringae pv. apii isolates from parsley were correctly identified to pathovar.
In both cases, MLST described diversity within each pathovar that was previously unknown.
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The Plant Pathogen Pseudomonas syringae pv. tomato Is Genetically Monomorphic and under Strong Selection to Evade Tomato Immunity
R. Cai, J. Lewis, S. Yan, H. Liu, C. R. Clarke, F. Campanile, N. F. Almeida, D. J. Studholme,
M. Lindeberg, D. Schneider, M. Zaccardelli, J. C. Setubal, N. P. Morales-Lizcano, A. Bernal,
G. Coaker, C. Baker, C. L. Bender, S. Leman, and B. A. Vinatzer. 2011. PLoS Pathogens;
7, e1002130.
Recently, genome sequencing of many isolates of genetically monomorphic bacterial human
pathogens has given new insights into pathogen microevolution and phylogeography. Here,
we report a genome-based micro-evolutionary study of a bacterial plant pathogen, Pseudomonas syringae pv. tomato. Only 267 mutations were identified between five sequenced
isolates in 3,543,009 nt of analyzed genome sequence, which suggests a recent evolutionary
origin of this pathogen. Further analysis with genome-derived markers of 89 world-wide
isolates showed that several genotypes exist in North America and in Europe indicating
frequent pathogen movement between these world regions. Genome-derived markers and
molecular analyses of key pathogen loci important for virulence and motility both suggest
ongoing adaptation to the tomato host. A mutational hotspot was found in the type IIIsecreted effector gene hopM1. These mutations abolish the cell death triggering activity
of the full-length protein indicating strong selection for loss of function of this effector,
which was previously considered a virulence factor. Two non-synonymous mutations in the
flagellin-encoding gene fliC allowed identifying a new microbe associated molecular pattern
(MAMP) in a region distinct from the known MAMP flg22. Interestingly, the ancestral
allele of this MAMP induces a stronger tomato immune response than the derived alleles. The ancestral allele has largely disappeared from today’s Pto populations suggesting
that flagellin-triggered immunity limits pathogen fitness even in highly virulent pathogens.
An additional non-synonymous mutation was identified in flg22 in South American isolates.
Therefore, MAMPs are more variable than expected differing even between otherwise almost
identical isolates of the same pathogen strain.
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HopAS1 recognition significantly contributes to Arabidopsis nonhost resistance
to Pseudomonas syringae pathogens
K. H. Sohn, S. B. Saucent, C. R. Clarke, B. A. Vinatzer, H. E. O’Brien, D. S. Guttman, and
J. D. G. Jones. 2012. New Phytologist; 193, 58-66.
-Plant immunity is activated by sensing either conserved microbial signatures, called pathogen/
microbe-associated molecular patterns (P/MAMPs), or specific effectors secreted by pathogens.
However, it is not known why most microbes are nonpathogenic in most plant species.
-Nonhost resistance (NHR) consists of multiple layers of innate immunity and protects plants
from the vast majority of potentially pathogenic microbes. Effector-triggered immunity
(ETI) has been implicated in race-specific disease resistance. However, the role of ETI in
NHR is unclear.
-Pseudomonas syringae pv. tomato (Pto) T1 is pathogenic in tomato (Solanum lycopersicum) yet nonpathogenic in Arabidopsis. Here, we show that, in addition to the type III
secretion system (T3SS)-dependent effector (T3SE) avrRpt2, a second T3SE of Pto T1,
hopAS1, triggers ETI in nonhost Arabidopsis.
-hopAS1 is broadly present in P. syringae strains, contributes to virulence in tomato, and
is quantitatively required for Arabidopsis NHR to Pto T1. Strikingly, all tested P. syringae
strains that are pathogenic in Arabidopsis carry truncated hopAS1 variants of forms, demonstrating that HopAS1-triggered immunity plays an important role in Arabidopsis NHR to a
broad-range of P. syringae strains.
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Pseudomonas syringae naturally lacking the canonical type III secretion system are ubiquitous in nonagricultural habitats, are phylogenetically diverse and
can be pathogenic
M. D. Diallo, C. L. Monteil, B. A. Vinatzer, C. R. Clarke, C. Glaux, C. Guilbaud, C. Desbiez,
and C. E. Morris. 2012. ISME Journal ; doi: 10.1038.
The type III secretion system (T3SS) is an important virulence factor of pathogenic bacteria, but the natural occurrence of variants of bacterial plant pathogens with deficiencies in
their T3SS raises questions about the significance of the T3SS for fitness. Previous work on
T3SS-deficient plant pathogenic bacteria has focused on strains from plants or plant debris.
Here we have characterized T3SS-deficient strains of Pseudomonas syringae from plant and
nonplant substrates in pristine nonagricultural contexts, many of which represent recently
described clades not yet found associated with crop plants. Strains incapable of inducing a
hypersensitive reaction (HR–) in tobacco were detected in 65% of 126 samples from headwaters of rivers (mountain creeks and lakes), snowpack, epilithic biofilms, wild plants and leaf
litter and constituted 2 to 100% of the P. syringae population associated with each sample.
All HR– strains lacked at least one gene in the canonical hrp/hrc locus or the associated
conserved effector locus, but most lacked all six of the genes tested (hrcC, hrpL, hrpK1,
avrE1 and hrpW1 ) and represented several disparate phylogenetic clades. Although most
HR– strains were incapable of causing symptoms on cantaloupe seedlings as expected, strains
in the recently described TA-002 clade caused severe symptoms in spite of the absence of
any of the six conserved genes of the canonical T3SS according to PCR and Southern blot
assays. The phylogenetic context of the T3SS variants we observed provides insight into the
evolutionary history of P. syringae as a pathogen and as an environmental saprophyte.

