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plants. The work presented in this thesis describes genome-enabled
approaches for characterizing type Il effector genes across the range of plant

symbiosis. Using high-throughput sequencing technology, draft genome



sequences were generated for the plant pathogen, Xanthomonas hortorum pv.
carotae M081, the plant commensal, Pseudomonas fluorescens WH6, and six
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Introduction: Plant-microbe interactions

Jeffrey A. Kimbrel



INTRODUCTION

The environment in which a plant lives is teeming with microbial life. Many
of the encounters between a plant and bacteria are incidental, but many
interactions lead to meaningful relationships whose outcomes vary with the
players involved. These outcomes include a full spectrum from mutualism to
commensalism to parasitism. Plant defense plays a central role in dictating the
boundaries of these interactions, and, regardless of the type of interaction, host-
establishment can be determined by a microbe’s ability to circumvent these
boundaries and initiate a symbiotic relationship.

Most of what is known about bacterial avoidance of plant defense has
been elucidated by work with plant pathogens (Dangl and Jones, 2001; Jones and
Dangl, 2006). The central idea is that plants are able to recognize bacteria and
trigger a battery of innate immune responses that collectively suppress infection.
This understanding of plant immunity forms a basic framework for plant
interactions with any microbe, not only for potentially pathogenic bacteria.
Bacteria with a commensal or mutualistic lifestyle must also avoid triggering or
have mechanisms to suppress the plant's immune responses before host-
association can be established. Bacteria achieve this goal by using many different
strategies, and a prominent strategy described in this thesis is the use of the type
Il secretion system (T3SS) to deliver type Il effector proteins (T3Es) into the host
plant cell (Hueck, 1998). Throughout this introduction, the use of the T3SS in
pathogens is explored, and parallels are drawn between how pathogens,

commensal, and mutualist bacteria use the T3SS.



PATHOGENS AS A MODEL FOR PLANT-MICROBE INTERACTIONS

Plant innate immunity begins following the perception of non-plant features
such as the flg22 component of the flagellum (Felix et al., 1999). These
recognized bacterial features are termed PAMPs (or MAMPs) for Pathogen-
associated (or Microbe-associated) Molecular Patterns (Jones and Dangl, 2006;
Schwessinger and Zipfel, 2008). The defense response mediated through the
recognition of PAMPs or MAMPs is called PAMP- or Pattern-Triggered Immunity
(PTI).

The recognition of PAMPs is mediated by pattern-recognition receptors
(PRR). PRR proteins are exterior surface proteins of a plant cell that internalize a
signal to induce a variety of physiological changes (Segonzac and Zipfel, 2011).
These changes include immediate defense responses such as the release of
calcium and reactive-oxygen species (ROS) signaling molecules, and subsequent
responses such as changes in gene expression and cell wall strengthening via
the deposition of callose (Luna et al., 2011). Cytosolic Ca®* concentrations rise
within minutes of PAMP perception, and this Ca* is involved with signaling for
nitric oxide (NO) production, as well as with inducing transcriptional changes
through the induction of CaZ+-dependent protein kinases (Ma, 2011). In addition to
ROSs primarily acting as signaling molecules, H;O, can also cross-link
glycoproteins to the cell wall to strengthen the physical barrier (Torres et al.,

2006). Induction of mitogen-activated protein kinases (MAPK) through the action
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of PRRs also lead to transcriptome changes, though the direct targets of MAPK
phosphorylation are currently not well-defined (Tena et al., 2011).

PTI must be avoided, delayed or overcome in order to initiate a symbiotic
relationship (Soto et al., 2009). Many bacteria do this by secreting or injecting
effector proteins into a host cell via specialized secretion systems to alter the
host’s perception or response to the bacterium (Cambronne and Roy, 2006). One
of the most heavily characterized secretion systems of plant- and animal-
interacting bacteria is the type Ill secretion system (T3SS), which injects type Il
effector proteins (T3E) (Hueck, 1998). Inside the host cell, the T3Es function to
block or delay many aspects of PTI (Grant et al., 2006). For example, several
T3Es from Pseudomonas syringae pv. tomato DC3000 (PtoDC3000) have been
shown to interfere with the host-signaling induced by flg22 perception (Felix et al.,
1999; Li et al., 2005). Another PtoDC3000 T3E, hopU1, has been shown to ADP-
ribosylate the arabidopsis AtGRP7 RNA-binding protein, which is thought to alter
host defense by adjusting RNA metabolism (Fu et al., 2007).

The number of T3Es in a pathogen’s arsenal ranges from as few as twelve
in Erwinia, to over 70 in Ralstonia (Cunnac et al., 2004; Nissinen et al., 2007).
Among T3E-possessing species of plant-associated bacteria, host-specificity is
not necessarily correlated with a bacterium’s collection of T3Es. In fact, among P.
syringae, the strains with the fewest number of T3Es often have the broadest host
range (O'Brien et al., 2010). The narrowing of host range and subsequent

swelling of the T3E collection of pathogens are a consequence of co-evolution,
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whereby avoidance of host defenses have shaped the members and functions of
a pathogen’s T3E collection (McCann and Guttman, 2008).

T3Es can also be negative host-range determinants, through their
recognition by the host, thereby betraying the presence of the bacterium. This
layer of defense is referred to as effector-triggered immunity (ETI), and is
basically an amplified and more rapid PTI response (Jones and Dangl, 2006).
Because the recognized T3Es render the pathogen avirulent, these T3E were
historically called avirulence (Avr) proteins (Flor, 1971; van der Biezen and Jones,
1998). Avr recognition is either directly or indirectly mediated by resistance
proteins (R proteins, products of “R genes”), which typically have Nucleotide-
Binding and Leucine Rich Repeat domains (NB-LRR; (Dangl and Jones, 2001;
Jones and Dangl, 2006)). Early studies of Avr and R genes in the flax/flax-rust
interaction led to the gene-for-gene hypothesis which states that a single host R
gene “recognizes” a cognate avr gene of a pathogen (Flor, 1956; Ellis and Dodds,
2007). Detection of an Avr through an R protein triggers ETI, which culminates in
a localized cell death termed the Hypersensitive Response (HR; Greenberg and
Yao, 2004).

Despite the many characterized Avr-R ’interactions”, direct binding
between the two proteins has only been shown in a few instances (Scofield et al.,
1996; Tang et al.,, 1996; Jia et al., 2000; Krasileva et al., 2010). Evidence
suggested an alternate mechanism for the action of some R proteins, establishing
the “guard hypothesis” - that most R proteins guard cellular machinery likely

targeted by an Avr, and recognize the Avr through indirect means (Dangl and
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Jones, 2001). One well-studied guard protein is RPS2, which perceives Avr-
dependent modifications to its guardee RIN4, e.g., the cleavage of RIN4 by
AvrRpt2 (Axtell and Staskawicz, 2003; Mackey et al., 2003; Chisholm et al.,

2005).

HOST-ASSOCIATION AND USE OF T3SS BY COMMENSAL BACTERIA

T3SS-encoding loci have been identified in the genomes of environmental
microbes without a known host-associated lifestyle, as well as soil and plant-
commensals. The latter group of bacteria are often ubiquitous in soil, and often
have unknown interactions with plants in the rhizosphere. Despite their name,
these interactions between plants and bacteria traditionally called “commensals”
can result in consequences bordering on mutualism or parasitism. This dual effect
can be seen with Pseudomonas fluorescens WHG6, which can be both beneficial
and harmful to plants. WH6 acts as a plant-growth promoting rhizobacterium
(PGPR) towards dicots, through the action of a WH6-produced compound that
inhibits the germination of monocots (Banowetz et al., 2008). Other PGPRs may
influence their host through direct means, such as the production of molecules
like phytohormones, or by indirect means by keeping pathogens at bay (Haas and
Défago, 2005).

For commensal bacteria, the T3SS has been intensively studied in P.
fluorescens (Rezzonico et al., 2004; Pallen et al., 2005). Based on PCR using
oligonucleotide primers to hrcN, a core T3SS gene, it was concluded that T3SS-

encoding loci were widespread (Preston et al., 2001; Rezzonico et al., 2004).
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However, the function conferred by the T3SS to P. fluorescens remains unclear.
In P. fluorescens SBW25, for example, the “necessary” hrcN gene appears
absent and mutations in other T3SS-related genes had no effect on the ability of
SBW25 to grow in association with its host. Nevertheless, when genetically
modified to constitutively express the T3SS, SBW25 was able to induce an AvrB-
dependent HR suggesting the potential for functionality despite the absence of
hrcN (Preston et al., 2001). Similarly, a T3SS mutant of a different strain of P.
fluorescens, KD, showed no decrease in rhizosphere fitness. A T3SS mutant of
KD, however, showed a marked reduction in its thwarting of damping-off disease
by the oomycete Pythium ultimum, suggesting the possibility that KD-mediated
biocontrol is accomplished by a direct interaction between bacteria and the

oomycete (Rezzonico et al., 2005).

COMPLEX MOLECULAR DIALOG BETWEEN RHIZOBIA AND LEGUMES

Some species of mutualistic rhizobia encode for functional T3SSs.
Rhizobia are critical to the nitrogen cycle, replenishing the soil with fixed nitrogen
through their interaction with legumes (Masson-Boivin et al., 2009). Rhizobia are
a-proteobacteria belonging to six different genera, with the earliest common
ancestor giving rise to the “fast-growing” and “slow-growing” rhizobia some 500
million years ago, ~100 million years before mycorrhizae, and ~400 million years
before the first leguminous plant (Dresler-Nurmi et al., 2009). Rhizobia have two
distinct lifestyles, free-living in the rhizosphere, and differentiated inside a nodule

where they reduce atmospheric N, into ammonia. Like most bacterial mutualists,
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rhizobia exchange nutrients that are difficult for the host to obtain, for water and
carbon products provided by their host (Dresler-Nurmi et al., 2009).

The molecular events leading to the formation of N.-fixing nodules are vast
and complex, with many layers of specificity. One of the first layers involves the
perception and response to flavonoids and nod chemical signals, synthesized by
plant and mutualist, respectively (Spaink, 2000). Flavonoids are host-specific
phenolic compounds exuded from roots of legumes that can act as an attractant
for receptive rhizobia (Cooper, 2004). Flavonoids can vary between plant species,
and certain plants can make several different flavonoid compounds (Pueppke et
al., 1998). If perceived by rhizobia, the flavonoid leads to a cascade of signaling
events inside the rhizobium. This cascade starts with binding of the flavonoid to
the rhizobial NodD protein (Peck et al., 2006). The flavonoid binding activates
NodD and allows it to bind to a cis-element called the nod-box, driving the
expression of the downstream “nod” genes. Indeed, NodD bound by flavonoids
from non-host legumes greatly reduce the ability of NodD to induce expression of
the nod-box genes (Peck et al., 2006). This first level of specificity requires proper
flavonoid/NodD binding for activation, and ensures NodD activation only at the
root of a receptive host.

The products of the nod genes are nod-factors (NFs),
lipochitooligosaccharide signal molecules that trigger the early events of nodule
formation in receptive legumes. The NodABC proteins synthesize a basic NF
backbone, and other Nod proteins modify and decorate the NF in a manner that

also confers specificity through recognition by its corresponding host plant
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(Spaink, 2000). These decorations are strain specific, and the appropriate NF is
necessary to prime a host plant for symbiosis. Importantly, PTI can be induced
upon root perception of a NF from an incompatible rhizobial strain, adding another
layer of specificity to the plant-rhizobia symbiosis (Spaink, 2000).

NFs, perceived by plant lysM family extracellular receptors, initiate
chemical and morphological changes to the root, including calcium ion spiking,
cytoskeletal changes resulting in root hair curling, and eventual internalization of
the rhizobia (Segonzac and Zipfel, 2011). NFs also stimulate root cortical cells to
begin mitotic division, forming the nodule primordium, which will eventually house
the rhizobia (Gage, 2002). The rhizobia move from the curled root hair tip to the
root cortex via the infection thread, an inward invagination of the root hair.

Up to this point, the rhizobium is still extracellular to the plant, and must be
internalized. Inner root cortex cells endocytose individual bacteria, forming the
symbiosome, the beginnings of a microenvironment where N»-fixation can occur
(Brewin, 2004). Here, rhizobia differentiate and continue to divide without
cytokinesis, resulting in large polyploid bacteroids (Kereszt et al., 2011). In this
plant organ called the nodule, plant-derived leghemoglobin protects the bacteroid
nitrogenase proteins from environmental oxygen. The rhizobia FixLJ two-
component proteins sense the low oxygen environment and induce the genes

involved in fixing N, (Bobik et al., 2006; Kereszt et al., 2011).
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RHIZOBIA AND PLANT DEFENSE

Until recently, it was unclear what role plant defense plays in interactions
with rhizobia. Recent evidence suggests that plants respond to rhizobia with a
defense response early during interactions, and rhizobia must therefore have
mechanisms to suppress host defense (Deakin and Broughton, 2009; Soto et al.,
2009; Zamioudis and Pieterse, 2012). For example, analysis of microarrays of
Lotus japonicus roots nodulated by Mesorhizobium loti revealed extensive and
early expression of defense genes but subsequent suppression within hours,
indicating that even in compatible interactions, rhizobia initially elicit PTI (Kouchi
et al., 2004). Additionally, the pathogenesis-related 2 (PR2) gene of M. truncatula
is down-regulated upon perception of NFs from a compatible rhizobia, but is not
down-regulated when interacting with a NF-deficient rhizobia strain (Mitra and
Long, 2004).

Rhizobia have potentially evolved multiple ways to limit detection by their
hosts. For example, rhizobia and many other alpha-proteobacteria do not encode
for the potent flg22 PAMP, and thus do not seem to trigger PTI in legumes or
arabidopsis (Felix et al., 1999; Gédmez-Gomez et al., 1999). Another rhizobial
PAMP, the bacterial elongation factor Tu (Ef-Tu), elicits a PTI response in the
non-host arabidopsis, but not in legumes (Kunze et al., 2004; Boller, 2005).
However, it is unclear whether the absence of Ef-Tu recognition is a result of
changes to Ef-Tu, or the lysM receptors as a means to facilitate rhizobial

colonization (Segonzac and Zipfel, 2011).
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Rhizobia also have mechanisms to cope with, protect against, or even turn
host defense responses against the host. The rhizobial polysaccharide layer for
example is a potent physical protective barrier. Polysaccharides themselves can
dampen host defense. Priming with a host-compatible polysaccharide, for
example, can reduce the subsequent HR induced by an incompatible bacterium
(Graham et al., 1977; Dow et al., 2000). Furthermore, in pathogens, their
polysaccharides also appear to function to chelate calcium ions as a
countermeasure against defense signaling by the host. Whether rhizobial-
synthesized polysaccharides have analogous functions is unknown (Aslam et al.,
2008).

It has been speculated that rhizobia may have mechanisms to turn PTI
responses, such as the production of ROS by the host plant, for its gain (Jones et
al., 2007). ROS can have negative effects on rhizobia by aborting infection
threads (Vasse et al., 1993). Not surprisingly, rhizobia encodes for enzymes to
deal with ROS. Mutants of superoxide dismutase or catalase-encoding genes
have nodulation defects ranging from ROS sensitivity to an inability to invade a
host (Sigaud et al., 1999; Jamet et al., 2003; 2005; Davies and Walker, 2007).
However, despite the negative effects of ROS to rhizobia, evidence also suggests
that PTl-induced H,O, can crosslink plant-derived glycoproteins to the cell walls of
the infection thread. This generates a mechanical force that facilitates the
elongation inwards of the infection thread (Santos et al., 2001; Brewin, 2004).
Similarly, defense-generated Nitric Oxide (NO) is also thought to play a role in

nodule function, and has been found in nitrogen-fixing nodules of Medicago
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truncatula (Baudouin et al., 2006). Array studies in M. truncatula have shown
differential expression of NO-responsive genes during pathogen and rhizobial
interactions (Ferrarini et al., 2008).

Finally, rhizobia can modify host defense through suppression of defense
responses. Several secretion system-encoding loci have been identified in
genomes of many strains of rhizobia. The T3SS is one of the more studied
secretion system for mutualistic rhizobia. The nature of the T3SS in plant-rhizobia
interactions is slowly unraveling, but it is becoming clear that the use of

pathogenic strategies by mutualists is perhaps a widespread mechanism.

CONCLUSIONS

In this thesis, | describe my work in characterizing the T3E collections of a
phytopathogen, commensal, and multiple rhizobia mutualists. In the following
chapter, | detail my work in sequencing the genome of the carrot pathogen
Xanthomonas hortorum pv. carotae str. M081. | mined the genome for T3E-
encoding genes, and demonstrated the ability of the AvrBs2 and XopQ proteins to
induce an HR in Nicotiana benthamiana carrying the Bs2 R gene or N. tabacum,
respectively. Therefore, corresponding R genes, if present in the carrot
germplasm, could be introgressed into commercially-grown carrot cultivars for
control against Xhc. Furthermore, using genome information, we designed and
validated molecular markers to help facilitate molecular detection of this pathogen

in carrot seed lots.
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In chapter 3, | describe my work in sequencing the genome of P.
fluorescens WHG. | identified a T3SS-endocing locus suggesting a possible role in
host association. However, using a homology-based approach, | found evidence
for very few T3E-encoding genes. This work also helped identify coding regions in
the GAF metabolic pathway, a compound with potential use for control against
grassy weeds.

Chapter 4 details the mining and characterization of candidate T3E
proteins from two species of rhizobia for T3SS-dependent translocation. This work
represents the largest and most extensive analysis of T3Es from mutualistic
bacteria. Our analyses led to the very surprising conclusion that T3E genes in
rhizobia were highly conserved. We noted little variation in the content of T3E
collections, little variation in their sequences, and little evidence for diversifying
selection. This contrasts with T3E collections of pathogens, which exhibit strong
evidence for diversifying selection as evidenced by dramatic variation in collection
content and variation in sequences across T3E families.

Chapter 5 is a summary of my thesis.
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SUMMARY

Xanthomonas hortorum pv. carotae (Xhc) is an economically important
pathogen of carrots. Its ability to epiphytically colonize foliar surfaces and infect
seeds can result in bacterial blight of carrots when grown in warm and humid
regions. We used high-throughput sequencing to determine the genome
sequence of isolate M081 of Xhc. The short reads were de novo assembled and
resulting contigs were ordered using a syntenic reference genome sequence from
X. campestris pv. campestris ATCC 33913. The improved, high-quality draft
genome sequence of Xhc M081 is the first for its species. Despite its distance
from other sequenced xanthomonads, Xhc M081 still shared a large inventory of
orthologous genes, including many clusters of virulence genes common to other
foliar pathogenic species of Xanthomonas. We also mined the genome sequence
and identified at least twenty-one candidate type Il effector genes. Two were
members of the avrBs2 and xopQ families that demonstrably elicit effector-
triggered immunity. We show that expression in planta of these two type Il
effectors from Xhc MO081 was sufficient for eliciting resistance gene-mediated
hypersensitive responses in heterologous plants, indicating a possibility for
resistance-gene mediated control of Xhc. Finally, we identified regions unique to
the Xhc M081 genome sequence, and demonstrated their potential in the design

of molecular diagnostics for this pathogen.
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INTRODUCTION

Xanthomonads are a diverse group of Gram-negative, y-proteobacteria. Its
members are successful pathogens capable of infecting many agriculturally
important crop plants. Xanthomonas hortorum pv. carotae (Xhc, synonyms: X.
campestris pv. carotae, X. carotae; CABI, 2010) causes bacterial leaf blight of
carrot, an important disease in most regions of the world. Like most other
members of the Xanthomonas genus, Xhc has the ability to epiphytically colonize
foliar surfaces of its host. Xhc is also pathogenic and when weather conditions are
sufficiently warm and humid, Xhc can incite foliar disease which can result in
defoliation of host plants with consequential loss of yield.

Several Xanthomonas isolates belonging to just a few of the many species
of this genera have finished genome sequences, including X. campestris pv.
campestris (Xcc), X. campestris pv. vesicatoria (Xcv, syn. X. vesicatoria, X.
axonopodis pv. vesicatoria), X. axonopodis pv. citri (Xac; syn. X. citri pv. citri), and
X. oryzae pv. oryzae (Xoo; (Da Silva et al., 2002; Thieme et al., 2005; Salzberg et
al., 2008)). Comparisons indicate that most isolates share a high percentage of
orthologous genes and long-range synteny (Da Silva et al., 2002; Thieme et al.,
2005; Blom et al., 2009). Xoo isolates have similar numbers of genes but are
exceptional in their genome organization. Indeed, Xoo genomes contain the
largest number of insertion element families compared to all other sequenced
xanthomonads and have undergone significant numbers of large-scale

rearrangements (Salzberg et al., 2008).
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X. hortorum is one of the many less-characterized species within the
Xanthomonas genus. X. hortorum was initially defined based on DNA
hybridization studies (Vauterin et al., 1995). Subsequent phylogenetic and
multilocus sequence analysis using gyrB or four housekeeping genes,
respectively, confirmed its isolates represent a distinct species and furthermore,
grouped X. hortorum with X. cynarae and X. gardneri to form a diverse clade
(Parkinson et al., 2007; Young et al., 2008; Parkinson et al., 2009). Determining
the genome sequence for its members will thus be an important contribution to
understanding the diversity and evolution of the Xanthomonas genus and help
resolve this heterogeneous clade.

The process by which Xhc infects its host plant is presumed to be similar
to that of other foliar pathogens of Xanthomonas. Xanthomonads typically gain
access to their hosts through natural openings and wounds to colonize and
proliferate in the intercellular spaces. Pathogenesis by most xanthomonads is
dependent on a type lll secretion system (T3SS), a molecular injection apparatus
that delivers bacterial-encoded proteins directly into host cells (Buttner and
Bonas, 2009). Once inside the host cell, these so-called type Il effector (T3E)
proteins function to perturb host processes such as PAMP-triggered immunity
(PTI; (Jones and Dangl, 2006)).

T3Es also have the potential to elicit plant defenses. In effector-triggered
immunity (ETI), direct or indirect perception of a single T3E by a corresponding
plant resistance (R) protein results in a robust resistance response (Jones and

Dangl, 2006). A classic hallmark of ETI is the hypersensitive response (HR),
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which is visualized as a rapid and localized cell death of the infected area
(Greenberg and Yao, 2004). Therefore, T3Es are collectively necessary for many
Gram-negative pathogens to infect host plants but just a single T3E can limit the
host range of a pathogen through its perception by a corresponding host R
protein.

The production of commercial carrot crops depends greatly on planting
seeds with zero or low contamination of Xhc. The semi-arid climates where carrot
seeds are produced permit epiphytic growth of Xhc (Toit et al., 2005). The
bacteria associated with seeds provide the inoculum for bacterial blight when
carrots are grown in warm and humid regions. Once the pathogen is established
in a crop, suppression of bacterial blight with bactericides is difficult. Sensitive,
specific, and facile methods are therefore needed for detecting Xhc in seed lots
(Meng et al., 2004). Development of cost-effective management methods against
Xhc is also greatly desired (Toit et al., 2005). A sequenced genome can be an
important resource for these purposes and has been used in developing
molecular markers to distinguish between two important Xanthomonas rice
pathogens (Lang et al., 2010).

We present an improved, high-quality draft genome sequence of the M081
isolate of X. hortorum carotae. Xhc M081 is distinct from other sequenced isolates
of Xanthomonas and despite the degree of phylogenetic distance from other
xanthomonads, Xhc M081 shares many orthologous genes and shows high
synteny to Xcc, Xac, as well as Xcv. We characterized the genome of Xhc to gain

insight into its mechanisms of pathogenesis. We describe potential virulence
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genes and provide evidence that Xhc M081 encodes two members of the ETI-
eliciting AvrBs2 and XopQ type Il effector families (Kearney and Staskawicz,
1990; Wei et al., 2007). These two T3Es are therefore potential targets for
development of control measures against Xhc in carrot. Finally, we identified
several regions unique to Xhc, designed and validated several pairs of primers
that specifically amplified products from Xhc but not other tested bacteria. These

regions have potential use in the design of molecular diagnostics for Xhc.

RESULTS
Isolation and preliminary typing of Xanthomonas hortorum pv. carotae
M081

Bacteria were isolated from diseased carrot plants (Daucus carota L.)
grown in a seed production field located near Madras, Oregon USA. We used
several phenotypic and molecular markers to preliminarily type M081. This isolate
was selected based on its ability to grow on XCS medium, which is semi-selective
for Xanthomonas hortorum pv. carotae (Williford and Schaad, 1984). The colony
morphology of M081 grown on YDC medium was also suggestive of it belonging
to the Xanthomonas genus (data not shown; (Schaad and Stall, 1988)). The 16-
23S intergenic spacer region and the elongation factor alpha-encoding gene of
MO081 had the highest similarities to that of Xcc type strain ATCC 33913.
Additionally, PCR of M081 with the 3S and 9B primer sets resulted in products
that were consistent in size to other isolates of Xhc (Meng et al., 2004; Temple
and KB, 2009). Finally and most importantly, we were able to show that M081

could achieve large epiphytic populations (>10” cfu/gm leaf tissue) and cause
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symptoms consistent with bacterial blight of carrots in greenhouse and growth
chamber experiments (data not shown). We therefore classified isolate M081 as a
member of X. hortorum, which was later substantiated by phylogenetic analysis
(see below).

Sequencing and assembling an improved, high-quality draft genome
sequence

We used an lllumina IIG to sequence the genome of Xhc and generated
nearly 30 million paired end (PE) reads, of which approximately 19.1 million and
10.4 million were 32mer and 70mer pairs, respectively. The theoretical coverage
of all filtered PE reads was estimated to be 525x, assuming Xhc M081 had a
genome size of 5.1 megabases. We elected to use a de novo approach to
assemble the PE reads because of our desire to identify unique regions. We also
lacked any data that could direct us to a suitable reference genome for a guided
approach to assemble the short reads; previous phylogenetic analyses placed
Xhc in a clade separate from other Xanthomonas species with sequenced isolates
(Young et al., 2008; Parkinson et al., 2009).

We sought to develop an improved, high-quality draft genome sequence
for Xhc. New standards for genome sequences were established in response to
next generation sequencing to provide an assessment of quality (Chain et al.,
2009). The improved, high-quality standard requires the use of additional work to
eliminate discernable misassemblies and resolve gaps and is sufficient for
assessing genomes for gene content and comparisons with other genomes.

To this end, we used the software program Velvet version 0.7.55 and a

variety of parameter settings to de novo assemble the PE reads and generated a
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total of approximately 30 different assemblies (Zerbino and Birney, 2008). We
identified a single high-quality de novo assembly based on consensus support. In
other words, we had greater confidence in the quality of this particular assembly
because the majority of its contigs were supported by contigs of other assemblies
derived using different Velvet parameter settings (Kimbrel et al., 2010). The one
high-quality assembly we selected was derived from approximately 20 million PE
reads with an actual coverage of approximately 110x and had 153 contigs larger
than one kilobase (kb) for a sum total of 5.06 megabases (Mb). The average
contig size was approximately 32 kb, the largest contig was 232 kb, and the N50
was 26 contigs; one-half of the genome was represented by the 26 largest
contigs.

Comparative and phylogenomic analyses

We compared the contigs from Xhc M081 to finished genome sequences
from representative isolates of Xanthomonas to search for a genome sequence
with sufficient structural similarities to use as a reference for ordering contigs (Da
Silva et al., 2002; Thieme et al., 2005; Salzberg et al., 2008). Our preliminary
analysis indicated that the contigs of Xhc M081 had sufficient within-synteny to
the genome of Xcc ATCC 33913 and it was thus used to order all contigs of Xhc
MO081 larger than one kb. The resulting assembly was deemed an improved, high-
quality draft genome sequence (Chain et al., 2009). The genome is depicted as a
single circular chromosome with physical gaps depicted by red tick marks (Fig.
2.1). We found no evidence for plasmids in Xhc M081, which thus far have only

been found in Xac and Xcv (Da Silva et al., 2002; Thieme et al., 2005).
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The genome of Xhc M081 shares several characteristics with genomes of
other representative foliar pathogenic isolates of Xanthomonas (Table 1). Xhc
MO081 has a high GC content of 63.7% and the size of its genome was within the
range of other sequenced genomes of isolates of Xanthomonas (Table 1). We
used an automated approach to identify and annotate 4493 coding sequences
(CDSs) resulting in a genome coding percentage of 87.4% (Giovannoni et al.,
2008; Kimbrel et al., 2010). Given the similarities of the latter two characteristics
to other Xanthomonas genomes, we are confident that the majority of the Xhc
MO081 genome is present in the assembly and our automated annotation approach
was acceptable.

With the exception of Xoo, genomes of the foliar pathogenic
xanthomonads share long-range synteny (Da Silva et al., 2002; Thieme et al.,
2005; Blom et al., 2009). To determine whether Xhc M081 had similar syntenic
relationships, we parsed the genome sequence of Xcc, Xac, Xcv, and Xoo into all
possible 25mer DNA sequences and aligned the unique 25mers to the genome
sequence of Xhc M081 (Fig. 2.2). Our results confirmed our initial findings by
showing the greatest synteny to the genome of Xcc. The genome of Xhc M081
was also syntenic to the genomes of Xac as well as Xcv with the exception of a
few large insertion-deletions (indels) and inversion events that appeared to be
localized to the predicted terminator sequence (data not shown). Similar to others,
the genome of Xhc showed little structural similarity to the genome of Xoo.

The Xhc MO081 genome encodes a high percentage of proteins

orthologous to proteins of other species of Xanthomonas. Reciprocal best hit
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analysis using BLASTP showed that 74.2%, 73.8%, 72.9%, and 61.1% of the
proteins encoded by Xhc M081 were also found in Xcc, Xac, Xcv, and Xoo,
respectively. The greater than 70% orthology was similar to levels observed in
previous comparisons between different Xanthomonas species (Da Silva et al.,
2002; Thieme et al., 2005; Blom et al., 2009). The lower amount of orthology to
Xoo was not surprising considering that Xoo appears to be the most distinct of the
sequenced foliar pathogenic isolates.

We used two approaches to examine the relationship of Xhc M081 to other
xanthomonads. In the first, we used a phylogenomic approach to determine the
species relationship of Xhc M081 to representative isolates of Xanthomonas with
finished genome sequences. We identified a core of 1776 translated sequences
common to the 10 examined isolates and produced a species tree based on the
comparison of a super alignment from their sequences (Fig. 2.3A). Each of the
previously sequenced species grouped as expected with Xhc M081 forming a
branch by itself. We used multilocus sequence analysis (MLSA) to examine the
relatedness of Xhc M081 to other isolates of X. hortorum (Fig. 2.3B; complete tree
is provided as figure 2.6; (Young et al., 2008)). Xhc M081 grouped with other
pathovars of X. hortorum within the heterogeneous clade that also includes X.
cynarae and X. gardneri isolates (Young et al., 2008).

Candidate virulence genes of Xhc M081

We identified several clusters of virulence genes important for
pathogenesis by xanthomonads. Xanthan is an exopolysaccharide produced by

xanthomonads with important roles in biofilm formation and pathogenesis (Katzen
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et al., 1998). Synthesis is dependent on a cluster of 12 gum genes, gumB-gumM.
We identified a similarly arranged cluster present on a single contig in Xhc M081
(XHC_2807 to XHC_2795), flanked by homologs of gumN-P on one side and a
tRNA-encoding gene on the other. The presence of the tRNA-encoding gene has
been implicated as evidence for acquisition of this gene cluster by horizontal gene
transfer (Lu et al., 2008). We did not find any evidence of insertion sequences in
this cluster.

The rpf (regulation of pathogenicity factors) cluster of genes encodes
positive regulators of extracellular enzymes and proteins that synthesize and
perceive an intracellular diffusible factor (DSF) cis-11-methyl-2-dodecenoic acid,
important for virulence (Wang et al., 2004). Four genes are demonstrably
important; RpfB and RpfF are involved in biosynthesis of the DSF whereas RpfG
and RpfC are hypothesized to perceive DSF. Xcc mutants of rpfF and rpfC, for
example, are compromised in manipulating plant stomatal closure, an important
step during infection (Gudesblat et al., 2009). Xhc M081 encodes a cluster of
approximately 23 kb with eight genes homologous to rpf genes, including rpfB, F,
G, and C that were all present on one contig.

Other examples of homologous virulence genes included the four-gene
operon of hmsHFRS that encode hemin storage systems involved in biofilm
formation in Yersinia pestis (Abu Khweek et al., 2010). Xhc M081 has homologs
of wzm and wzt involved in synthesis of lipopolysaccharides (Rocchetta and Lam,
1997). However, like X. fuscans subsp. aurantifolii types B and C, the wzt gene of

Xhc M081 appears to encode a C-terminal truncated protein, which is predicted to
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be affected in substrate binding (Cuthbertson et al., 2005; Moreira et al., 2010).
Xhc M081 encodes a homolog of yapH, a plant adhesion protein, hlyD and hlyB
genes for hemolysin secretion, and a homolog of the Pseudomonas aeruginosa
asnB gene, involved in asparagine and O-antigen biosynthesis (Holland et al.,
2005; Augustin et al., 2007; Das et al., 2009).

The type IV secretion system (T4SS) is an apparatus used by many
bacteria to interact with their hosts (Alvarez-Martinez and Christie, 2009). Clusters
of T4SS-encoding genes have been identified in genome sequences of
xanthomonads but the role of the T4SS in virulence of xanthomonads is still
unclear (Da Silva et al., 2002). Xhc MO081 appears to encode for a T4SS
(XHC_2815-XHC_2830) but it was difficult for us to determine whether the T4SS
is functional because the cluster of genes was distributed across three separate
and adjoining contigs with physical gaps that corresponded to what appears to be
three different copies of virB4. Whether the three copies are bona fide or an
artifact of misassembly is unresolved. The three contigs that encode the T4SS
were approximately 10 kb away from the gum cluster. In the genome of Xcc
ATCC 33913, which was used as a reference to order the contigs of Xhc M081,
these two gene clusters are nearly 26 kb apart (Da Silva et al., 2002).

The type lll secretion system (T3SS) is another apparatus used by many
Gram-negative pathogens to interact with their hosts. In plant pathogens, the
T3SS is required for pathogenesis and is encoded by a single cluster of genes
called the hrp genes (Niepold et al., 1985; Lindgren et al., 1986). All hrp genes of

Xhc M081 (CDSs XHC_1407 to XHC_1426) except for hrcC, were found in their
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entirety and clustered on a single contig of 25 kb in length. Approximately 50 nt of
the C-terminal coding portion of hrcC was absent. We used PCR with primers that
spanned the region and sequencing of the product to very that hrcC was indeed
complete. The organization of the hrp cluster in Xhc was identical to
corresponding hrp genes of other Xanthomonas foliar pathogens. Additionally, we
did not identify any polymorphisms in the CDSs that would overtly affect function
(data not shown). The T3SS of Xhc is consequently predicted to be complete and
functional.

We mined the Xhc M081 genome sequence for candidate T3E genes. In
Xanthomonas and Ralstonia spp., T3E genes are often preceded by a cis
regulatory motif recognized by the transcriptional regulator HrpX (Mukaihara et
al., 2004; Koebnik et al., 2006). We identified 118 putative Plant-Inducible-
Promoter boxes (PIP-box) in the genome of Xhc M081. Of these 118, only 38 had
a CDS within 300 bp of the putative PIP-box. We further eliminated 26 CDSs
because their translated sequences were homologous to proteins with functions
atypical of T3Es. We also used BLASTP searches to find ten more CDSs with
translated sequences homologous to known T3Es (Table 2).

Three of the candidate T3E genes required additional characterizations
because of evidence for potential assembly artifacts. Two CDSs both with
homology to xopX were found in tandem in one contig. The translated sequences
of the xopX homologs were 61% identical (77% similar) to each other and the
genes have a similar arrangement in Xcc ATCC 33913, suggesting that this was

not an artifact of short-read assembly (White et al., 2009). Nonetheless, we used
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PCR of Xhc M081 genomic DNA and sequencing of the product to confirm the
presence of tandem copies of xopX. Similarly, we found two CDSs with homology
to xopR in tandem on a contig. One of the CDSs appeared to be full-length
relative to xopR of Xcc ATCC 33913. The other CDS had weaker homology to
xopR and was shorter. Both xopR homologs, however, had putative PIP-boxes
less than 100 bp upstream of their predicted start codons suggesting the two to
be separate candidate T3E genes. We again confirmed this arrangement using
PCR and sequencing of the amplified product (data not shown). Finally, xopAD
was found on more than one contig. We speculate that the repeats, ~126 bp in
length, were difficult to assemble. The repeats also made it difficult to design
specific primers for PCR and gap closure. Therefore, we were unable to
determine if xopADxnc encodes a full-length product, or is a pseudogene similar to
xopAD of Xcv (White et al., 2009). Not including xopAD, Xhc encodes at least 21
candidate T3Es with three unique to Xhc M081.

Two of the candidate T3E genes of Xhc M081 are highly homologous to
demonstrable ETl-eliciting T3Es. AvrBs2 (88% identity) was first characterized in
Xcv and is very widespread based on a survey of various races of Xcv and other
pathovars of X. campestris (Kearney and Staskawicz, 1990). Given the
prevalence of avrBs2 in Xanthomonas spp., it was not at all surprising that at least
10 kb of DNA sequence flanking either side of this T3E gene in Xhc M081 was
also conserved in Xcc, Xcv, Xac and Xoo. Furthermore, the regions surrounding

and including avrBs2 had a GC% that was not significantly different from the
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genome average of 63.7%. This observation suggests that avrBs2 was likely
present in an ancestor common to the foliar pathogenic species of Xanthomonas.

XopQ (92% identical) is also prevalent in xanthomonads. XopQ is a
member of the HopQ1-1 family of T3Es first discovered in Pseudomonas syringae
pv. tomato DC3000 (Guttman et al., 2002; Petnicki-Ocwieja et al., 2002; Chang et
al., 2005; Wei et al., 2007). In contrast to avrBs2x,., comparisons of the five kb of
DNA sequences flanking xopQ of Xhc M081 showed a variable pattern that was
difficult to interpret. We also noted that xopQ resides in a 20 kb region with an
average GC content of 55%, a large deviation from the Xhc M081 genome
average of 63.7%. Finally, the CDS just upstream of xopQx,. encodes an 1S4
family transposase, the presence of which appears to be unique to Xhc M081. In
total, these data suggest that the different foliar pathogenic Xanthomonas spp. we
examined may have acquired xopQ independently after they diverged from their
common ancestor.

We determined whether AvrBs2x,. and XopQx,. could elicit a
hypersensitive response (HR) in plants. The R gene corresponding to avrBs2 has
been cloned (Tai et al., 1999). Bs2 encodes nucleotide binding and leucine-rich
repeat motifs typical of many resistance proteins and Bs2 is sufficient to elicit an
HR in transgenic N. benthamiana plants when co-expressed with avrBs2 (Tai et
al., 1999). HopQ1-1 elicits an HR in wild-type N. benthamiana as well as
tabacum. The R gene corresponding to hopQ17-1 has yet to be identified but

nevertheless could provide another opportunity for potential control against Xhc.
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Neither of the R genes has been identified in carrots so we elected to use
tobacco and Agrobacterium tumefaciens-mediated transient expression to test for
elicitation of the HR. Agrobacterium carrying a CaMV 35S-expressing avrBs2
from Xhc M081 caused a rapid HR 24 hours post infiltration (hpi) in transgenic N.
benthamiana constitutively expressing Bs2 (Fig. 2.4; (Tai et al., 1999)). In
contrast, no phenotypes were visible in wild-type N. benthamiana lacking Bs2
following infiltration with Agrobacterium carrying the same DNA construct.
Transient expression of CaMV 35S-expressing xopQ and hopQ7-1 cloned from P.
syringae pv. tomato DC3000 also resulted in strong, rapid HRs in 75% and 71%,
respectively, of infiltrated leaves of wild-type N. tabacum. No phenotypes were
observed following challenge of tobacco plants with Agrobacterium lacking T3E
genes (data not shown). These results suggest that avrBs2x,. and xopQxn: are
sufficiently similar to their original founding family members for their translated
products to be perceived by a corresponding R protein and elicit ETI. We cannot,
however, exclude the possibility that HopQ1-1 and XopQ are perceived by two
different R proteins of tobacco, though both appeared to elicit ETI in an age-
dependent manner, with more robust HRs in older leaves.

Development of molecular markers for Xhc

As an important step towards developing molecular markers for diagnosing
Xhc contamination in lots of carrot seeds, we searched the Xhc M081 genome for
unique regions based on comparisons to genomes of other Xanthomonas
species. Over 500 kb of sequences distributed over 171 different regions larger

than one kb were identified (Fig. 2.1, track 5). We focused our efforts on 16
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regions based on the criteria of size, location in the genome relative to each other,
and uniqueness to Xhc based on BLASTN results to the NCBI nt database. Using
these 16 regions as templates, we designed 18 different primer pairs (XhcPP = X.
hortorum pv. carotae Primer Pair). We used PCR of genomic DNA from Xhc
MO081 as a template to test these primers. Seven pairs led to amplifications of
expected-sized products (Fig. 2.5). PCR with XhcPPO05 resulted in a second
fragment but it appeared to amplify with far less efficiency and was larger in size
than the expected product (not shown). PCR with XhcPP14 also resulted in a less
abundant second product that was smaller in size.

We tested the seven primers pairs in PCR with genomic DNA from Xhc
isolates found in four world-wide regions that produce carrot seeds to determine
whether the primer pairs are broadly applicable for Xhc (Table 3). PCR with
primer pairs XhcPP08, 13 and 14 yielded different sized products or failed to
amplify a fragment from all tested Xhc seed isolates. In contrast, PCR with primer
pairs XhcPP02, 03, 04, and 05 amplified an expected sized fragment from all
tested Xhc seed isolates (see also fig. 2.1; asterisks track 5).

We also tested the seven primer pairs, or a subset of them, against
available type strains, related strains, and 23 isolates of bacteria from 14 genera
that are commonly associated with plant surfaces. None of the seven tested pairs
amplified a fragment from genomic DNA extracted from X. campestris pvs.
campestris ATCC 33913, vesicatoria MTV1, coriander ID-A (Xccor ID-A) or X.
hortorum pv. hederae (Xhh) ATCC 9653 (Table 3). We did note a very faint band

of approximately 600 bp with XhcPP03 when tested with DNA from Xhh. The
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inability of our primer pairs to amplify products from Xccor ID-A was encouraging
because the 3S and 9B primer pairs could not distinguish between Xccor ID-A
and isolates of Xhc (Meng et al.,, 2004; Poplawsky et al., 2004). PCR with
XhcPPO02, 03, 04, and 05 failed to yield a single product of expected size from any
of the 23 bacterial isolates associated with plant surfaces (Table 2.6). Reactions
with XhcPP04 resulted in multiple, faint, and non-specific amplified products from
many of the tested isolates. Therefore, amongst the bacteria that we tested, the
primer pairs, XhcPP02, 03, 04, and 05 appeared to be specific to Xhc.

We did post hoc analysis to determine if regions that XhcPP02-05
annealed to corresponded to any CDSs. One of the XhcPP02 primers annealed to
XHC_2981 (TetR regulator) and the other annealed to an intergenic region.
Genes homologous to XHC_2981 are present in other soil bacteria, but none
were detected in genomes of xanthomonads. XhcPP03 annealed to XHC_ 4113
and XHC_4114 (both are annotated as “hypothetical”’). Homologs are present in
other xanthomonads but unlike Xhc M081, are not clustered and not within an
amplifiable distance. XhcPP04 annealed to XHC_4117 (membrane fusion
protein). Here too, homologs are present in other xanthomonads but we observed
very little nucleotide homology. Finally, XhcPP05 annealed to XHC_4175
(“hypothetical”), which is unique to Xhc MO081, and XHC_ 4176 (patatin-like
protein). The genomic regions corresponding to these four primer pairs are thus
strong candidates for use in developing molecular diagnostic tools for detecting
contamination of Xhc on carrot seeds, irrespective of the global regions in which

the seeds are produced.
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DISCUSSION

The semi-arid climate of the Pacific Northwest region of the United States
and Canada is ideal for carrot seed production. In this region, epiphytic
populations of Xanthomonas hortorum pv. carofae on umbels can infect
developing seeds without eliciting foliar disease. As a consequence, Xhc can be
unknowingly abundant on seeds harvested from production fields, which then
serves as the inoculum for bacterial blight on carrots grown in other regions more
conducive for disease development (Toit et al., 2005). The asymptomatic
‘epidemic’ of epiphytic colonization of the seed crops frequently necessitates hot
water treatment of seed lots to reduce the seed-borne populations of Xhc. Hot
water treatment, however, is expensive and potentially injurious to seeds.

Diagnosing seed lots for contamination by Xhc is therefore critical but often
time-consuming owing to the common use of dilution plating to enumerate Xhc
before and after treatment. As a step towards developing confident and facile
detection methods for Xhc, we used an lllumina IIG to determine the genome
sequence of Xhc M081, an isolate found on infected carrots grown in central
Oregon. Short-reads were de novo assembled and contigs ordered based on a
syntenic reference genome sequence to develop an improved, high-quality draft
genome sequence. The genome sequence of isolate M081 of Xhc is thus the first
for this clade and is important towards filling in the gaps along the phylogenetic
tree of Xanthomonas for understanding evolutionary relationship and genetic

diversity within this genus of important plant pathogens.
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The observed long-range synteny to representative isolates of foliar
xanthomonads except Xoo could simply be a consequence of our efforts to use
the Xcc ATCC 33913 genome to order the contigs of Xhc M081. Several points
suggest otherwise. The genome of Xhc M081 was de novo assembled and
synteny to examined genomes of Xanthomonas species was found both within
and across its contigs, with the exception of Xoo. Furthermore, the majority of
genomic regions greater than one kb and unique to Xhc as well as the regions
inverted relative to Xac and Xcv were wholly contained within contigs. Finally,
analysis of GC skew showed a general bias of guanine in the leading strand
indicating that there was no overt incorrect ordering of contigs (Fig. 2.1; (Rocha,
2004; Arakawa and Tomita, 2007)). Together, these observations justified the use
of the Xcc ATCC 33913 genome to order the contigs of Xhc M081 and indicated
that the observed synteny is a true reflection of similarities in genome structures
rather than an artifact of our in silico efforts to improve the genome.

The high-quality draft genome sequence of Xhc was derived from short
reads and improved using only in silico approaches. This requires an
acknowledgement of potential limitations. Unlike finished genomes, the draft
assembly of Xhc still had a considerable number of ambiguous bases, which we
did not attempt to resolve. These did not appear to have a significant effect on our
analysis because the number of annotated CDSs was similar to other
xanthomonads. Repeated sequences such as tandem repeats or duplicate
regions in the genome are particularly challenging for short-read assembly (Pop

and Salzberg, 2008). For example, Xcc ATCC 33913 is reported to have two
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rRNA-encoding operons; we only identified one in Xhc M081. We suspect our
sequenced isolate also has two rRNA-encoding operons but they collapsed into
one contig.

Analysis of the Xhc M081 genome provided insights into mechanisms of
pathogenesis. We found a complete gum gene cluster, which is hypothesized to
have been acquired by horizontal gene transfer and an important acquisition for
the evolution of pathogenesis by xanthomonads (Lu et al., 2008). Similarly, Xhc
MO081 encoded for a cluster of rpf genes, which is not surprising considering that
these genes were likely present early in the evolution of Xanthomonadaceae (Lu
et al., 2008). We also found clusters of genes that encode a type IV and type lll
secretion system. The T4SS-encoding gene cluster of Xhc M081 was fragmented
and we hesitate in speculating on its functionality. In contrast, inspection of the
T3SS-encoding region suggested it to be functional and the necessity for T3SS in
pathogenesis by foliar pathogens of Xanthomonas is well demonstrated. The
T3SS delivers type Il effector proteins with demonstrable roles in dampening and
eliciting host defense (White et al., 2009). We identified 21 candidate type Il
effector genes and the products from two, AvrBs2x,. and XopQxx. elicited HRs
when transiently overexpressed in Nicotiana spp.

These so-called ‘avirulence’ proteins are potential targets for the
development of carrot cultivars resistant to Xhc through introgression of the
corresponding R genes, assuming Bs2 and the R gene corresponding to xopQ
are present in the carrot germplasm. It is, however, unclear whether resistance

gene-mediated control can provide durable control. AvrBs2 is nearly ubiquitous
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and is required for full virulence by foliar Xanthomonas pathogens. However, Bs2
resistance in pepper incurs such a strong negative selective pressure that Xcv
isolates with mutations in avrBs2 with little to no cost in virulence are prominent
(Swords et al., 1996; Gassmann et al., 2000; Leach et al., 2001).

We found no evidence for genes of Xhc M081 that encode for members of
the transcriptional-activator like (TAL) family of type Il effectors (Boch et al.,
2009; Moscou and Bogdanove, 2009). TAL effectors are characterized by a
variable number of amino acid repeating motifs, nuclear localization signals and
acidic transcriptional activation domain. The repeated sequences could be difficult
to accurately assemble, but hallmarks of TAL effector genes should still be
detectable. We searched but failed to identify any hallmarks of TAL-encoding
genes and thus suspect the absence of TAL-encoding genes from Xhc M081 is a
true reflection of its repertoire of type Il effectors rather than of the limitations of
short-read assembly.

The genome sequence of Xhc MO081 will be useful for developing
molecular detection methods for diagnosing Xhc contamination on carrot seeds.
We developed primer pairs XhcPP02-05 that specifically amplified a fragment of
DNA from eight globally dispersed isolates of Xhc but not from other species of
Xanthomonas, another pathovar of X. hortorum, or other bacteria commonly
associated with plants. Practical implementation of these primers, however, will
require additional testing against a larger collection of bacteria associated with
carrot seed. Furthermore, to advance molecular diagnostics for Xhc, we intend to

use the genomic regions corresponding to these primer pairs to develop primers
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for use in loop-mediated isothermal PCR (LAMP; (Mori and Notomi, 2009; Temple
and KB, 2009)). This method shows tremendous potential because it is quick to
perform and obviates the need for dilution plating. LAMP also shows superior
performance to quantitative PCR because of its robustness in the presence of
PCR inhibitors (Temple and Johnson, unpublished data), and can be performed in
various conditions/facilities with limited equipment and resources (Mori and
Notomi, 2009).

The improved, high-quality draft genome sequence of Xhc M081 also has
potential use towards molecular typing of Xhc. Primer pairs XhcPP08, 13, and 14
yielded similarly-sized PCR products from isolates from the Northern hemisphere
(XhcPNW1, XhcPNW2 and XhcFr1). In contrast, these primer pairs resulted in
polymorphic banding patterns when diagnosing isolates of Xhc from the Southern
hemisphere. Primer pairs XhcPP13 and XhcPP14 failed to yield a product from
Xhc_Ch1, while primer pairs XhcPP08 and XhcPP13 failed to yield a product from
Xhc_Ch3. Primer pair XhcPP13 failed to amplify a fragment of DNA and primer
pair XhcPPO08 yielded a larger sized product from isolate Xhc_Ar1.

The standard we attempted to adhere to is considered sufficient for
genome mining and comparative approaches (Chain et al., 2009). Genome
sequencing and comparative genomic analysis have been done for numerous
bacterial plant pathogens to identify virulence factors, better understand
phylogenetic relationships among closely-related bacterial species, and identify
sequences of DNA novel to a species for potential application to molecular

detection technologies. Our sequencing and generation of an improved, high-
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quality draft genome sequence for an isolate of X. hortorum has strong potential
for developing diagnostic tools for management of Xhc and provided a greater

understanding of this economically important bacterial pathogen.

EXPERIMENTAL PROCEDURES
Bacterial strains and plasmids

All bacterial strains and plasmids used in this study are listed in Table 4.
Xanthomonas isolates and Pseudomonas syringae pv. tomato DC3000 were

grown in King’s B media at 28°C. E. coli and Agrobacterium tumefaciens GV2260
were grown in Luria-Bertani (LB) media at 37°C and 28°C, respectively. The
following concentrations of antibiotic were used: 50 ug/ml rifampicin (100 ug/mi
for A. tumefaciens), 25 ug/ml gentamycin, 30 ug/ml kanamycin (100 ug/ml for A.
tumefaciens), and 50 ug/ml cycloheximide.

Molecular techniques

To prepare genomic DNA for high-throughput sequencing, we isolated
genomic DNA from Xhc M081 using osmotic shock and alkaline lysis followed by
a phenol/chloroform extraction. DNA was prepared for lllumina sequencing
according to the instructions of the manufacturer (lllumina, San Diego, CA). We
used paired-end sequencing of 36mers (3 channels) and 76mers (1 channel).

To test primer pairs for molecular diagnostics of Xhc, PCRs were
carried out in 25 pl reaction mixtures containing 1 X ThermoPol Buffer
(20 mM Tris-HCI, 10 mM (NH4)2SO4, 10 mM KCI, 2.0 mM MgSOy, 0.1 % Triton X-
100, pH 8.8 @ 25°C), 250 pM of dNTPs, 3.0 mM MgCl,, 1.0 uM of each primer

(Table 5), 2.0 units Taqg and Pfu DNA polymerase (25:1 mixture), and 2.5 pl of
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template genomic DNA. Cycling parameters for PCR were: 94°C for 2 min,
followed by 35 cycles of 94°C for 15 sec, 62.7°C for 20 sec, and 72°C for 45 sec,
with a final extension of 72°C for 1 min.

To clone candidate type Il effector genes, we used primer pairs in a two-
step PCR for the CDSs of avrBS2 and xopQ ((Chang et al., 2005); Table 5). DNA
fragments were cloned into pDONR207 using BP Clonase following the
instructions of the manufacturer (Invitrogen, Carlsbad, CA). The CDS for hopQ1-1
was previously cloned in pDONR207 (Chang and Dangl, unpublished). All three
CDSs were cloned into pGWB14 using LR Clonase ((Nakagawa et al., 2007);
Invitrogen, Carlsbad, CA).

To prepare PCR fragments for Sanger sequencing, products were treated
with Exol and SAP for 20 minutes at 37°C followed by 40 minutes at 80°C.
Sanger and lllumina sequencing were done at the Center for Genome Research
and Biocomputing Core Labs (CGRB; Oregon State University, Corvallis, OR).

Genome assembly

The last four and six bases were trimmed off from the 36mer and 76mer
reads, respectively, and all short reads that had ambiguous bases, as well as its
paired read, were removed. We used Velvet 0.7.55 to de novo assemble the
reads, and the highest-quality assembly was identified using methods previously
described (Zerbino and Birney, 2008; Kimbrel et al., 2010). We used Mauve
Aligner 2.3 (default settings) and the genome sequence of X. campestris pv.
campestris str. ATCC 33913 as a reference to order the Xhc M081 contigs (Da

Silva et al., 2002; Rissman et al., 2009). We used an automated method, as
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previously described, to annotate the improved high-quality draft genome
sequence of Xhc M081 (Delcher et al., 1999; Giovannoni et al., 2008; Kimbrel et
al., 2010).

Bioinformatic analyses

Circular diagrams were plotted using DNAplotter ((Carver et al., 2009);
http://www.sanger.ac.uk/Software/ Artemis/circular/).

Synteny plots were generated by first identifying all the unique 25mers
present within the genome sequences for Xcc str. ATCC 33913, Xac str. 306, Xcv
str. 85-10, and Xoo PXO99A (Da Silva et al., 2002; Thieme et al., 2005; Salzberg
et al.,, 2008). We used CASHX to map the unique 25mers to the genome
sequence of Xhc M081 and R to display perfect matching 25mers relative to their
coordinates in the respective genomes (Fahlgren et al., 2009; R Development
Core Team).

Phylogenomic relationships of Xhc M081 to other isolates of Xanthomonas
were determined using HAL (Table 4; (Robbertse et al.,, 2006);
http://aftol.org/pages/Halweb3.htm). The tree was Vvisualized using the
Archaeopteryx and Forester Java application
(http://www.phylosoft.org/archaeopteryx/ (Zmasek and Eddy, 2001)).

For MLSA, we extracted partial sequences of dnaK, fyuA, gyrB, and rpoD
from the genome sequence of Xhc M081. Sequences were concatenated and
used in comparisons with corresponding sequences as previously determined
(Young et al., 2008). Neighbor-joining trees were generated with 1000 bootstrap

replicates.
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To identify regions unique to Xhc M081, we used BLASTN to compare the
Xhc M081 genome to Xcc, Xac, Xcv and Xoo (e-value > 1 x 10”). Contiguous
regions larger than 1 kb were used as queries in BLASTN searches of the NCBI
nr/nt database. The NCBI Primer-BLAST was used to design PCR primers
specific to these regions of the Xhc M081 genome by excluding those that could
potentially amplify known xanthomonad sequences (taxid:338;
http://www.ncbi.nlm.nih.gov/tools/primer-blast/).

Identifying candidate type lll effector genes

We used a Perl regular expression to search for the PIP-box sequence,
TTCGB-N1s-TTCGB, where B is any base except adenine (Fenselau and Bonas,
1995; Tsuge et al., 2005). CDSs were classified as candidate type Il effectors if
they met both of the following criteria. The CDS must be no more than 300 bp
downstream of an identified PIP-box. Secondly, the translated sequence of the
CDS must have no or low homology to sequences with annotated functions not
normally associated with type Ill effector proteins. Amino acid sequences of
confirmed type lll effectors from xanthomonads and other phytopathogens were
also used as queries in BLASTP searches (e-value < 1 x 10”) against the 4,493
Xhc M081 translated CDSs (www.xanthomonas.org; (White et al., 2009; Kimbrel
et al., 2010)).

Agrobacterium-mediated transient expression

Binary vectors carrying candidate type lll effector genes were mobilized
into A. tumefaciens GV2260 via three-way conjugation. Bacteria were grown
overnight in King’'s B media, washed in 10 mM MgCl;, and resuspended to an

ODeqo of 1.0. A blunt syringe was used to infiltrate bacteria into leaves of six-week
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old wild-type Nicotiana tabacum, Nicotiana benthamiana, or transgenic N.
benthamiana constitutively expressing the BsZ2 resistance gene (Tai et al., 1999).
Leaves were scored 24 hpi.

Plants were maintained in a growth chamber cycling 9 hours light/25°C

daytime, and 15 hours dark/20°C.
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Figure 2.1. Circular representation of the improved, high-quality draft
genome sequence of Xhc M081.

Circle 1 (outer) designates the coordinates of the genome in half million base pair
increments (red tick marks denote contig breaks); circles 2 and 3 show predicted
CDSs as gray lines on the positive and negative strands, respectively; circle 4
shows CDSs with homology to at least one other gene in other xanthomonads (e-
value < 1 x 107); circle 5 shows regions of Xhc M081 larger than one kb with no
detectable homology to genomes of other xanthomonads; asterisks highlight the
locations for the Xhc-specific primer sets XhcPP02 (between genome coordinates
3.0-3.5) XhcPPO03-05 (in numerical order starting near genome coordinate 4.5;
see also tables 2, 5 and fig. 4); circle 6 shows deviations from the average GC%
of 63.7% (black = greater and orange = lower); and circle 7 shows GC skew with
bias for and against guanine as black and orange, respectively.
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Figure 2.2. Synteny plots comparing the genome structure of Xhc M081 to
genomes of other Xanthomonas species.

Unique 25mers from Xcc, Xac, Xcv, and Xoo were compared to the improved,
high-quality draft genome sequence of Xhc M081. The start positions of all
matching pairs were plotted in an XY graph with the coordinates of the genome of
Xhc M081 along the y-axis and the coordinates of the genomes of Xcc, Xac, Xcv,
and Xoo along the x-axis (see table 4). The termini are located at the approximate
mid-way point for each comparison. Genome scales are shown in one Mb
increments.
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Figure 2.3. Isolate M081 groups with X. hortorum.

a) Unrooted phylogenomic tree of ten Xanthomonas isolates based on a super
alignment of 1776 translated sequences. Abbreviations are as described in the
text and accession numbers are presented in table 4. Bootstrap support for nodes
(r = 1000) were all 100. The branch length for X. albilineans was 0.232. b)
Neighbor joining tree of concatenated nucleotide sequences for partial dnakK,
fyuA, gyrB, and rpoD genes from Xanthomonas strains. A portion of the tree is
presented, focusing on the X. hortorum-cynarae-garnderi group. Numbers
indicate bootstrap support (r = 1000). The scale bars indicate the number of
amino acid substitutions per site.
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Figure 2.4. AvrBs2x,. and XopQx,: elicit a hypersensitive response in
tobacco plants.

Plants were challenged with ODgoo = 1.0 of Agrobacterium tumefaciens carrying
avrBs2, xopQ, or hopQ17-1 under the regulation of the CaMV35S promoter. (a)
Wild-type and transgenic N. benthamiana, expressing Bs2, were challenged with
A. tumefaciens carrying avrBs2 (Tai et al., 1999). (b) Wild-type N. tabacum was
challenged with A. tumefaciens carrying xopQ or hopQ7-1. Twenty-four leaf
panels were infiltrated per experiment and experiments were repeated three times
with identical results (percentage with a response are shown). Plant responses
were scored 24 hours post infection.
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Figure 2.5. A panel of molecular markers specific to Xhc.

An inverse image of a 1X TAE agarose gel showing amplified products from
genomic DNA extracted from Xhc M081. The primer pairs used are shown along
the top. Their expected fragment lengths were 1041, 1266, 620, 1119, 875, 517,
651, 900, and 300 bp, respectively. Primer pairs 9B and 3S are from (Meng et al.,
2004). The 500 and 1000 base markers from the 100 bp DNA ladder (NEB,
Quick-Load) are shown.
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Figure 2.6. Complete neighbor joining tree of concatenated nucleotide
sequences for partial dnaK, fyuA, gyrB, and rpoD genes from Xanthomonas

strains (Young et al., 2008).

Numbers indicate bootstrap support (r =
number of amino acid substitutions per site.

1000). The scale bars indicate the



Table 2.1. Comparison of Xanthomonas genome characteristics

Isolate* Xhc' Xcc Xcv Xac Xoo
Genome Size (Mb) 5.062 5.076 5.178 5.176 5.240
GC% 63.7 65.1 64.7 64.8 63.6
# CDSs 4493 4179 4487 4312 4988
Avg. length of CDSs (bp) | 985 1032 1005 1032 856
Coding % 87.4 84.9 87.4 86.2 81.8

*See table 2.4; 'Based on improved, high-quality draft genome sequence



Table 2.2. Candidate type lll effectors of Xhc M081

Gene* e-value' Name/function Distance from PIP-box (bp)*
0064 0.0 avrBs2 64

0287 6x 10 x0opR 63

0288° 1x10™ x0pR 76

0818 0.0 X0pAG not found
1217 0.0 xopQ 74

1402 0.0 XopF1 863
1403 7x10" xopZ not found
1405 2x10"" hroW' not found
1411 1x10™ hpaA not found
1431 0.0 xopX not found
1432 0.0 xopX not found
4256/4257° | 0.0 x0pAD not found
4368 8 x 107 xopAE/hpaF 41

4426 1x 107 avrXccA1 not found
4439 2x 107" xopT not found
0140 n/a Hypothetical 34

0803 n/a Hypothetical 472
1218 n/a Hypothetical 70

2239° n/a Hypothetical 151

2558 n/a Hypothetical 68

3774 n/a Hypothetical 166
44377 n/a Hypothetical 204

50

‘CDS identifier number, TBLASTX; j"Dlstance of predicted start codon from the 3’
end of the PIP- box ¥Unlque to Xhc M081; Helper protein secreted by T3SS; n/a
= not applicable; SPotential pseudogene (see corresponding text).
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Table 2.3: Evaluation of oligonucleotide primers for specific detection of

Xhc

Primer Pair

XhcPP)*

Primer Pair*

Strain

02

03

04

05

oB*

3st

LAMPS

Xhc M081

+

+

+

+

+

XhcPNWA1

XhcPNW2

+ |+

XhcFr1

XhcAr1

+|+|+|+|+]|=

XhcCh1

XhcCh2

XhcCh3

+ 4|+ ]|+ ]|+

+ 4|+ ]|+ ]|+

+ 4|+ ]|+ ]|+

S E% N RN S R N

+| 4+

+| 4|+ +]

+ 4|+ ]|+ ]|+

S E% N RN S R N

Xcc ATCC 33913

Xcv MTV1

Xccor ID-A

+

+

+

Xhh ATCC 9653

+

*+ = Primer pair yielded a product of expected size (see Fig.

4); - = Primer pair
failed to yield a product; "Product was not of expected size (1.2 kb). ¥(Meng et al.,
2004); §(Temple and KB, 2009).




Table 2.4. Strains and plasmids used in this study
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Strain or plasmid

| Relevant Information

| Reference or source

Strain

Escherichia coli DH5a

F ®80dlacZAM15 recA1 endA1
gryA96  thi-1  hsdR17 (1K
mK")supE44 relA1 deoRA(lacZY-
argF)u169

Gibco-BRL

Xanthomonas hortorum pv. carotae | Wild-type This study
MO081

Xanthomonas hortorum pv. carotae | Isolated from carrot seed lot | This study
PNW1* produced in USA

Xanthomonas hortorum pv. carotae | Isolated from carrot seed lot | This study
PNW2* produced in USA

Xanthomonas hortorum pv. carotae | Isolated from carrot seed lot | This study
Fr1* produced in France

Xanthomonas hortorum pv. carotae | Isolated from carrot seed lot | This study
Ar1* produced in Argentina

Xanthomonas hortorum pv. carotae | Isolated from carrot seed lot | This study
Ch1* produced in Chile

Xanthomonas hortorum pv. carotae | Isolated from carrot seed lot | This study
Ch2* produced in Chile

Xanthomonas hortorum pv. carotae | Isolated from carrot seed lot | This study
Ch3* produced in Chile

Xanthomonas hortorum pv. Type strain Vauterin et al., 1995
hederae ATCC 9653

X. campestris pv. coriander ID-A Isolated from coriander seed lot

produced in Oregon, USA

Xanthomonas campestris pv. | Type strain
campestris ATCC 33913
Xanthomonas campestris pv. | Wild-type This study
vesicatoria MTV1
Agrobacterium tumefaciens | Wild-type, Rif*
GV2260
Pseudomonas syringae pv. tomato | Wild-type, Rif®
DC3000
Plasmids
pDONR207 Gateway entry vector, Gm" Invitrogen
pDONR207:avrBs2 CDS of avrBs2 in entry vector This study
pDONR207:xopQ CDS of xopQ in entry vector This study
pDONR207:hopQ1-1 CDS of hopQ71-1 in entry vector Chang and Dangl,
unpublished
pGWB14 Gateway destination vector, plant
expression binary; CaMV35S, C-
term 3XHA, Kan®
pGWB14:avrBs2 Plant expression binary with CDS | This study
of avrBs2
pGWB14:xopQ Plant expression binary with CDS | This study
of xopQ
pGWB14:hopQ1-1 Plant expression binary with CDS | This study

of hopQ1-1

Used for genome comparisons
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Xanthomonas alblineans NC 013722
Xanthomonas  campestris  pv. | NC_003902
campestris str. ATCC33913

Xanthomonas  campestris  pv. | NC_007086
campestris str. 8004

Xanthomonas  campestris  pv. | NC_010688
campestris str. B100

Xanthomonas axonopodis pv. citri | NC_003919
str. 306

Xanthomonas  campestris  pv. | NC_007508
vesicatoria str. 85-10

Xanthomonas oryzae pv. oryzae | NC_006834
KACC10331

Xanthomonas oryzae pv. oryzae | NC_007705
MAFF 311018

Xanthomonas oryzae pv. oryzae | NC_010717

PXO99A

*Isolates recovered from seed lots were typed as Xhc based on growth on XCS
and YDC media and for positive amplification with Xhc-specific PCR and LAMP

primers (data

not shown).
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Table 2.5. Sequences of oligonucleotides used in this study
Primer Sequence of top strand primer | Sequence of bottom strand | Product
Pair (510 3) primer (5 to 3’) Length (bp)
XhcPP01 | TTGCGGCCGGCAAAATGCAC | CTACGATCAGGCGGCGCAGG 1323
XhcPP02 | ACGCAGGCAGACACGACACG | GCGCTTTCGCTCAATGGCGG 1041
XhcPP03 | TGGGTGCCATAGCGTTGCGG | TGCGCCTCTGGTTGCACTCG 1226
XhcPP04 | CTCCACGCGCAGGTCCAGTG | GAGAAGCCTGGCTGACGCCG | 620
XhcPP05 [ ACAGGCCGAGTCGCAACAGC [ TGCTGCCGCGAAACCCGATT 1119
XhcPP06 | AATGGATGTGGCCGCACGGG | GGTTGCGCTGGATGCGGTCT 963
XhcPP07 | AGATCGATGCGCTCGGCAGC | TTCCGACGCCGTCACCTTGC 1405
XhcPP08 [ GCGCATCCATTTGCCAGCCG [ CCCGCTCTTGCTCACCTGCC 875
XhcPP09 | GTTGCTTGGCGTGCGTGGTG | CGCGTGGTGGGAGCGTTCTT 1038
XhcPP10 | AGCTGTTGCCGGAACTCGCC | GCGCAGACCACGAAGTCGCT 1207
XhcPP11 | GCTGGGCTCGTCGGCGTATC | GGGAATGCCGCGTTGGTGGA 1224
XhcPP12 | TAGCTGTTGCTGCACGGCCC | TCGTTGCGCCCTCGTTGTCC 1437
XhcPP13 | AGCGGCAGCCGAGAACAACC [ GCGCGCGCTACGAGATGAGT 517
XhcPP14 | ATCGGCCTGTGCAACGGTGG | ACGCGCTGCGCTGAAGAGTT 651
XhcPP15 | CATTGCGCGCATACACCGCC | CGTTGGCGCAGGTGGGGATT 552
XhcPP16 | TGTCGAACAGCCGCCCGAAC | CAGCAGTGCGGACACGCAGA | 979
XhcPP17 | TCGGGCACTTGAAGGCGCAG | GTCGGTCGCGCCGTAGATGG 523
XhcPP18 | AACTCGCGCGTTCTTGCGGA | TGGCGCAACGGGGATTGGTC 666
9B CATTCCAAGAAGCAGCCA TCGCTCTTAACACCGTCA 900
3S TGCCTGGCTACGGAATTA ATCCACATCCGCAACCAT 300
XopQ CAAAAAAGCAGGCTCCATGG | GAAAGCTGGGTGTTTTTCAGA | 1379
ATTCCATCAGGCATCGCCCC | AGCAAGCGCCAC
AvrBs2 CAAAAAAGCAGGCTCCATGC | GAAAGCTGGGTGCTGCTCCGG | 2157
GTATTGGTCCTTTGCAACC CTCGATCTGTTTGGC
XopX AGCTTGGTCGCATGTTCACC TCTGCGAAACAGAGCATTGG 828
XopR CATTGACGGCAGCTGCTTGC | ATAACGATGCGATACAGCG 666
HrcC, ATACCGATCAGACCGATCTG GGCAATCCGCGATGTATCC 600
hpa1,
hpa2
B1 and | GGGGACAAGTTTGTACAAAAA | AGATTGGGGACCACTTTGTAC | Gateway
B2 AGCAGGCT AAGAAAGCTGGGT cloning

*(Meng et al., 2004).
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Table 2.6. Testing XhcPP against other plant-associated bacteria

Bacteria tested’

XHCPP02*

XHCPPO3*

XHCPP04*

XHCPPO5*

Xhc M081

1041

1266

620

1119

Acinetobacter sp.

N

N

N

Agrobacterium radiobacter

N

N

Agrobacterium tumefaciens

*

*

Bacillus cereus

Bacillus licheniformis

N

#H K O *

*Z

Bacillus mycoides

*

Bacillus sp.

*Z

*Z

Dickeya spp.

*

Enterobacter cloacae

Erwinia persicina

*Z

"Z

Frondihabitans spp.

*

Massilia spp.

'OK'OK'OK*ZZZ

*Z

Methylobacterium spp.

1 Z|1ZZ|Z|1Z|Z|Z|1Z|1Z(Z2|Z|1Z(Z

*Z

Pantoea agglomerans

Pectobacterium betavasculorum

*

Pectobacterium carotovorum
subsp. atrosepticum

Zz | Z

Pectobacterium carotovorum

subsp. carotovorum

*

*

Pseudomonas putida

Pseudomonas reactans

*Z

*Z

"Z

Pseudomonas syringae

Pseudomonas tolaasii

*Z

Ralstonia metallidurans

1Z|1Z

1Z|1Z

'OK'OK'IKZZ

*Z

Sphingomonas spp.

pd

pd

pd

"ested bacteria are from a culture collection maintained by V. O. Stockwell and
J. E. Loper (USDA ARS Horticultural Laboratory in Corvallis, OR). Isolates were
typed based on sequencing of the 16S-23S rRNA intergenic spacer region and
other biochemical methods (V. O. Stockwell, personal communication). For PCR,
cell suspensions of the bacteria were prepared at 5 x 10° cfu/ml and boiled for 10
min. Five pl of boiled suspensions were used as templates for PCR. All reactions
were done in duplicate with similar results. PCR conditions were as described in

experimental procedures.

*Sizes of expected fragments based on those amplified from Xhc M081 are
shown; N = no amplified product; *single, faint, and non-specific band of < 600 bp;

*two~four non-specific bands.
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ABSTRACT

Background: Pseudomonas fluorescens is a genetically and physiologically
diverse species of bacteria present in many habitats and in association with
plants. This species of bacteria produces a large array of secondary metabolites
with potential as natural products. P. fluorescens isolate WH6 produces
Germination-Arrest Factor (GAF), a predicted small peptide or amino acid analog
with herbicidal activity that specifically inhibits germination of seeds of

graminaceous species.

Results: We used a hybrid next-generation sequencing approach to develop a
high-quality draft genome sequence for P. fluorescens WH6. We employed
automated, manual, and experimental methods to further improve the draft
genome sequence. From this assembly of 6.27 megabases, we predicted 5876
genes, of which 3115 were core to P. fluorescens and 1567 were unique to WH6.
Comparative genomic studies of WH6 revealed high similarity in synteny and
orthology of genes with P. fluorescens SBW25. A phylogenomic study also placed
WHG6 in the same lineage as SBW25. In a previous non-saturating mutagenesis
screen we identified two genes necessary for GAF activity in WH6. Mapping of
their flanking sequences revealed genes that encode a candidate anti-sigma
factor and an aminotransferase. Finally, we discovered several candidate
virulence and host-association mechanisms, one of which appears to be a

complete type Il secretion system.
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Conclusions: The improved high-quality draft genome sequence of WH6
contributes towards resolving the P. fluorescens species, providing additional
impetus for establishing two separate lineages in P. fluorescens. Despite the high
levels of orthology and synteny to SBW25, WH6 still had a substantial number of
unique genes and represents another source for the discovery of genes with
implications in affecting plant growth and health. Two genes are demonstrably
necessary for GAF and further characterization of their proteins is important for
developing natural products as control measure against grassy weeds. Finally,
WHBG6 is the first isolate of P. fluorescens reported to encode a complete T3SS.
This gives us the opportunity to explore the role of what has traditionally been

thought of as a virulence mechanism for non-pathogenic interactions with plants.

BACKGROUND

Pseudomonas fluorescens is a diverse species of bacteria that is found
throughout natural habitats and associated with plants. Contributing to their
diverse lifestyles is their ability to produce an equally diverse array of secondary
metabolites that affect interactions with hosts and other inhabitants of their
ecosystems. Some isolates benefit plants by producing growth promoting
hormones or antimicrobial compounds to control against pathogens (Haas and
Défago, 2005). Others are deleterious and have the capacity to synthesize and
secrete novel compounds that negatively affect growth of plants (Li et al., 2003;

Flores-Vargas and O'Hara, 2006; Armstrong et al., 2009).
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The physiological diversity of P. fluorescens is mirrored by its tremendous
genetic diversity. However, the genetic diversity may reflect the possibility that P.
fluorescens is not a single species, but rather a complex of at least two lineages.
Molecular phylogenetic studies of 16 isolates suggested P. fluorescens should be
represented by the P. chlororaphis and P. fluorescens lineages (Yamamoto et al.,
2000). Alternatively or additionally, P. fluorescens may have an open pan genome
(Medini et al.,, 2005; Tettelin et al., 2008). Finished genome sequences are
available for the SBW25, Pf-5, and Pf0-1 isolates of P. fluorescens (Paulsen et
al., 2005; Silby et al., 2009). Their genomes exceed 6.4 megabases and their
relatively large sizes are not unexpected for free-living bacteria (Merhej et al.,
2009). Comparative analyses of the three isolates of P. fluorescens revealed
substantial variation in diversity of genome content and heterogeneity in genome
organization (Silby et al., 2009). Each genome has 1,000 to nearly 1,500 unique
genes when compared to each other.

Plant-associated isolates of P. fluorescens potentially have mechanisms
for interacting with plants. Many Gram-negative bacteria use a type Ill secretion
system (T3SS) to interact with their hosts (Galan and Wolf-Watz, 2006). The
T3SS is the most complex of the bacterial secretion systems and is typically
encoded by a large cluster of genes arranged as a single superoperon. Its
function is to inject type Il effector proteins directly into host cells (Galan and
Wolf-Watz, 2006; Grant et al., 2006). These type lll effectors are important host-
range determinants of plant pathogenic bacteria because they perturb and

potentially elicit plant defenses (Jones and Dangl, 2006).
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It is unclear as to how prevalent T3SS-encoding regions are in P.
fluorescens. Nearly 60% of a surveyed collection of P. fluorescens strains had a
homolog of rscN, which encodes the ATPase of the T3SS (Rezzonico et al.,
2004). However, it is not known whether all genes necessary to complete the
T3SS are present in these isolates. Of the three completed genomes, genes
encoding the T3SS are present only in SBW25. Several important or typically
conserved genes are missing or truncated in the T3SS-encoding locus of SBW25
(Preston et al., 2001). Despite the cryptic appearance of the T3SS, when
constitutively expressing the transcriptional regulator of the T3SS, SBW25 could
deliver a heterologous type Il effector into plant cells, suggesting the T3SS may
still be functional (Preston et al., 2001).

The role of the T3SS for the lifestyle of P. fluorescens is still unclear. In
SBW25, despite the cryptic T3SS, single mutants of some but not all the
remaining T3SS-encoding genes were reduced in fitness in the rhizosphere of
sugar beets (Jackson et al., 2005). This is not unheard of, as mutants of
seemingly cryptic T3SS in pathogens are compromised in virulence (ldeses et al.,
2005). However, in the case of SBW25, the T3SS mutants were also
compromised in growth in vitro (Jackson et al., 2005). A T3SS mutant of the
biocontrol isolate P. fluorescens KD was compromised in its ability to protect
cucumbers against damping-off disease caused by Pythium ultimum (Rezzonico
et al., 2005). This may be a result of KD requiring a functional T3SS to elicit host
defenses, thereby indirectly protecting against P. ultimum or potentially as a direct

mechanism against the pathogen.
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We are interested in exploiting P. fluorescens for control of grassy weeds.
We have previously reported the selection, isolation, and characterization of five
strains of P. fluorescens that inhibit germination of seeds of grassy weeds
(Banowetz et al.,, 2008). Further characterizations led to the identification of
Germination-Arrest Factor (GAF) produced by these isolates. GAF is a small,
extremely hydrophilic secreted herbicide that reacts with ninhydrin and possesses
an acid group, suggestive of a small peptide or amino acid analog (Armstrong et
al., 2009; Banowetz et al., 2009). In particular, the high specificity of GAF towards
grasses and inhibitory activity at only certain developmental stages during seed
germination provides promise for its potential as a natural herbicide for the control
of grassy weeds in grass seed production and turf management settings.

We selected P. fluorescens WHG6 as the archetypal GAF-producing isolate.
WHG6 was extracted from the rhizosphere of Poa sp. and Triticum aestivum at the
Hyslop Research Farm in Benton County, Oregon, USA (Banowetz et al., 2008).
We sequenced and developed an improved high-quality draft sequence for WH6
using a hybrid lllumina and 454-based sequencing approach. This standard is
considered sufficient for our purposes of assessing gene inventory and comparing
genome organization (Chain et al., 2009).

Comparative genomic analysis showed a high number of orthologous
genes and strong similarity in genome organization between WH6 and SBW25.
Phylogenomic analysis supported this observation and placed WH6 in the same
lineage as SBW25, or the proposed P. fluorescens lineage. The high similarity in

orthology and genome organization is in contrast to previous observations of P.
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fluorescens and in comparisons of WH6 to Pf-5 or Pf0-1 (Silby et al., 2009). From
a non-saturating Tn5-mutagenesis screen of WH6, we previously identified two
mutants compromised in GAF activity (WH6-2::Tnb5 and WH6-3::Tn5; (Armstrong
et al., 2009)). Mapping of DNA sequences flanking the two mutants revealed
genes encoding proteins with potential functions in regulation and biosynthesis of
GAF. Finally, inspection of the WH6 genome revealed several candidate host-
association mechanisms, including what appears to be a complete type Ill and

two complete type VI secretion systems.

RESULTS AND DISCUSSION:
Sequencing and developing an improved, high-quality draft genome
sequence

We used an lllumina and a 454 FLX GS LR70 to sequence the genome of
WHG6 (Table 3.1). The theoretical coverage using all filtered reads was estimated
to be 316x assuming a genome size of approximately 6.5 megabases. We
employed a number of steps to meet the standards of an improved, high-quality
draft genome sequence of WH6 for comparative purposes. We used Velvet
0.7.55, combinations of short-reads, and a variety of parameter settings to de
novo assemble the short reads to generate approximately 75 different assemblies
(Zerbino and Birney, 2008). We developed and used ad hoc Perl scripts with an
associated visualization tool to compare each of the different assemblies to each
other. This step enabled us to eliminate entire assemblies with large contigs not

supported by any other assembly.
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We identified a single high-quality de novo assembly based on nearly 24
million reads from all three sequencing methods (Table 3.1). The Velvet
parameters were hash length of 31, expected coverage of 104, and a coverage
cutoff of 20. Actual coverage of this assembly based on the total number of used
reads was 65 ~ 120x, which was less than one-third the theoretical coverage.
This assembly had 189 contigs greater than one kb and a total of 256 contigs
greater than 100 bp. The largest contig was 264 kb and the N50 number and size
were 26 contigs and 78 kb, respectively.

We used experimental and in silico approaches to improve the draft
assembly by reducing the number of physical gaps. Of the 189 contigs greater
than one kb, 139 contigs (74%) had significant homology to a reference sequence
shared by the end of another contig. These 139 contigs potentially flanked 111
physical gaps (See Additional file 1: Table S1;
http://www.biomedcentral.com/1471-2164/11/522/additional). We were able to
amplify across 86 (77.5%) of the gaps using PCR. Physical gaps were
subsequently resolved by reassembling the nearly 24 million short-reads with the
86 Sanger reads. Of the remaining scaffolds, we associated more based on in
silico evidence. Some contigs shared long-range synteny to a reference genome
(see below) and their ends had fifteen or more basepairs of sequence with 100%
overlap to each other. This phenomenon is a result of Velvet failing to extend the
contig because of low coverage. Secondly, some contigs could be paired together
because their ends had partial coding regions with homology to a common

reference gene. In total, nineteen more contigs were associated, resulting in a
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final assembly of 115 scaffolds greater than 100 bp. The largest scaffold was 814
kb and the N50 number and size were 8 and 203 kb, respectively.

The improved, high-quality draft genome sequence had 67 sequence gaps
totaling 258,650 Ns. There were 45 large sequence gaps with more than 300 Ns
of which eight had more than 10,000 Ns each. We presumed these were artifacts
of the Velvet assembly because the fragment size of our paired-end library was
no larger than 300 bp. We corrected the sizes for 31 gaps to their corresponding
length found in homologous reference sequences. In the other 14 cases, we
simply reduced the number of Ns in the region to 300 bp, to reflect the maximum
size of our paired-end library. Both approaches to correct the size of sequence
gaps were validated using PCR of randomly selected regions (data not shown). In
total, we reduced the number of Ns to 6,049 or ~2% of the original number of Ns.

The release of the finished genome sequence of SBW25 fortuitously
coincided with our efforts of improving the draft genome sequence of WH6 (Silby
et al., 2009). We noted that nearly 90% of the homologous sequences we found
in the NCBI nt dataset using our BLASTN-based approaches were to P.
fluorescens SBW25. We therefore surmised that the genome of WH6 would be
similar to the finished genome of P. fluorescens SBW25 and used it as a
reference for Mauve Aligner to reorder the 115 WH6 scaffolds (Rissman et al.,
2009; Silby et al., 2009).

The genome of WH6 is presumed to be a single circular chromosome
(Figure 3.1). A total of 53 scaffolds greater than one kb could be ordered using

Mauve Aligner. The remaining 62 contigs could not be reordered and were
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excluded from our circular representation of the genome. These 62 contigs were
all smaller than one kb and their sum total was only 13 kb. Attempts to use Pf0-1
or Pf-5 as a reference for Mauve Aligner were largely unsuccessful, supporting
our observation that WH6 and SBW25 had higher synteny than previously
detected in P. fluorescens and suggesting our WH6 de novo assembly was of
high quality. We found no evidence of plasmids in the genome of WHG6.

This Whole Genome Shotgun project has been deposited at
DDBJ/EMBL/GenBank under the accession AEAZ0000000O. The version
described in this paper is the first version, AEAZ01000000. The WH6 genome
sequence and its associated tools can also be accessed from our website at:
http://changbugs.cgrb.oregonstate.edu/microbes/org_detail.html?org=WH6-G3.

One challenge with de novo assembly is dealing with repeated sequences
(Pop and Salzberg, 2008). Small repeated sequences are present in genomes of
P. fluorescens but were not expected to have a large effect on our ability to
assemble the WH6 genome because of the size of our paired-end fragments
(Silby et al., 2009). Larger repeats, however, could not be resolved. We only
observed one rRNA operon in the genome of WH6. We suspect that WH6 has
five rRNA operons similar to SBW25 and Pf-5, but they collapsed into one contig.
There was approximately 5X more coverage for the contig containing the one
rRNA operon of WH6 compared to the other contigs. Similarly, nonribosomal
peptide synthases (NRPSs) are encoded by large genes with repeated modules
(Gross and Loper, 2009; Wilkinson and Micklefield, 2009). The modular domains

either collapsed on one another in the assembly, or were assembled into short
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contigs that we could not extend. A large fraction of these partial NRPS-encoding
genes were found in the small contigs that we could not reorder using Mauve
Aligner. Here too, we noticed higher coverage than the other scaffolds.

Comparative and phylogenomic analyses of P. fluorescens

At a large scale, the genome of WH6 was similar to the genomes of the
other P. fluorescens isolates (Table 3.2). The size of the genome is slightly
smaller, which may be a consequence of the draft nature of our genome
assembly. Nonetheless, the 5876 predicted coding sequences (CDSs) and 89.2%
coding capacity were very similar.

Previous analyses of P. fluorescens found SBW25, Pf-5, and Pf0-1 to be
divergent, with only ~61% of the genes shared and little long-range synteny (Silby
et al., 2009). We used HAL to carry out similar analyses to determine the effect of
the WH6 genome on the phylogenetic relationship of the P. fluorescens species
and potential changes to the size of its pan genome (Robbertse et al., 2006). HAL
uses a Markov Clustering algorithm based on e-values from reciprocal all-by-all
BLASTP analysis to create clusters of orthologs. Core sequences from each
species are concatenated and the super alignment is used in phylogenomic
analysis. Using a core of 1966 translated sequences common to P. fluorescens,
representative strains of P. syringae, and P. aeruginosa PAO1, HAL clustered the
different species of Pseudomonas as expected (Stover et al., 2000; Buell et al.,
2003; Feil et al., 2005; Paulsen et al., 2005; Silby et al., 2009). Further, HAL
clearly defined two separate lineages for P. fluorescens, placing WH6 with

SBW25 (Figure 3.2).
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Within the P. fluorescens species as presently defined, 3115 genes formed
the core and represented 53%, 52.6%, 50.7%, and 54.3% of the genomes of
WHG6, SBW25, Pf-5, and Pf0-1, respectively (Figure 3.3). This was nearly a 10%
reduction relative to previous analysis of three genomes (Silby et al., 2009). A
large fraction of the core genes was assigned to categories with general cellular
processes such as energy production and conversion, amino acid transport and
metabolism, translation, and transcription (Figure 3.4). Approximately 90% of the
3115 core genes had identical COG designations suggesting our automated
annotation pipeline was accurate. There were some exceptions but their rarity and
subtle differences did not warrant manual curation. For example, one cluster of
orthologs had genes annotated as “arabinose efflux permeases” (COG2814) for
genes from the published isolates of P. fluorescens but “permease of the major
facilitator superfamily” (COG0477) for the ortholog of WH6.

A total of 4309 of the translated products of WH6 had an orthologous
sequence in another isolate of P. fluorescens. Almost 69% of the WH6 genes had
an orthologous sequence in SBW25, as compared to Pf-5 and Pf0-1 with 62%
and 59%, respectively (Figures 3.1 and 3.3). We found similar levels of overlap
using reciprocal BLASTP (data not shown). The 69% orthology between WH6 and
SBW25 is much higher than previously observed between isolates of P.
fluorescens (Silby et al., 2009). These levels were still lower than those between
different pathovars of P. syringae, which had greater than 80% orthology (Feil et
al., 2005; Joardar et al., 2005; Studholme et al.,, 2009). Therefore, the

generalization that P. fluorescens have highly variable genomes still holds true.
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The genomes of WH6 and SBW25 also showed extensive long-range
synteny (Figure 3.5). This amount of synteny was unexpected given previous
comparisons (Silby et al., 2009). When compared to Pf-5 or Pf0-1, we found little
long-range synteny, which tended to be near the origin of replication. Synteny
rapidly degraded away from the origin with an increase in inversions between the
genomes (Silby et al., 2009). Taken together these lines of evidence all suggest
WH6 and SBW25 to be similar and support, though perhaps prematurely, a
redefinition of the P. fluorescens species (Yamamoto et al., 2000; Silby et al.,
2009).

It could be argued that the high level of synteny we found with SBW25 was
an artifact of using SBW25 to reorder the WH6 scaffolds. Though we cannot
exclude this possibility, we highlight several points that suggest otherwise. We
used a de novo approach to assemble the genome of WH6. The long-range
synteny to the SBW25 genome was observed within each and across the de novo
assembled scaffolds of WH6 (Figure 3.5). Furthermore, synteny with SBW25 was
also supported by our ability to use SBW25 to successfully and substantially
reduce the number of WH6 scaffolds and improve the WH6 genome sequence
(Figure 3.1). Finally, analysis of GC skew gave higher confidence in the
reordering of WHG6 scaffolds (Figure 3.1, track 8). Genomes often have a bias of
guanine in the leading strand (Rocha, 2004; Arakawa and Tomita, 2007).
Inversions of GC skew in regions distant from the replication origins and termini
are indicative of a recent recombination event (Parkhill et al., 2003). Barring these

events, inversions of GC skew could also potentially indicate large-scale
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misassemblies or incorrect reordering of contigs. For the most part, the genome
of WH6 showed the expected bias of guanine in the leading strand; there are
perhaps two small inversions in GC skew flanked by physical gaps between
scaffolds near the terminator. Our use of SBW25 as a reference for reordering
scaffolds is therefore acceptable and the observed synteny between WH6 and
SBW25 appeared to reflect true similarities in genome organization.

More than 30% of the WH6 coding regions were unique (Figures 3.1 and
3.3). Examinations of their annotated functions suggested greater diversity in
metabolic and host-association functions such as carbohydrate transport and
metabolism, inorganic ion transport and metabolism, secondary metabolite
biosynthesis, transport and catabolism, intracellular trafficking, secretion and
vesicular transport, as well as defense mechanisms (Figure 3.4).

Examples of CDSs unique to WH6 and enriched in these functional
categories include 35 candidate permeases of the major facilitator superfamily, a
large and diverse superfamily of secondary active transporters that control
movement of substrates across membranes (COG0477; (Law et al.)). WH6 also
had 12 unique CDSs that encode for putative TonB-dependent receptors,
involved in uptake of iron and potentially other substrates (COG1629; (Blanvillain
et al., 2007); see also section entitled, “Regulators of gene expression”).
Restriction modification (RM) systems are widespread defense mechanisms that
protect prokaryotes from attack by foreign DNA (Tock and Dryden, 2005). RM
systems are diverse and can vary dramatically in numbers. WH6 has at least 30

CDSs with annotated functions or domains common to proteins of RM systems.
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PFWHG6_5037-5039, for example, encode for a type | RM system that appears to
be unique to WH6. Finally, other CDSs unique to WH6 and of direct interest to us
are described in the following sections. The greater than 1500 genes unique to
WHG6 were dispersed throughout its genome with only a slight bias in location
closer to the terminators (Figure 3.1). This bias was previously generalized for P.
fluorescens (Silby et al., 2009).

Mapping GAF mutants

We previously identified two WH6 mutants from a non-saturating Tns-
mutagenesis screen for those affected in arresting the germination of Poa seeds
(Armstrong et al.,, 2009). We cloned, sequenced and mapped their flanking
sequences to identify the disrupted genes. Mutant WH6-3::Tn5 had an insertion in
PFWHG6_3687. This CDS is annotated as a “predicted transmembrane
transcriptional regulator (anti-o factor)”. Its closest homolog, with 94% similarity is
PrtR encoded by P. fluorescens LS107d2 (Burger et al., 2000). The Tn5 element
had inserted at nucleotide position 417 within codon Asp139. Because loss of
priR led to a loss of GAF activity, PrtR is likely an activator rather than a
repressor, as was the case in P. fluorescens LS107d2 (Burger et al., 2000).

Just upstream of prtR in WHS is prtl, which encodes a candidate ECF ¢°
factor. This arrangement is reminiscent of many sigma-anti-sigma factor pairs and
suggests that the genes are potentially co-regulated and both may have roles in
regulating GAF gene expression (Hughes and Mathee, 1998). It is peculiar that

we failed to identify an insertion in prt/ but one obvious explanation is that our
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screen was not saturating. Regardless, it will be important to examine the
necessity of Prtl for GAF activity to resolve its role.

Mutant WH6-2::Tnb had an insertion in PFWH6_5256, a gene encoding a
candidate aminotransferase class lll. The identification of an aminotransferase as
necessary for GAF supports our previous findings suggesting that GAF contains
an amino group and may be a small peptide or amino acid analog (Armstrong et
al., 2009). Aminotransferases are pyridoxal phosphate (PLP)-dependent enzymes
that catalyze the transfer of an amino group from a donor group (commonly an
amino acid) to an acceptor molecule (Yoshimura et al., 1996). The Tn5 element
had inserted at nucleotide position 1124 within codon Lys375. Based on
comparisons to the acetyl ornithine aminotransferase family the insertion is distal
to the conserved residues that compose pyridoxal 5'-phosphate binding sites, the
conserved residues that compose inhibitor-cofactor binding pockets, and the
catalytic residue (Marchler-Bauer et al., 2009). Further characterization of WH6-
2::Tnb is necessary to examine its enzymatic properties and role in biosynthesis
of GAF.

Regulators of gene expression

Bacteria with large genomes tend to have complex regulatory networks to
integrate and respond to a multitude of environmental signals. The
extracytoplasmic function (ECF) o’ factors are a class of important transcriptional
regulators of cell-surface signaling systems. Using a Hidden Markov Model
(HMM) for ECF-encoding genes, we found 19, 26, 28, and 22 ECFs in WHG,

SBW25, Pf-5 and Pf0-1, respectively (Staron et al., 2009). Of the 19 identified in
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WH6, ten are part of the core set common to all four sequenced P. fluorescens
isolates and included prtl and prtR, which we identified as necessary for GAF
activity. Because we had previously shown that Pf-5 and Pf0-1 do not have GAF
activity, these results suggest that the putative Prtl/R-regulon may be different
between the different isolates of P. fluorescens (Armstrong et al., 2009). Four of
the 19 ECF-encoding genes were exclusive to the plant-associated strains WH6,
SBW?25, or Pf-5. Two of these were only shared with SBW25, of which one was
rspL (see below). The other two lacked sufficient annotations to speculate on their
functions. The remaining five ECFs were unique to WH6 and all are potentially co-
expressed with genes encoding outer membrane receptors involved in iron
perception or uptake (chuA, fhuA, and fhuE).

Virulence factors

Pseudomonads produce a wide-range of secondary metabolites with
potential benefit or detriment to plants and microbes (Lindeberg et al., 2008;
Gross and Loper, 2009). Many are synthesized by non-ribosomal peptide
synthases (NRPS) or polyketide synthases (Lindeberg et al., 2008; Gross and
Loper, 2009; Wilkinson and Micklefield, 2009). We found evidence for several
NRPS-encoding genes. Because of their modular architecture, most NRPS-
encoding genes of WH6 were fragmented and found on small contigs that failed
to assemble or reorder. Therefore, it was not possible to determine the structure
of the repeats or infer functions based on homology. We were, however, able to

identify several other candidate toxins and virulence factors (Table 3.3).
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We identified several secretion systems in WH6 unique to host-associated
bacteria and/or necessary for full virulence of pathogenic bacteria. WH6 appears
to encode a complete and functional type Ill secretion system (PFWHG6_0718-
0737; Figure 3.6a). We named its genes according to the nomenclature first
proposed for SBW25 (Bogdanove et al., 1996; Preston et al., 2001). There is
strong homology and synteny between the T3SS-encoding regions of WH6 and P.
syringae, raising the possibility of a recent acquisition of the T3SS-encoding locus
by WHG6, similar to KD (Rezzonico et al., 2004). Phylogenetic analyses of rscN,
however, placed WH6 with the group 8 of biocontrol isolates of P. fluorescens
(data not shown; (Rezzonico et al., 2004)). Additionally, 15 kb of sequences on
either side of the T3SS-encoding region of WH6 were highly syntenic to regions
flanking the T3SS-encoding region of SBW25 with the exception of the type Il
effector gene, ropE. Together, these data argue against a recent acquisition of the
T3SS-encoding region by WH6.

There were some differences between T3SS-encoding regions of WHG6
and P. syringae. The rspR, rspZ, and rspV genes of WH6 were not present and
we failed to detect any homology between the rspF/hrpF, rspA/hrpA, and
rspG/hrpG genes. Data, however suggest these differences likely have little to no
effect on T3SS function. HrpR and HrpS are highly similar and are functionally
redundant. In some Erwinia strains, HrpS by itself is demonstrably sufficient for
T3SS function (Wei et al., 2000; Hutcheson et al., 2001). Deletion mutants of hrpZ
are still functional and HrpV functions as a negative regulator of the T3SS (Gail

Preston, 1998; Alfano et al., 2003; Ortiz-Martin et al., 2010). HrpF and HrpA are
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homologous to each other and are structural components of the T3SS. They are
the most polymorphic proteins encoded within the T3SS-cluster and the absence
of significant homology between rspF and rspA to their counterparts of P.
syringae was therefore not surprising (Deng et al., 1998; Ramos et al., 2007). Our
automated annotation approach failed to identify rspG but upon visual inspection,
we noted a small CDS that encodes a potential product of 63 amino acids. BLAST
searches failed to detect homology to hrpG, but given its position in the T3SS-
encoding region and similarity in size to the translated product of hrpG, we have
annotated it as rspG. In total, these data support the notion that WH6 encodes a
complete and functional T3SS, although, its role in the lifestyle of WH6 remains
unknown.

Candidate type lll effectors of WH6

We used a homology-based approach to search for type Il effector genes
in the genome of WH6. Our database of type Il effectors included those from
T3SS-using phytopathogens and some mammal pathogens. We only identified
one translated sequence with homology to PipB from Salmonella, and another
with homology to Hopl1 from P. syringae (e-value < 1x107, > 33% identity;
(Knodler et al., 2004)). However, neither appeared to be strong candidates for a
type lll effector. We identified a homolog of pipB in the genome of Pf-5, which
does not encode the T3SS. Hopl1 encodes a J domain and its homolog in WH6
was annotated as the molecular chaperone, dnaJ (Jelenska et al., 2007). These
results suggest that if WH6 does encode type lll effectors, they are very divergent

in sequence. SBW25, in contrast, had at least five genes with homology to known
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type Il effectors, of which two were expressed to sufficiently high levels and
delivered by a heterologous T3SS-encoding bacterium (Vinatzer et al., 2005).

Computational approaches have been successfully used to identify
candidate type lll effectors from P. syringae, based in part on identifying a cis-
regulatory element upstream of their genes and also some genes of the T3SS
(Fouts et al., 2002; Chang et al., 2005; Ferreira et al., 2006). This so-called hrp-
box is recognized by HrpL, an extracytoplasmic function (ECF) o’° factor encoded
within the T3SS-encoding region of P. syringae (Innes et al., 1993). We therefore
used a Hidden Markov Model (HMM) trained using 38 known HrpL-regulated
genes of P. syringae pv tomato DC3000 to mine the genome of WH6 for hrp-
boxes (Chang et al., 2005; Schechter et al., 2006).

We found 115 hrp-boxes in the genome of WH6 (bit score = 3.0) but only
24 were within 500 bp of a CDS. Two were located upstream of rspF and rscR in
the T3SS-encoding region, with bit scores of 7.9 and 3.2, respectively. We also
identified a hrp-box upstream of rspJ but it had a lower bit score of 1.2. Fifteen of
the CDSs downstream of candidate hrp-boxes had annotated functions not
typically associated with type Il effectors and we did not list them as possible
candidates (data not shown). The remaining eight CDSs downstream of hrp-
boxes were annotated as hypothetical proteins and the five with the highest bit
scores for their corresponding hrp-boxes were not present in the genomes of Pf-5
and Pf0-1; all but PFWH6_1942 were unique to WHG6 (Table 3.4). Further

investigation of their first amino-terminal residues indicated that three have
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characteristics suggestive of T3SS-dependent secretion (Guttman et al., 2002;
Petnicki-Ocwieja et al., 2002; Chang et al., 2005).

Our two computational approaches yielded very few candidate type Ili
effectors. One possible explanation is that because RspL and HrpL have only
50% identity (70% similarity), they recognize slightly different cis-regulatory
sequences and our HMM was not adequately trained for the cis-regulatory
sequence recognized by RspL. This is an unlikely scenario. Three sequences with
strong similarity to the hrp-box of P. syringae were found in the T3SS-encoding
regions for WH6 and SBW25 (Preston et al., 2001). Additionally, it has been
observed that all HrpL-dependent phytopathogenic bacteria share an identical
motif in the hrp-box despite having as little as 52% similarity (Nissan et al., 2005).
Furthermore, in ¢’® factors, DNA binding specificity is conferred by the helix-turn-
helix domain 4.2 (C B Harley, 1987; Potvin et al., 2008). Domain 4.2 of the WHG6
RspL is highly similar (82.5%) to the corresponding domain of HrpL. An
alternative explanation is that WH6 encodes very few type Il effectors with little
homology to those that have been identified. This is not unheard of. P. aeruginosa
for example, has only three type lll effectors (Feltman et al., 2001; Wolfgang et
al., 2003).

Type VI secretion systems

The type VI secretion system (T6SS) is another secretion apparatus that is
common to host-associated bacteria. Computational approaches suggest the
T6SS may also be in P. fluorescens (Bingle et al., 2008; Shrivastava and Mande,

2008). We found evidence for two complete and functional T6SSs in WH6. We
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have named these two systems T6SS-1 (Figure 3.6b; PFWH6_5796-5812) and
T6SS-2 (Figure 3.6¢c; PFWHG6_3251-3270). It is not uncommon for organisms to
possess multiple T6SSs that are of different lineages and acquired independently
(Bingle et al., 2008). Additionally, in other strains that have been characterized,
different T6SSs appear to be independently regulated, suggesting each T6SS
may have functions specific to different aspects of the lifestyle of the bacterium
(Mougous et al., 2006). Whether this is also the case with WH6 awaits further
characterization.

T6SS-1 belongs to the group A lineage and shares homology and synteny
to HSI-I of P. aeruginosa PAO1 (Mougous et al., 2006). We therefore named the
corresponding genes in WH6 according to the nomenclature established for HSI-I
(Figure 3.6b). Synteny extended beyond the T6SS-encoding region and included
the tagQRST genes bordering ppkA. We did not, however, find evidence for tagJ1
in WH6 (Bingle et al., 2008; Hsu et al., 2009). T6SS-2 is a group B secretion
system (Bingle et al., 2008). Less is understood about the group B secretion
systems but T6SS-2 showed strong homology and synteny to a corresponding
T6SS encoded in the genome of the phytopathogen P. syringae pv tomato
DC3000 (Figure 3.6c¢; (Buell et al., 2003)).

There are few proteins that are demonstrable type VI effectors. Three
homologs of VgrG and Hcp have been shown to be secreted by the T6SS but
both likely have functions for the T6SS itself (Pukatzki et al., 2006; 2007; Wu et
al., 2008). We found four vgrG genes, of which only one was associated with

T6SS-1. The other three genes were found elsewhere in the genome. Whether
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products from these latter three are secreted proteins of the T6SS or merely
homologous in sequence is unknown. Both T6SSs of WH6 had a homolog of hep.
Recently, three additional proteins from P. aeruginosa PAO1 were shown to be
secreted by the T6SS, but their orthologs were not found in WH6 (Hood et al.,

2010).

CONCLUSIONS

P. fluorescens is a genetically and physiologically diverse species found in
many habitats. We sequenced the genome of the isolate WH6 because it
produces Germination-Arrest Factor (GAF), an herbicide that specifically arrests
seed germination of graminaceous species. Comparisons of the WH6 genome to
genomes of SBW25, Pf-5, and Pf0-1 helped better define this species, with WH6
and SBW25 forming one lineage. Comparative studies revealing substantial
similarity in gene inventory and synteny supported its placement and the
argument of at least two major lineages of P. fluorescens (Yamamoto et al.,
2000).

With the genome sequence, we were able to deduce potential functions for
two genes necessary for GAF activity. One encoded a candidate anti-sigma
factor. Our previous results suggest that PrtR is an activator and suggests it has a
role in regulating expression of genes necessary for GAF. The second gene
encoded a candidate aminotransferase, which tentatively supports our previous
speculation that GAF is a small peptide or amino acid analog. Further studies are

required to confirm their functions. A less labor-intensive and saturating screen
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will also be necessary for a fuller understanding of the pathway controlling GAF
expression and biosynthesis. The genome sequence will certainly facilitate such
future endeavors.

We also identified a number of mechanisms that potentially affect plant
health and some typically associated with host-associated bacteria. One of the
more extensively characterized mechanisms is the type Ill secretion system. WH6
appears to encode the necessary repertoire of genes for a complete and
functional T3SS. We also identified two T6SSs in WH6. Further studies are
necessary to identify the role these secretion systems and their effectors play in

the lifestyle of WH6.

METHODS
Sequencing DNA flanking Tn5-insertions

To determine the sites of Tnb insertion, genomic DNA from the two GAF
mutants, WH6-2::Tn6 and WH6-3::Tn5 was digested with BamHI or Pstl,
respectively. We used Southern blotting with a biotinylated probe of the Tet® gene
from pUTmini-Tn5gfp to identify the fusion fragments between the Tet® gene and
flanking WH6 DNA (Matthysse et al., 1996). DNA fragments of corresponding size
were cloned into pBluescript SK+ (Stratagene, La Jolla, CA), transformed into E.
coli DH5«, selected based on tetracycline resistance, isolated, and sequenced
outwards using primers to the Tet® gene.

P. fluorescens WH6 Genome Sequencing
We used the ZR Fungal/Bacterial DNA Kit to isolate genomic DNA from P.

fluorescens WH6 grown overnight in LB at 28 °C (Zymo Research, Orange, CA).
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Purity and concentration were determined using a Nanodrop ND1000 (Thermo
Scientific, Waltham, MA). For lllumina-based sequencing, we prepared the DNA
according to the instructions of the manufacturer and sequenced the DNA
fragments on the lllumina GA | and Il using 36-cycle (4 channels) and paired-end
76-cycle (1 channel) sequencing, respectively (lllumina, San Diego, CA). The
Sanger and lllumina sequencing was done at the Center for Genome Research
and Biocomputing Core Labs (CGRB; Oregon State University, Corvallis, OR).
We also sequenced genomic DNA using the 454 FLX GS LR70 (454, Branford,
CT). Preparation and sequencing by 454 was done at the Consortium for
Comparative Genomics (University of Colorado Health Sciences Center, Denver,
CO).

Short-read assembly

For lllumina-derived reads, the last four and six bases were trimmed from
the 36mer and 76mer reads, respectively. We filtered out all lllumina-derived short
reads that had ambiguous bases. For the paired-end reads, both reads were
filtered out if one read of a pair had ambiguous bases. We used Velvet 0.7.55 to
de novo assemble the reads (Zerbino and Birney, 2008). We assembled short
reads from the different sequencing platforms independently, as well as in
combination. We wrote ad hoc shell scripts to test different Velvet parameters of
hash length, coverage cutoff, and expected coverage. In total, we generated
approximately 75 different genome assemblies of WH6. Shell scripts are available

for download (http://changlab.cgrb.oregonstate.edu).
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Improvements to the high-quality draft assembly

We developed ad hoc Perl scripts to use BLASTN to compare between
each of the WH6 assemblies and used congruency in contigs from the various
assemblies to cull those with potential misassemblies (see next section for
description of scripts; data were visualized using blast_draw.pl). We used Tablet
1.10.01.28 to inspect the remaining genome assemblies for depth of coverage
and potential misassemblies (Milne et al., 2010). Finally, we used Mauve Aligner
2.3 and the genome sequence of P. fluorescens SBW25 as a reference to reorder
WHG6 contigs greater than 100 bp from our assembly with highest confidence
(Rissman et al., 2009; Silby et al., 2009). Default settings were used for Mauve
Aligner 2.3.

Physical and sequence gap closure

To identify contigs that potentially flanked a physical gap, we wrote and
used Contig_end_blast_A.pl, to extract 300bp of sequence from the ends of each
contig greater than one kb in size and use the contig ends as queries in a
BLASTN search against the NCBI nt database. We also wrote and used
Contig_end_blast_B.pl to find contig ends that shared significant homology (e-
value < 0.02) to the same reference sequence but aligned to different regions no
more than one kb apart. The contigs corresponding to these ends were thus
predicted to be physically linked in the genome of WH6. PCR using contig-specific
primers and subsequent Sanger sequencing were used to close the physical gaps
(See Additional file 2: Table S2; http://www.biomedcentral.com/1471-

2164/11/522/additional). To correct the sizes for sequence gaps larger than 300
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bp, we used a similar approach. PCR was used to validate our corrections for
sequence gaps.

Contig_end_blast_A.pl, Contig_end_blast B.pl, and blast_draw.pl are
available for download from our website at: http://changlab.cgrb.oregonstate.edu.

Genome Annotation

We used a custom pipeline to annotate the improved high-quality draft
assembly of WH6 as previously described (Giovannoni et al., 2008). The only
exceptions were that we used Glimmer 3.02 rather than Glimmer 2 to predict
coding regions and gene models were trained using the “long-orfs” option
((Delcher et al., 1999); http://www.cbcb.umd.edu/software/glimmer/).

Bioinformatic analyses

For analysis of synteny, we first parsed the genomes of SBW25, Pf-5 and
Pf0-1 into all possible 25mers and identified their unique 25mer sequences. Next,
we used CASHX to align all unique 25mers from each of three genomes to both
strands of a formatted database from the WH6 genome sequence (Fahlgren et
al., 2009). Only perfect matches were allowed. We identified the corresponding
genome coordinates for each 25mer and the matching 25mer in the WH6 genome
and used R to plot the start coordinates of each matching pair in an XY graph (R
Development Core Team).

Phylogenomic relationships were determined using HAL ((Robbertse et al.,
2006); http://aftol.org/pages/Halweb3.htm). HAL uses an all-by-all reciprocal
BLASTP to create a similarity matrix from e-values. These are then used to group
proteins into related clusters using a Markov Clustering algorithm. Clusters

containing one protein sequence from each genome that identified each other as
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best hits were extracted, concatenated within each proteome, and used to infer
phylogenetic relationships. Phylogenetic trees were visualized using the
Archaeopteryx & Forester Java application ((Zmasek and Eddy, 2001);
http://www.phylosoft.org/archaeopteryx/).

Hidden Markov Models (HMMs) for hrp-boxes were trained from a set of
38 confirmed hrp-boxes in the P. syringae pv tomato DC3000 genome (Buell et
al., 2003; Chang et al., 2005; Ferreira et al., 2006; Schechter et al., 2006). The
HMM for the extracytoplasmic function ¢’® factors was downloaded from
http://www.g2l.bio.uni-goettingen.de/software/f_software.html. ~Searches were
done using HMMER 2.3.2 (http://hmmer.janelia.org/).

Circular diagrams were plotted using DNAplotter ((Carver et al., 2009);

http://www.sanger.ac.uk/Software/ Artemis/circular/).
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Figure 3.1. Circular representation of the improved, high-quality draft
genome sequence of WH6.

The outer scale designates the coordinates in half million basepair increments.
The red ticks indicate physical gaps. Circles 2 and 3 show the predicted coding
regions of WHG6 on the positive and negative strands, respectively. Coding regions
are colored to highlight orthologous (blue) and 1567 unique (red) coding regions
of WH6 relative to the other sequenced P. fluorescens. Circles 4, 5, and 6 show
orthologs (BLASTP e-value < 1 x 107) of SBW25, Pf-5, and Pf0-1, respectively.
The extent of homology relative to WHG6 is depicted using a heat map of arbitrarily
chosen bins; dark blue: orthologs with greater than 80% homology over the length
of the gene; green: orthologs with between 60-80% homology over the length of
the gene; pink: orthologs with between 20-60% homology over the length of the
gene; white: no homology (less than 20% homology over the length of the gene).
The positions of loci of interest are also denoted (see corresponding text for more

details). Circles 7 and 8 show GC% (gold >60.6% average; gray < 60.6%
average) and GC-skew.
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Figure 3.2: Phylogenomic tree of eight Pseudomonas isolates based on a
super alignment of 1966 translated sequences.

P. fluorescens isolates: WH6, SBW25, Pf-5, and Pf0-1; P. syringae pathovars:
tomato DC3000, phaseolicola 1448A, and syringae B728a; P. aeruginosa PAO1.
Bootstrap support for nodes (r = 1000) were all 100. The scale bar indicates the
number of amino acid substitutions per site.
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Pf0-1 Pf-5

1567

WHG6 SBW25

Figure 3.3: Venn diagram comparing the gene inventories of four isolates of
P. fluorescens.

The numbers of shared and unique genes are shown. Comparisons were made
using HAL.
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Figure 3.4: Functional categories of the 3115 core genes of P. fluorescens
and 1567 unique genes of WH6.

The number of genes in each category are presented above each bar; black =
core; orange = WH6. Categories: C) energy production and conversion; D) cell
cycle control, cell division, chromosome partitioning; E) amino acid transport and
metabolism; F) nucleotide transport and metabolism; G) carbohydrate transport
and metabolism; H) coenzyme transport and metabolism; 1) lipid transport and
metabolism; J) translation, ribosomal structure and biogenesis; K) transcription;
L) replication, recombination and repair; M) cell wall/membrane/envelope
biogenesis; N) cell motility; O) posttranslational modification, protein turnover,
chaperones; P) inorganic ion transport and metabolism; Q) secondary metabolites
biosynthesis, transport and catabolism; R) general function; S) unknown function;
T) signal transduction mechanisms; U) intracellular trafficking, secretion and
vesicular transport; V) defense mechanisms; -) no COG designation.
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Figure 3.5: Synteny plots comparing the organization of the WH6 genome to
that of the three other isolates of P. fluorescens.

Unique 25mers from P. fluorescens isolates SBW25 (A), Pf-5 (B), and Pf0-1 (C)
were compared to the improved, high-quality draft genome sequence of WHG6.
The start positions of all matching pairs were plotted in an XY graph with the
coordinates of the genomes of SBW25, Pf-5, and Pf0-1 along the x-axis and
coordinates of the genome of WH6 along the y-axis. The termini are located at the
approximate mid-way point for each comparison (red +). Genome scales are
shown in one Mb increments.
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Figure 3.6: Schematic Representations and Comparisons of Type lll and
Type VI Secretion Systems.

A) The type lll secretion system of WH6 (top) compared to that of P. syringae
(middle), and SBW25 (bottom). Co-transcribed genes and orthologous
transcriptional units are colored similarly. *No detectable homology but inferred
based on location in the T3SS-encoding locus. **Truncated coding regions. B)
The type VI secretion system-1 of WHG6 (top) compared to HSI-I of P. aeruginosa
PAO1. C) The type VI secretion system-2 of WH6 (top) compared to a candidate
type VI secretion system of P. syringae pv tomato DC3000 (bottom). Orthologous
transcriptional units are colored similarly. For A-C, the directions of transcription
are represented. Gray boxes highlight homologous regions.



Table 3.1. High-throughput sequencing statistics
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Method Total Reads | Reads Used | Theoretical | # Contigs | Total size (Mb)’
Coverage* | (>100bp)*

Sanger 178 178 n/a n/a n/a

GAI 32 single 16,852,820 | 9,298,356 83 5,884 6.06

GAIl 70 PE 10,854,745 | 9,013,849 234 95 6.27

454 202,070 200,467 7 2,204 6.10

All shortreads | 38,764,380 | 23,742,926 | 316 256 6.26

All reads 38,764,558 | 23,810,966 | 316 115 6.27

*Based on approximated genome size of 6.5 Mb; “Highest confident draft
assemblies using Velvet 0.7.55 (Zerbino and Birney, 2008); “Improved, high-
quality draft including Sanger reads. n/a = not applicable; SBased on sum total of
all contigs > 100 bp in length.



Table 3.2. Comparison of P. fluorescens genome characteristics

Isolate WH6* SBW25* | Pf-53 Pf0-14
Genome Size 6.27 Mb 6.72 Mb 7.07 Mb 6.44 Mb
GC % 60.6 60.5 63.3 60.5
Coding regions 5876 5921 6138 5736
Avg. length of coding sequences 951 1000 1020 1006
Coding % 89.2 88.1 88.5 89.6

92

*Improved, high-quality draft genome sequence A(Silby et al., 2009); $(Paulsen et

al., 2005).
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Table 3.3. Candidate Host-association and virulence factors*

WH6 Gene | Host-association  or | Reported function Reference
(PFWH6_) virulence factor
0718-0737 T3SS-encoding Host-association; (Alfano et al.,
region secretion apparatus 2000; Preston et
al., 2001)
5796-5812 T6SS-1-encoding Host-association; (Pukatzki et al.,
region secretion apparatus 2006; Bingle et
al., 2008;
Shrivastava and
Mande, 2008)
3251-3270 T6SS-2-encoding Host-association; (Bingle et al.,
region secretion apparatus 2008;
Shrivastava and
Mande, 2008)
0824-0827 Betaine/choline Osmoprotection (Chen and
uptake Beattie, 2007)
5455 & 0252 BCCT Transporter Choline transport (Chiliang  Chen,
2008)
5456-5458 Choline to Betaine Choline to Betaine | (Tettelin et al,
conversion 2008)
1723 & 2895 aprA® Alkaline protease A; | (Tan and
Insecticidal toxin Donovan, 2000)
4097/98, 4099, | fca-d Insecticidal toxin (Bowen et al.,
4100 1999)
5264, 5082, | katA Catalase A; H,0; | (Ji-Sun Lee,
3503 & 0070 protection 2005)
0985 - 0996 Synthesis of Alginate | Exopolysaccharide (Yu et al., 1999)
2199 Synthesis of | Exopolysaccharide (Hettwer et al.,
Levansucrase® 1998; Koczan et
al., 2009)
4225 marR Transcriptional  regulator | (Ellison and
virulence factors Miller, 2006)
3833 — 3843 T2SS-encoding Secretion apparatus (Johnson et al,
region 2006)
0699 plc lipase Phospholipase C; | (Meyers and
virulence factor Berk, 1990)
0396 — 0398 *TAT-encoding Secretion apparatus (Bronstein et al.,
region 2005; Caldelari et
al., 2006)
4428, 2727, | Synthesis of | Antimetabolite toxin (Arrebola et al.,
0116-0120 mangotoxin 2010)
2331-2334 Synthesis of | Inhibitor of cytochrome c | (Gross and

hydrogen cyanide

oxidase

Loper, 2009)

*Table derived from (Lindeberg et al., 2008); candidates were identified using
BLASTP (e-value 1 x 10'7). There are 43 WHG6 proteins with homology to
candidate TAT-secreted proteins of P. syringae pv tomato DC3000 (Bronstein et
al., 2005; Caldelari et al., 2006); “no orthologs were detected in genomes of other

P. fluorescens.
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Table 3.4. Putative hrp-boxes and candidate type lll effector genes in

WH6
Bit hrp-box sequence CDS* | Distance Translocation
Score from hrp-box | Signal*
7.9 TGGAACTGAATAGCCAGTACTGACCAC rspF 26 -
6.7 AGGAACCGATTCCGACAGATGGGCCAC | 1942 77 A B
53 CGGAACCTTTACCGGCACCTGAACACT | 2917 248 A B, C
5.1 TGGAACGAAATCGTCGATCAAACCACT 3173 58 A C
5 TGGAACCGTATTGCGTAAGACGTCACT 1252 82 -
4.3 GGGAACCGCATCGGTTGCCTTCCAAC 3940 56 -
3.6 TGAAACCGGCACGGCGTGCCTGACCCT | rscR 324 A
1.2 TGGAACCAGGTGGGCGGGGCTTGCCAC | rspJ 33 A B

Only coding sequences with no predicted homology or identifiable orthologs in Pf-

5 or Pf0-1

are shown.

*PFWHG6_# unless otherwise noted;

AN-terminal

translocation signal scores were assigned based on “A”; >10% serine in first 50
amino acids, “B”; absence of aliphatic amino acids in position 3 or 4, and/or “C”;
absence of negatively-charged amino acids in the first 12 amino acids (Petnicki-
Ocwieja et al., 2002).
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Evolutionary stasis of type lll effector genes in mutualistic
Sinorhizobium fredii and Bradyrhizobium japonicum
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ABSTRACT

The symbiotic relationships between nitrogen-fixing rhizobia and legume
hosts are initiated following complex molecular dialogs that navigate multiple
layers of specificity. One barrier that must be overcome by rhizobia and other
bacteria is the plant immune system. Several species of rhizobia encode for a
type lll secretion system, which for phytopathogens, function to deliver collections
of type Il effector proteins directly into cells to perturb host defenses. As a first
step towards determining whether type Il effector proteins of mutualistic rhizobia
play similar roles in suppressing host cell defenses, we cataloged type Il effectors
from eight strains distributed across the Sinorhizobium fredii and Bradyrhizobium
Japonicum species, selected based on phylogenetic divergence and demonstrable
reliance on type Il secretion systems for host infection. Draft and finished
genome sequences were mined and candidate type Ill effector proteins were
confirmed for direct delivery into plant cells using a heterologous delivery system.
This is the largest and most extensive investigation into collections of type Il
effector genes from mutualistic bacteria. Over 300 type Ill effector-encoding
genes, representing 60 different families, were confirmed. Each strain encoded for
large collections, between approximately 15 and 35 type Ill effector genes,
depending on the species. Interestingly, analyses of type lll effector collections
revealed extremely high conservation in content and nucleotide sequence with
little evidence for diversity, suggesting an evolutionary stasis of type Il effector

genes in plant mutualistic bacteria.
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INTRODUCTION

The rhizobia are a diverse collection of a-proteobacteria, many of which
are able to form nitrogen-fixing nodules in compatible host genotypes. This
fixation of nitrogen is a critical component of the nitrogen cycle, establishing a
crucial role for the rhizobia-legume relationship in both natural ecosystems and
agricultural environments. The symbiotic relationship begins with a complex
molecular dialog between the rhizobium and plant roots, culminating in the
formation of root nodules. This conversation begins when detection of legume-
specific flavonoids induces the expression of nodulation (nod) genes in
compatible rhizobia (Peck et al., 2006; Jones et al., 2007). The products of the
nod genes synthesize nod factors, lipo-chitooligosaccharides secreted during the
initial stages of the plant-rhizobia interaction. Rhizobial nod factors are perceived
by cognate receptors of compatible legume hosts, resulting in morphological
changes to the host such as the formation of an infection thread and cortical cell
activation (Spaink, 2000; Haney et al., 2011).

Host specificity is affected by other factors of both symbiont and host
(Maria Lopez-Lara et al., 1995; Niehaus and Lagares, 1998; Jones et al., 2007;
Hidalgo et al., 2010). The plant defense system could also contribute to affect the
specificity of legume-rhizobial interactions (Soto et al., 2009; Zamioudis and
Pieterse, 2012). The first layer of plant defense is the so-called PAMP- or Pattern-
triggered immunity (PTI; (Jones and Dangl, 2006; Schwessinger and Zipfel,
2008)). In this layer, pattern recognition receptor (PRR) proteins detect conserved

pathogen- or microbe- associated molecular patterns (PAMPs or MAMPSs),
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resulting in a battery of responses collectively necessary for defense (Zipfel,
2008; Boller and He, 2009; Postel and Kemmerling, 2009; Zipfel, 2009; Segonzac
and Zipfel, 2011).

Many Gram-negative, host-associated pathogens use a type lll secretion
system (T3SS) to manipulate host cells, including the perturbation of host
defenses to suppress or dampen PTI (He et al., 2004; Galan and Wolf-Watz,
2006; Grant et al., 2006; Galan, 2009). The T3SS is a conduit for the direct
delivery of bacterial-encoded type Il effector proteins (T3Es) into host cells. For
plant pathogens, the T3Es are collectively necessary to dampen defense below a
threshold required for effective resistance (Jones and Dangl, 2006; Cunnac et al.,
2009; Lewis et al., 2009).

Individual T3Es of plant pathogens also have the potential to trigger an
additional layer of defense. Plants encode for disease resistance proteins (R
proteins) that perceive the presence or action of corresponding microbial
effectors, resulting in effector-triggered immunity (ETI, aka “gene-for-gene
resistance”; (Jones and Dangl, 2006; Cui et al., 2009; Mansfield, 2009; Rafiqi et
al., 2009)). The outputs of ETI and PTI are similar but the former is associated
with more robust and amplified responses and often a hypersensitive response
(HR), a localized programmed cell death (Greenberg and Yao, 2004). R proteins
often have nucleotide binding (NB) and leucine-rich repeat (LRR) motifs whereas
effectors that elicit ETI, were classically designated as “avirulence proteins” (Avrs)
because they rendered the pathogen avirulent.

For plant pathogens, the co-evolution of host defense and T3Es has been
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modeled as an “evolutionary arms race” (Stavrinides et al., 2008). In this setting,
collections of T3E genes are predicted to exhibit patterns of genetic variation that
reflect rapid evolution. Indeed, analyses of plant pathogens have provided ample
support for this model (Ma et al., 2006; Zhou et al., 2009; Baltrus et al., 2011;
Jackson et al., 2011). In Pseudomonas syringae, for example, collections of T3E
genes vary dramatically in size and content with few that would be considered
“core” (Baltrus et al., 2011). Another aspect of pathogen T3E collections is that
their robustness is ensured via redundancy so that any individual T3E gene is
dispensable (Stavrinides et al., 2008; Cunnac et al., 2009; 2011). Thus, the loss
and gain of genes contribute to the dynamic nature of pathogen T3E collections.
Studies of mutualistic bacteria have suggested that they and pathogens
share many “virulence” mechanisms in common (Soto et al., 2009). Indeed,
T3SS-encoding loci have been identified in rhizobia, including all examined
strains of Bradyrhizobium japonicum, Sinorhizobium fredii strains USDA207,
USDA257, USDA191, and Rhizobium NGR234 (which was reclassified as a S.
fredii), as well as Mesorhizobium loti MAFF303099 (Bellato et al., 1996; Freiberg
et al., 1997; Viprey et al., 1998; Kaneko et al., 2000; Mazurier et al., 2006).
Characterization of the T3SS and candidate T3Es of rhizobia have provided
evidence that mutualistic bacteria rely on this virulence mechanism to perturb PTI.
The T3SS genes are co-regulated with the nod genes, pointing to an early
role, as is the case with plant pathogenic bacteria (Viprey et al., 1998; Krause et
al., 2002; Wassem et al., 2008; Haapalainen et al., 2009). Flavonoid perception

elicits the nodD regulatory cascade, which regulates the expression of tts/, a two-
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component regulator-like encoding protein (Krause et al., 2002; Marie et al.,
2004). Ttsl is proposed to bind an upstream cis regulatory element, the fts-box,
that is found upstream of genes encoding for components of the T3SS, candidate
T3Es, and other T3SS-associated accessory proteins (Zehner et al.,
2008). Mutants compromised in the construction or expression of the T3SS
mutants are compromised in establishing interactions with their otherwise
compatible hosts (Meinhardt et al., 1993; de Lyra et al., 2006; Deng et al., 2009).
In rhizobia even loss-of-function mutants of T3SS-secreted proteins and potential
T3Es, NopT and Nopd (y4l0) of NGR234, are significantly compromised in
nodulating Crotalaria juncea and Vigna unguiculata, respectively, and similar
observations have been made for several other candidate T3Es of other rhizobia
(Annapurna and Krishnan, 2003; Krishnan et al., 2003; Marie et al., 2003;
Ausmees et al., 2004; Lorio et al., 2004; Saad et al., 2005; Rodrigues et al., 2007;
Dai et al., 2008; Lopez-Baena et al., 2008; Zehner et al., 2008; Hempel et al.,
2009; Kambara et al., 2009; Yang et al., 2009; Schechter et al., 2010; Wenzel et
al., 2010). In all, these observations indicate an important function for the T3SS
for these strains of rhizobia.

T3E of mutualists, like their counterparts in pathogens, also affect bacterial
host range (Fauvart and Michiels, 2008). Rhizobia mutants deleted of confirmed
or putative T3E-encoding genes can evade detection and exhibit expanded host
ranges (Bellato et al., 1997; Ausmees et al., 2004; Skorpil et al., 2005; Dai et al.,
2008; Yang et al., 2009; Schechter et al., 2010; Wenzel et al., 2010). “Nodulation

restriction”, i.e., R-avr interaction, was proposed to affect legume-rhizobium
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interactions based on genetic and molecular data paralleling that of plant-
pathogen interactions (Triplett and Sadowsky, 1992). Indeed, loci responsible for
restricting soybean nodulation by certain strains of rhizobia encode for NB-LRR
proteins and mapped to regions with clusters of other NB-LRR-encoding genes
that are linked to resistance against phytopathogens (Kanazin et al., 1996;
Graham et al., 2002a; 2002b). Together, these data provide tantalizing evidence
for ETI between plants and mutualistic rhizobia.

Here, we describe the most extensive genome-enabled survey for T3Es
from mutualistic bacteria. Three and five strains from S. fredii and B. japonicum,
respectively, were selected for characterization based on phylogenetic diversity
and/or their demonstrable T3SS-dependent polymorphic behavior in nodulating
different host genotypes (Bellato et al., 1997; Pueppke and Broughton, 1999;
Gottfert et al., 2001; Mazurier et al., 2006). Four finished genome sequences,
some of which were completed during the course of our work, are available
(Freiberg et al., 1997; Kaneko et al., 2000; 2002; Schmeisser et al., 2009; Kaneko
et al., 2011; Margaret et al., 2011). In addition, we generated draft genome
sequences for four additional strains. Candidate T3E-encoding genes were
computationally identified based on association with the tts-box and
experimentally confirmed based on their T3SS-dependent translocation into plant
cells, using the plant pathogen, P. syringae pv tomato DC3000 (PtoDC3000).

Each of the characterized strains encoded extensive collections of T3E-
encoding genes. However, in stark contrast to observations in plant pathogenic

bacteria, analyses of T3Es of rhizobia yielded very little evidence in support for an
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evolutionary arms race. Both B. japonicum and S. fredii had large cores of
conserved T3E-encoding genes in which the large majority exhibited little
sequence variation, suggestive of purifying selection. In total, our results suggest
that T3E-encoding genes exhibit patterns indicative of a mutualistic environment

wherein mutualist and host evolve to benefit their association with each other.

RESULTS
Draft genome assemblies for strains of T3SS - encoding rhizobia

We focused on S. fredii and B. japonicum, two species of rhizobia well
characterized for requiring a T3SS for optimal infection of their host plants (Viprey
et al., 1998; Mazurier et al., 2006). At the onset of our work, the only available
finished genome sequence was from B. japonicum USDA110 (Kaneko et al.,
2002). For a more species-level characterization of T3E-encoding genes and to
facilitate the characterization of strains with demonstrable T3SS-dependent
changes in host range, we used paired-end Illumina sequencing to generate draft
genome sequences for several more strains of S. fredii and B. japonicum. We
selected S. fredii NGR234, USDA207, and USDA257 as well as B. japonicum
USDAG6, USDA122, USDA123, and USDA124 (Mazurier et al., 2006). The paired-
end reads were de novo assembled and the contigs were ordered using a suitable
reference genome sequence. Since the finished genome sequence for NGR234
was published early in our study, we used it rather than the draft genome
sequence (Freiberg et al., 1997; Schmeisser et al., 2009). Sequencing statistics
are provided as supplemental information (Supplemental Table 1).

The assemblies were adequate for mining for T3E-encoding genes and
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several, if judiciously used, were informative for genome comparisons (Pop and
Salzberg, 2008; Klassen and Currie, 2012). The draft genome sequences varied
in their quality, due in part to the different lllumina sequencing platforms that were
used (Supplemental Table 4.1). Nevertheless, the estimated genome sizes and
predicted numbers of open reading frames (ORFs) were similar within each
species and to finished reference sequences (Table 4.1). With a stringent criterion
of 290% identity, 85.1% and 96.1% of the translated ORF sequences annotated in
the draft USDA207 and USDAG genome sequence, respectively, were similarly
annotated in their corresponding finished genome sequence (data not shown).
Secondly, analysis of aligned conserved regions, such as the T3SS-encoding
locus, further indicated the assemblies were of high quality (Supplemental Figure
4.1a). Finally, the draft genome sequences from USDA207 and USDAG were
similar in genome order to those of corresponding genome sequences that were
finished subsequent to our efforts (Data not shown; (Kaneko et al., 2011;
Margaret et al., 2011)).

Phylogenomic comparisons reveals high orthology

We next determined the extent of orthology for all pairwise combinations of
strains. Within S. fredii, there was low orthology between the three strains. The
percentage of orthologous genes ranged from only 54.6% to 66.3% between all of
the pairwise comparisons (Figure 4.1A). Interestingly, USDA207 and USDA257
were more similar to NGR234 than they were to each other. This observation
supports previous analyses of rhizobia that supported the reclassification of

Rhizobium sp. NGR234 as a Sinorhizobium (Saldafia et al., 2003). However,
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despite the relatively low percentage in overlap of genes, there were nonetheless
high levels of identity between orthologous pairs, with the majority having more
than 90% identity (Supplemental Figure 4.2A).

Within B. japonicum, the strains had a substantially higher percentage of
orthologous genes, with a high of 83.6% between USDA110 and USDA122 and a
low of 65.4% between USDA110 and USDAG6 (Figure 4.1A). The percent
orthology in the latter comparison was similar to that recently reported at 68.5%
similarity between the genes of USDA6' and USDA110 (Kaneko et al., 2011).
Additionally, relative to genes of USDA110, the majority of orthologous pairs
shared more than 90% identity in sequence along at least 90% of the length of the
nucleotide sequence, with USDA122 showing the highest amount of identity at
99% (Supplemental Figure 4.2B). Here again, this range was on the same level
as previously reported based on comparisons of finished genome sequences of
USDA6' and USDA110 (Kaneko et al., 2011).

Phylogenetic trees generated from different loci within the rrn operon of
rhizobia have different topologies (van Berkum et al., 2003). To address this
inconsistency, we used a whole genome phylogeny based on 624 translated
orthologous sequences to determine the taxonomical relationship of the strains
studied here (Figure 4.1B). We also included Mesorhizobium loti MAFF303099
and Azorhizobium caulinodans ORS571 (Kaneko et al., 2000; Lee et al., 2008).
The former strain encodes for a T3SS whereas the latter does not. The topology
of the tree was similar to those generated using 16S or 23S rRNA-encoding

regions (van Berkum et al., 2003). S. fredii and M. loti share a common node but,
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in addition to B. japonicum, clearly separated into different groups. The B.
Japonicum strains have much shorter branch lengths than the S. fredii strains,
indicating either a slower substitution rate or a more recent divergence. The
relationship of USDA6 and USDA123 contrasted to previous classifications based
on the ITS region but were in line with topologies based on the 16S rRNA gene
sequence (van Berkum and Fuhrmann, 2000; de Oliveira et al., 2006).
Regardless, a tree based on whole genome comparisons supported, in general,
previous inferences of strain diversity based on single gene sequences and
results from reciprocal BLASTP analysis (Figure 4.1A).

Mining genomes for candidate type lll effector — encoding genes

Few type Il effector (T3E)-encoding genes have been identified from
genome sequences of mutualistic bacteria. This is not surprising since few T3Es
have sufficient sequence similarities between different genera of bacteria for
comprehensive detection using homology-based approaches (Grant et al., 2006).
We therefore searched for candidate T3E-encoding genes based on the presence
of an upstream ftts-box. We used sequences of 30 confirmed functional tts-boxes
from B. japonicum, S. fredii and M. loti MAFF303099 to train a Hidden Markov
Model (HMM; (Marie et al., 2004; Zehner et al., 2008; Sanchez et al., 2009). The
score of significance was calibrated to 5.0 based on the identification of 11
functionally validated tts-boxes located on the pNGR234a megaplasmid (Marie et
al., 2004).

We identified a total of 305 putative tts-boxes from the eight finished and

draft genome sequences (Table 4.2). In S. fredii, 13~24 putative tts-boxes were
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identified from the three genome sequences whereas in B. japonicum, upwards of
52 were found. The narrow variation in the number of putative tts-boxes within
each of the two species of rhizobia was encouraging but nevertheless unexpected
relative to the high number typically found using HMM-based searches for hrp-box
sequences in genome sequences of pathogenic P. syringae (Ferreira et al.,
2006). The difference in numbers of putative tts-boxes between rhizobia species,
in contrast, was not surprising and likely reflects the difference in genome sizes.

In NGR234, other than the 11 tts-boxes previously found, we identified two
additional sequences that were 1,345 bp and 1,119 basepairs (bp) upstream from
NGR_a02270 (y4oB) and NGR_a00810 (NodDZ2), respectively (Marie et al.,
2004). A fourteenth tts-box-like sequence was found 248 bp upstream of fixC
(NGR_a01240), but it was not considered because of its low bitscore of 3.1. As
previously reported, no other putative tts-boxes were found in the chromosome of
NGR234 or pNGR234b (Schmeisser et al., 2009). A second T3SS-encoding locus
is present on pNGR234b but its necessity in host infection has not been
confirmed (Schmeisser et al., 2009).

In the finished genome sequence of USDA110, we found 52 tts-boxes with
a bitscore of 5.0 or higher (Table 4.2). Of these 52, 29 were previously identified
with 14 of these tts-boxes located upstream of thirteen genes (bll1862 has two
upstream tts-boxes) that encode proteins that are secreted in a T3SS-dependent
manner (Zehner et al., 2008). This was expected since these exact 14 tts-box
sequences were used to train the HMM used in this study. However, our search

failed to identify the other 10 found by Zehner, et al. (2008), of which none of the
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downstream-encoded gene products were shown to be secreted in a T3SS-
dependent manner.

To identify candidate T3E-encoding genes, we searched up to 10 kb
downstream of the 305 tts-boxes. The reason for this relaxed criteria stems from
observations that Ttsl-regulated operons, such as the nopB-rhcU operon of
NGR234, can be substantial in length (Perret et al., 2003). We identified a total of
403 ORFs but culled the list down to 277 by filtering out those with translated
sequences homologous to components of the T3SS or proteins with functions
atypical of T3Es (BLASTX e-value < 1x107; table 4.2). Because the draft genome
sequences were distributed across many contigs and T3E could be encoded in
long operons, there was potential for physical gaps to uncouple ORFs from their
tts-box. Use of BLASTN to identify homologs of the 277 candidate T3Es-encoding
genes led to an additional 104 ORFs. Based on in silico analysis, we predict that
~60% of the T3E-encoding ORFs could be potentially transcribed from an operon.

The 381 candidate T3E-encoding genes clustered into 97 families. As
expected of candidate T3Es and as a consequence of the filtering, 44% of the
families had no members with matches to features in the NCBI conserved domain
database (Marchler-Bauer et al., 2011). Surprisingly, there is a high degree of
conservation in candidate T3Es within and across S. fredii and B. japonicum
species. Nearly 80% of the candidate T3E families had an ortholog present in
more than one strain and within B. japonicum, 47% of the families had an ortholog
in all strains examined herein. Ten families had orthologous genes common to

both species.
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T3SS-dependent translocation of type Il effectors

The T3SS-dependent translocation of a protein directly into host cells is
the one defining characteristic of a T3E. Cya has been used to demonstrate
T3SS-dependent translocation by rhizobia but assays required up to two weeks to
complete (Casper-Lindley et al., 2002; Schechter et al., 2010; Wenzel et al.,
2010). Due to the large number of candidates to be tested, we elected to use the
AT9AVrRpt2 reporter, which gives a more rapid response approximately 20 hours
post inoculation (hpi) in the model plant, Arabidopsis Col-0 (Mudgett and
Staskawicz, 1999; Guttman and Greenberg, 2001; Chang et al.,, 2005).
Furthermore, we employed an additional criterion based on amino acid
divergence to reduce the onerousness of testing, and selected a single candidate
to test when amino acid identity was = 90% for all members within a family.

The suitability of the A79AvrRpt2 reporter required validation since rhizobia
do not infect Arabidopsis. We selected NopB and NopJ from NGR234
(NGR_a00680 and NGR_a02610, respectively) for testing. NopB is known to be
secreted in a flavonoid- and T3SS-dependent manner, and NopJ is a member of
the YopJd/HopZ T3E family (Ausmees et al., 2004; Lorio et al., 2004). The ORFs of
nopB and nopJ were cloned downstream of a constitutive promoter and as
translational fusions to A79avrRpt2. The gene fusions were mobilized into the y-
proteobacterium Pseudomonas syringae pv tomato DC3000 (PtoDC3000) and its
T3SS-deficient mutant, AhrcC. Each of the strains were infiltrated into leaves of
Col-0 and examined for an HR approximately 20 hpi.

PtoDC3000 carrying the positive control, a fusion between the full-length
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avrRpm1 gene and A79avrRpt2, elicited a robust HR 20 hpi (Figure 4.2A).
Although Col-0 can elicit ETI in response to both AvrRpm1 and AvrRpt2, the HR
we observed is known to be a consequence of perception of the latter by RPS2
since AvrRpt2 "interferes" with AvrRpm1 when co-delivered (Dangl et al., 1992).
PtoDC3000 carrying a full-length avrRpt2 also consistently elicited robust HRs
(data not shown). In contrast, PtoDC3000 lacking fusions to A79avrRpt2 failed to
elicit an HR but showed tissue collapse approximately 28 hpi, indicative of
disease symptoms (data not shown). Importantly, PtoDC3000 carrying
nopB::A79avrRpt2 and nopJ::A79avrRpt2 fusions elicited robust HRs within the
same time frame as the positive controls (Figure 4.2A). The AhrcC mutant,
regardless of the gene it carried, failed to elicit any phenotype throughout the
course of the study thereby confirming the T3SS-dependent delivery of T3Es.
This is the first demonstration of heterologous T3SS-dependent delivery of
rhizobial T3Es and the first validation of NopB and NopJ as T3Es. These data
also validated the use of PfoDC3000 for the rapid characterization of candidate
T3Es for T3SS-dependent translocation.

A total of 162 genes were tested for the 103 families and from these, 72
T3Es belonging to 60 families, were confirmed for T3SS-dependent translocation
(table 4.2; figure 4.3). Twenty-eight of the families were either represented in only
one strain or tested multiple times because of within-family diversity that was less
than 90% amino acid identity. The NopB T3E family is presented as an example
(Figure 4.2B). The translated sequences of nopB of USDA207 and USDA257 are

100% identical to each other and have 98% identity to its member from NGR234.
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Within B. japonicum, the nopB members had = 99% identity in all pairwise
comparisons but only 32% identity to its family members from S. fredii.
Regardless, as shown, each of the tested nopB::A79avrRpt2 gene fusions were
sufficient for PtoDC3000 to trigger an HR at 20hpi (Figure 4.2B). In contrast, no
response was observed in plants infected with the AhrcC mutant carrying
members of the nopB family (data not shown).

In total, 90% (54/60) of the families, all members, inferred based on = 90%
amino acid identity or confirmed via functional testing, were classified as T3Es.
We only observed conflicting translocation results for six T3E families (NopP,
NopZ, NopBB, NopBE, NopBG and NopBH). An additional three families had
pseudogenes as determined based on the presence of premature termination
codons relative to other members. The members of the other 37 families had no
evidence for T3SS-dependent translocation and were not considered T3E based
on the criteria used herein.

Prior to this study, a total of 22 candidate T3E families had been previously
identified based on flavonoid-induced expression and T3SS-dependent in vitro
secretion and three proteins have been confirmed as bona fide T3Es based on in
vivo translocation using fusions to cya (Supplemental Table 2). Of the 25 total
candidate T3E families, we identified 22 of which 20 were validated as T3Es
(Figure 4.4). The use of PtoDC3000 to heterologously delivery proteins from
rhizobia failed to confirm the translocation of NopA and NopT, previously shown
to be secreted in a type lll-dependent manner (Figure 4.3; (Deakin et al., 2005;

Dai et al., 2008)). However, NopA may in fact be a structural component of the
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T3SS rather than a T3E (Deakin et al., 2005). NopT, in contrast, is a member of
the YopT/AvrPphB family and likely a bona fide T3E. The cytotoxic effects of
NopT in Arabidopsis, could have caused misleading conclusions in the
translocation assay (Dai et al., 2008). We did not test NopC, NopH or NopD for
translocation because they were not identified or did not pass our filters (Deakin
et al., 2005; Rodrigues et al., 2007; Hempel et al., 2009).

In total, 40 new T3E families were identified and were assigned the names
NopY through NopBT, for Nodulation Outer Proteins previously proposed, and
based according to rules previously developed for naming T3E of pathogenic
bacteria (Supplemental Table 4.2) (Marie et al., 2001; Lindeberg et al., 2005). For
seventeen families that were previously assigned a Nop name and confirmed for
delivery in this study, we retained their assigned name. Other than those
previously identified, none of the products of the T3E-encoding genes identified in
this study have sufficient homology to proteins of known function (data not
shown).

Genetic diversity of rhizobial type lll effectors

Surprisingly, indications up to this point suggested that T3E collections are
highly similar in content within the S. fredii and B. japonicum species (Figure 4.3).
This observation could potentially suggest that T3E collections of rhizobia are
under a different selective pressure than T3E collections of plant pathogens
(McCann and Guttman, 2008; O'Brien et al., 2010). To examine this possibility,
we calculated and plotted non-synonymous versus synonymous substitution rates

(Ka/Ks) for the 46 confirmed T3E families that have more than one family member
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(Figure 4.5A). A total of 201 pairwise comparisons were done, with 246 of the
possible comparisons from 34 families excluded because the nucleotide
sequences were identical for both family members under comparison.

In support of the possibility that T3E genes of rhizobia are under purifying
selection, the vast majority of pairs that could be examined had Ka/Ks values
below 1 (Figure 4.5A). We emphasize again that an additional 246 comparisons
were excluded because of sequence identity and the evidence for purifying
evidence is thus underestimated. Only 10 pairwise comparisons within five T3E
families had Ka/Ks values above 1, suggestive of positive selection. For
comparisons, we also calculated Ka/Ks values for the nod/fix genes, which given
their functions in nodulation and nitrogen fixation, are predicted to be under
purifying selection, which was indeed the case (Figure 4.5B). We also calculated
Ka/Ks values for all orthologous genes encoded in the rhizobial genomes to
determine how T3E families compared. Clustering of all predicted amino acid
sequences from the eight strains resulted in 35,521 clusters, representing 65,694
orthologous pairs. Since 22,494 clusters only had a single representative, 13,027
pairwise comparisons were calculated (Figure 4.5C). As shown, most orthologous
pairs had evidence for purifying selection. The great majority of comparisons
between species were saturated, as expected (Figure 4.5C, red).

NGR234 had three genes (nopP, nopZ and nopBB) with membership in
T3E families but when characterized using PtoDC3000, had no evidence for
T3SS-dependent translocation. However, none of the Ka/Ks values between

pairwise comparisons with these three genes were greater than 1.0 (Figure 4.5a,
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green triangles). Additionally, three pairwise comparisons between family
members of nopBG, nopBH and nopBE from USDA207 and USDA257 included
those that differed in translocation potential when carried in PtoDC3000. The
nopBG and nopBH genes have calculated Ka/Ks values of 2.13 and 0.025,
respectively (Figure 4.5a, green triangles). The Ka/Ks for nopBE could not be
calculated because each of the six observed nucleotide differences between the
two family members resulted in non-synonymous amino acid substitutions and
therefore a Ka of zero. Relative to whole-genome comparisons, we observed 168
pairwise comparisons having Ka/Ks values greater than 1.0. In all, data suggest
that T3E-encoding genes of S. fredii and B. japonicum are similar to the vast
majority of genes in their genomes with evidence for purifying selection.

Mosaic genomes of S. fredii and B. japonicum

In pathogens, collections of T3Es are dynamic, likely a consequence of
gain via horizontal gene transfer (HGT) and loss via mutation in response to
selective pressures imposed by plant defenses (McCann and Guttman, 2008). We
therefore examined rhizobial genomes for signatures of HGT and their
correspondence or lack thereof to T3E-encoding loci. However, because of the
challenges in using disjointed draft genome sequences to study HGT, we focused
primarily on the finished B. japonicum USDA110 and USDA6' genomes.
Furthermore, since all T3E-encoding genes of NGR234 are located on a plasmid,
we decided against characterizing HGT in S. fredii. As previously described, we
found very little evidence for loss of function via mutations; only three T3E families

had pseudogenes.



114

The majority of the T3E-encoding genes clustered in the 680 kb symbiosis
island that was previously identified in USDA110 based on differences in GC
content relative to the rest of the genome ((Goéttfert et al., 2001; Kaneko et al.,
2002); Figure 4.6). It was previously suggested that the symbiosis island is from
pieces of different origins, but unlike the M. loti, there is no additional evidence for
an integration event and is likely a very “ancient” island (Sullivan and Ronson,
1998; Gattfert et al., 2001; Kaneko et al., 2002; 2011). A similar clustering of T3E-
encoding genes to this symbiosis island was also observed in the genome of
USDAG6' (data not shown). The remaining T3E-encoding genes outside the island
did not appear to associate to regions with evidence for HGT. In contrast, genes
with evidence for positive selection tended to localize to regions with evidence for
HGT (Figure 4.6). Finally, most of the conserved T3E-encoding genes, regardless
of their location relative to the symbiosis island, shared similar genomic context
between strains, potentially indicating their acquisition/presence in a common
ancestor (Figure 4.7). A 25 kb genomic region of NGR234 and HH103 encoding
genes of seven T3E families are entirely syntenous, with only one neighboring
gene showing any signs of variability (Figure 4.7A). Similarly, a large genomic
region shared between USDA110 and USDA6' are syntenous (Figure 4.7B). The
one observed exception is nopP, which while seemingly syntenous within each of
the Bradyrhizobium and Sinorhizobium species, does not appear syntenous
between the two. This may indicate that nopP was inherited after species
divergence. It therefore appears that most, if not all T3E genes are “core” to the S.

fredii and B. japonicum genomes.
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DISCUSSION

Rhizobia are nitrogen-fixing bacteria comprised of nearly 100 different
species. Many of these form symbiotic relationships with legumes that are crucial
to the nitrogen cycle. The establishment of these symbioses is complex, with
many factors contributing to the specificity of the host-microbe relationship. To
identify additional factors that may influence host specificity, we cataloged
collections of type Il effector genes from eight different strains within the S. fredii
and B. japonicum species. These two species and their corresponding strains
were selected based on phylogenetic diversity as well as demonstrable T3SS-
dependent host changes. We combined the use of next generation sequencing to
generate draft genome sequences and computational and experimental methods
to identify T3E candidates and validate their T3SS-dependent delivery into plant
cells, respectively. This genome-enabled study provides the first insights into the
content of and selective pressures that shape collections of T3Es of mutualistic
bacteria.

Role of type lll effectors in mutualism

The T3SS is suggested to function during the early stages of nodulation,
when rhizobia are potentially most vulnerable to host defense (Mithéfer, 2002;
Gage, 2004; Soto et al., 2009). The ability of plants to recognize rhizobia and
initiate PTI has been demonstrated. For example, Mesorhizobium loti elicits a
response in Lotus japonicus similar to that elicited by the PAMP flg22, although
the response to M. loti is less robust (Lopez-Gomez et al., 2012). Furthermore,

the simultaneous treatment of plants with flg22 and M. loti dramatically reduced
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nodulation efficiency, while flg22 treatment in the later stages of symbiosis had no
effect, suggesting that PTI can interfere early in the nodulation process. If T3Es
are indeed mechanisms for countering defense, these data would suggest a need
for the early deployment of T3Es by mutualistic rhizobia to dampen defense
responses.

Evidence has, in fact, been accumulating that suggests T3Es of rhizobia
function to perturb defense. Characterization of NopL and NopT of NGR234,
show these T3Es affect the MAPK defense signaling cascade and cause cytotoxic
effects in transgenic plants, respectively (Yang et al., 2009; Zhang et al., 2011).
Furthermore, candidate T3Es of rhizobia have been previously identified based on
membership in families of T3Es of pathogens (Dai et al., 2008; Kambara et al.,
2009). In this study, no additional homologs of characterized T3E families were
discovered. Collectively, this body of evidence leads us to hypothesize that S.
fredii and B. japonicum use their T3SSs to translocate collections of T3Es to
manipulate host cells and dampen host PTI as an early step of colonization.

This hypothesis, however, is difficult to reconcile in light of the repeated
observations that the T3SS is not essential for rhizobial infection of all plants.
T3SS-deficient mutants of rhizobia are compromised in nodulating hosts that are
compatible with their corresponding wild type strain. However, their mutants
frequently gain what were previously incompatible plant species as hosts (Marie
et al., 2003; Hubber et al., 2004; Skorpil et al., 2005; Dai et al., 2008). These data,
in addition to the observation that not all rhizobia species encode for T3SS,

suggest that the T3SS has more of an accessory or host-specific role rather than
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a necessary function for host infection. An alternative explanation is discussed in
the following section.

The ttsl-regulon includes genes with roles beyond effectors and secretion
that may contribute to counteracting host defenses. In NGR234, fts/ is also
required for the synthesis of rhamnose-rich polysaccharides (Marie et al., 2004).
Polysaccharides can function to release bacteria from infection threads, protect
rhizobia against plant defenses, and have been suggested to dampen host
defenses (Graham et al., 1977; Dow et al., 2000; Gao et al., 2001; Marie et al.,
2004). Our goal was to identify T3E-encoding genes and we disregarded many of
the identified tts-boxes because the translated sequences of downstream genes
were not indicative of a T3E (Table 4.2). Further investigation of their
corresponding genes may provide a more complete picture of processes that
these two species of rhizobia rely on for infecting their hosts.

Our analyses of the two species in this study contributed T3E gene
sequences from 60 different families. T3E gene discovery relied on a
bioinformatics-based screen for tts-boxes. Overall, we find fewer tts-boxes than
similar hrp- or pip-box searches in genome sequences of P. syringae or
xanthomonads, respectively (Ferreira et al., 2006; Kimbrel et al., 2011). This may
reflect the conservative approach we took in developing the training set for the
HMM model. We only included tts-box sequences that corresponded to ORFs that
encode products with evidence for T3SS-dependent secretion. Alternatively, the
lower number of tts-boxes may reflect a relative lack of sequence divergence or a

comparatively higher number of ttsl-induced genes that are encoded in operons.
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The latter arrangement allows for fewer regulatory cis-elements while still
enabling the regulation of a large number of genes.

This is the first demonstration that P. syringae pv. tomato DC3000, a y-
proteobacteria, can deliver T3Es of a-proteobacteria rhizobia (Figure 4.2). The
functionality of PtoDC3000 as a heterologous system for characterizing T3Es is
not unprecedented given that it has been a workhorse for similar studies to deliver
effectors from Xanthomonas as well as effectors of oomycete pathogens (Mudgett
et al., 2000; Sohn et al., 2007). Interestingly however, we could not identify
common similar N-terminal translocation patterns in the T3Es of rhizobia and P.
syringae (data not shown; (Petnicki-Ocwieja et al., 2002; Greenberg and Vinatzer,
2003)). The genes we classified as T3Es produced a clear and robust HR and
included nearly all candidate T3Es previously identified by others (Figure 4.4;
Supplemental table 4.2). However, given the limits of using the AvrRpt2-elicited
HR as a marker for translocation and heterologous effector translocation, we
cannot exclude the possibility of false positives and false negatives. We
previously developed the EtHAn T3SS-encoding bacterial system for this study
(Thomas et al., 2009). For reasons as yet undetermined, EtHAnN did not appear to
translocate rhizobial T3Es (data not shown). Finally, some of the predicted T3Es
could not be tested (Table 4.2). Some predicted T3E genes were distributed
across multiple contigs, and recalcitrant to PCR amplification, which we infer as a
result of local misassembly mistakes. For example, the candidate T3E, bli8244
from USDA110, was found in all B. japonicum strains as well as USDA207 and

USDA257, but the short repeating sequences in this gene made it difficult to
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assemble (Pop and Salzberg, 2008). Despite these few limitations, this study
nonetheless represents a significant step towards understanding the functions
and diversity of T3Es in mutualistic bacteria. The prevalence of T3SS in rhizobia
is increasingly evident with the discovery of a potential T3SS-encoding locus in
the genome sequence of Mesorhizobium amorphae (Hao et al., 2012). Similarly,
use of a BLASTN search in the draft genome sequence of Bradyrhizobium sp.
ORS 285 identified homologs for 32 of the T3E gene families identified in this
study (data not shown; NCBI accession PRINA80837).

ETI and host range

The ability of T3SS-deficient mutants of rhizobia to overcome nodulation
restriction is a possible explanation for the observation that they gain previously
incompatible plants as hosts. Evasion of ETI, however, would likely come with a
cost; mutants will be compromised in their ability to suppress PTI and be less
efficient at establishing symbiotic interactions. The T3SS and its delivered T3Es
are thus still implied to be necessary for full infection. Further, given that
conservation can be interpreted as an indicator of functional importance, it is
noteworthy that homology-based surveys of B. japonicum show the T3SS-
encoding loci to be highly conserved across all soybean-associated strains
(Mazurier et al., 2006).

Rfg1 and Rj2 are nodulation restriction genes of soybean that affect
symbioses with S. fredii USDA257 and B. japonicum USDA122 (Yang et al.,
2010). Molecular characterization showed that both genes encode for NB-LRR

motifs characteristic of R proteins, pointing to rhizobial T3Es as negative host
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range determinants through elicitation of ETI. Given the ability of S. fredii
USDA207 to nodulate Rfg7-expressing plants, likely candidate Avrs are those
polymorphic between the two S. fredii strains, i.e., NopBIl, NopBJ, and NopBT. It
is possible that USDA207 encodes additional T3Es that interfere with ETI, similar
to what has been observed between avrPphF and avrPphC of P. syringae pv
phaseolicola (Tsiamis et al., 2000). Whatever the case may be, our cataloging
and comparisons of T3E collections within the S. fredii and B. japonicum strains
provides a very short list of avr candidates for the molecular demonstration of ETI
in legume-rhizobia interactions (Figure 4.3).

An R gene-mediated defense response that limits nodulation by restricting
a presumably mutualistic symbiosis seems counter-intuitive. One possible
explanation is that rhizobia vary in their nitrogen fixing ability and are not always
beneficial. Plants may therefore rely on ETl as a mechanism for host-sanction
since T3Es are detectable in plant nodules (Schechter et al., 2010; Wenzel et al.,
2010). This is unlikely, however, as ETl-eliciting bacteria inevitably will
compromise the nodulation ability of non-ETlI-eliciting bacteria. For example, co-
inoculation of wild-type USDA257 with its T3SS-deficient mutant negated the
ability of the mutant to nodulate McCall soybean cultivar, suggesting that ETI will
affect all infecting rhizobia (Meinhardt et al., 1993). In this study, the relatively
large size of T3E collectives suggests redundancy in function, such as that
observed in collections of T3Es of P. syringae (Table 4.2; (Baltrus et al., 2011)).
Redundancy lends to rapid diversification such that T3Es can be easily jettisoned

to avoid recognition at a minimal cost in the fitness of the microbe in its host. The
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observed conservation of T3Es in rhizobia argues against an avoidance of ETI as
a selective pressure.

Another possible explanation for restriction of nodulation is that ETI
against rhizobia is simply due to convergence of pathogen and mutualist T3Es on
defense proteins that are guarded by common R proteins. This so-called guard
hypothesis predicts that R proteins elicit ETI upon perception of changes to a
guarded host protein (Jones and Dangl, 2006). One classic example is the RPS2-
AvrRpt2 system used in this study. AvrRpt2 is a cysteine protease that targets
and cleaves the Arabidopsis protein, RIN4 (Axtell and Staskawicz, 2003; Mackey
et al., 2003). The cleavage and subsequent degradation of RIN4 alleviates
inhibition of RPS2 to elicit ETI. Therefore, ETI against rhizobia is thus potentially
an unfortunate consequence of rhizobia having to target guarded host proteins.
Therefore, the selective pressure for the host is to maintain resistance against
pathogens, rather than against beneficial rhizobium. Supporting this is the
observation that nodulation restriction loci, such as Rfg1, are often clustered with
large families of NB-LRR-encoding genes and genetically linked to resistance
specificities against agricultural pests (Graham et al., 2002b).

Evolution of type Il effectors

The T3E collections of S. fredii and B. japonicum are highly conserved in
both content and sequence, with very little evidence of diversifying selection or
acquisition via horizontal gene transfer (Figures 4.3, 4.5 and 4.6). Among the
translocated T3E families of rhizobia, 12 of 20 and 31 of 45 T3E were “core” to

the S. fredii and B. japonicum species. Furthermore, of these core T3Es, five
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families (nopY, nopB, nopU, nopAA and nopM1) are distributed across both
species (Figure 4.3). The observed evolutionary stasis of T3E collections
indicates an evolutionary framework different than that proposed for T3Es of
pathogens.

Pathogen virulence proteins have been modeled according to an
“evolutionary arms race” with multiple studies of their T3Es showing collections to
be rapidly evolving with dramatic variation in content and sequence (McCann and
Guttman, 2008; Stavrinides et al., 2008; Baltrus et al., 2011). In this context,
novelty potentiates evasion of detection by the host, e.g., loss of avrs as an
avoidance of ETI (Sachs et al., 2011a). By contrast, novelty in symbiosis can
result in instability. For this reason, mutualists may be under more pressure to
limit diversification (Sachs et al., 2011b). In this mutualism context, hosts select
for the most frequent genotype of microbe and the more common genotype of
microbe is more likely to find a suitable host.

It could also be argued that the apparent conservation of T3E genes in
rhizobia simply mirrors the low diversity of their genomes. However, in pathogens,
in spite of high genome conservation, their T3E collections are rapidly
diversifying. The genome diversity within the examined strains of S. fredii is far
more extensive than that of most plant pathogens while the diversity within the
examined strains of B. japonicum is similar to the observed diversity of plant
pathogens (Figure 4.1A). Pairwise comparisons of pathovars of P. syringae have
upwards of 85% orthology, while Xanthomonas is greater than 70%, and P.

fluorescens >60% (Silby et al., 2009; Kimbrel et al., 2010; Baltrus et al., 2011;
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Kimbrel et al., 2011). Even across 19 phylogenetically different P. syringae
pathovars, ~60% of the genes can be considered “core” (Baltrus et al., 2011).
Despite this high conservation, two different pairs of P. syringae strains that infect
a common host, the closely-related tomato pathovars DC3000 and T1, and the
distantly-related cucumber pathovars, lachrymans 106 and 107, share ~80% and
~70% orthology, respectively, yet have less than 50% conservation in their
collections of T3Es (Almeida et al., 2009; Baltrus et al., 2011). Taken together, the
conservation in T3E collection content, the low number of unique genes, and
evidence for purifying selection argue against an evolutionary arms race for T3Es
of mutualistic rhizobia. Instead, these data support the possibility of a “mutualistic
environment”, where co-evolution of plant and rhizobia favor maintaining
symbiosis (Law and Lewis, 2008; Sachs et al., 2011a).

Many of the T3E-encoding genes of rhizobia are potentially members of
operons that include genes encoding structural components of the T3SS.
Furthermore, the majority of the highly conserved T3E-encoding genes are
located in the symbiosis island where the majority of nod and fix genes are also
located. The conservation of the T3E-encoding genes may result from their
association with functions essential to mutualism. However, a similar situation of
association is found in P. syringae with a different outcome. The hopM1 T3E-
encoding gene is linked with the T3SS-encoding region but despite the family
being represented in all 19 examined strains, its members have pronounced
nucleotide and functional diversity, indicative of the evolutionary arms race

(Baltrus et al., 2011). In contrast, even the rhizobial T3E-encoding genes distal to
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the symbiosis islands appear as static as those within the island with little
evidence for HGT or sequence divergence (Figure 4.6).

T3SS-encoding loci have also been detected in other mutualists such as
insect endosymbionts Buchnera aphidicola, Hamiltonella defensa, Sodalis
glossinidius, and SZPE, as well as commensal bacteria such as Pseudomonas
fluorescens (Rainey, 1999; Shigenobu et al., 2000; Dale et al., 2001; Preston et
al., 2001; Dale et al., 2002; Moran et al., 2005; Kimbrel et al., 2010). Loss-of-
function mutants of the insect mutualist S. glossinidius, for example, are non-
invasive and when microinjected directly into female flies, not transmitted to
progeny (Dale et al., 2001). It will be interesting to determine whether the T3E
collections of these mutualists exhibit similar patterns as observed in rhizobia.

It is becoming evident that the T3SS is an important mechanism for
bacteria to establish symbioses with their hosts, regardless of the outcome of the
interactions. However, the outcome may influence collections of T3Es, with
pathogens in an “evolutionary arms race” and mutualistic rhizobia in an

“‘evolutionary armistice” punctuated by infrequent “skirmishes” with their hosts.

ACKNOWLEDGEMENTS

We would like to thank an outstanding group of undergraduate researchers
for their assistance (alphabetical order): Andres Alvarez, Philip Hillebrand, Denise
Hruda, Stanley Lee, Ryan Lilley, Meesha Pena, Liz Stoener, Jayme Stout, and
David Swader-Hines. We would also like to thank Mark Dasenko and Chris

Sullivan in the CGRB for high-throughput genome sequencing and data



125

preparation as well as the Soybean Genomics and Improvement Laboratory for
the rhizobial strains. Finally, we thank Dr. Jeffery Dangl for his guidance,
wonderful mentorship, and generosity in providing the space and resources to
initiate this project. This work was supported by the National Research Initiative
Competitive Grants Program Grant no. 2008-35600-04691 and the Agriculture

Research Foundation.

MATERIALS AND METHODS
Bacterial strains and plasmids

Bacterial strains used in this study were: B. japonicum strains USDAG,
USDA110, USDA122, USDA123, and USDA124; S. fredii strains USDA207 and
USDA257; Rhizobium sp. NGR234, Pseudomonas syringae pv. tomato DC3000
(PtoDC3000), its T3SS-deficient mutant (AhrcC), and Escherichia coli DH5a.
Rhizobia strains and P. syringae were grown in modified arabinose gluconate
media (MAG) or King’s B (KB) media, respectively, at 28°. E. coli DH5a was
grown in Luria-Bertani (LB) media at 37°C. Antibiotics were used at the following
concentrations: 50 pg/ml rifampicin (PtoDC3000), 30 pg/ml kanamycin (all
bacterial strains), 50 pg/ml chloramphenicol (B. japonicum strains), and 25 ug/mi
gentamycin (E. coli). Plasmids used in this work were pDONR207 (Invitrogen,
Carlsbad, CA), the Gateway destination vector pDD62-A79AvrRpt2 (Mudgett et
al., 2000), and the pRK2013 conjugation helper plasmid (Helinski, 1979).

Genome sequencing

Genomic DNA was extracted from B. japonicum strains USDAG,

USDA122, USDA123, and USDA124, and S. fredii strains NGR234, USDA207
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and USDA257 using osmotic shock, followed by alkaline lysis and phenol-
chloroform extraction. We prepared 5 ug of DNA from each strain according to the
instructions provided by the manufacturer (lllumina, San Diego, CA). Libraries
were sequenced using the paired-end cycle sequencing kit on the lllumina
(Supplemental Table 4.1). Sequencing was done by the Center for Genome
Research and Biocomputing Core Labs (CGRB; Oregon State University,
Corvallis, OR).

Genome assembly and annotation

We used Velvet 0.7.55 to de novo assemble the genomes (Table 1;
(Zerbino and Birney, 2008)). Multiple assembles, using different parameters,
were produced for each genome and the highest quality assembly was identified
using methods described previously (Kimbrel et al., 2010). The Mauve Aligner 2.3
(default settings) program was used to order the contigs greater than 1 kb in
length into scaffolds based on a closely related reference genome sequence
(Rissman et al., 2009). The reference sequence used for B. japonicum strains
was USDA110, while the symbiotic plasmid of Rhizobium sp. NGR234 was used
as a reference for the S. fredii strains (Freiberg et al., 1997; Kaneko et al., 2002).
Genome assemblies were annotated using Xbase and open reading frames
(ORFs) annotations were further refined using the NCBI conserved domain
database (CDD; (Altschul et al., 1997; Lowe, 1997; Kurtz et al., 2004; Delcher et
al., 2007; Lagesen et al., 2007)).

Bioinformatic analyses

We used HAL (default settings) to generate whole-genome phylogenies of

the six draft genome sequences and representative finished genome sequences
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(Robbertse et al., 2011); NGR234 (NC_000914, NC_012586 and NC_012587;
(Freiberg et al., 1997; Schmeisser et al., 2009)), USDA110 (NC_004463; (Kaneko
et al., 2002)) and Azorhizobium caulinodans ORS571 (NC_009937.1; (Lee et al.,
2008)).

For visualization of genomic regions, blast atlases were generated using
the Gview Server (Petkau et al., 2010). USDA207 and USDA257 were compared
against pNGR234a (NC_000914), and USDA6, USDA122, USDA123 and
USDA124 were compared against USDA110 (NC_004463). ORFs longer than
100bp from pNGR234a or USDA110 (Supplemental Figure 3, black vertical lines)
were used as queries against each genome, and hits with greater than 80%
identity and an e-value < 1e™"® were mapped against the genome position of the
query sequence. BLAST Atlases were obtained through the Gview Server using
BLASTN with the following settings: e-value < 1 x 10™"°, alignment length = 100
bp, and percent identity = 80% (Petkau et al., 2010). The Circos was plot was
generated using the Circos Table Viewer (Krzywinski et al., 2009).

Non-synonymous (Ka) and synonymous (Ks) substitution rates were
determined by first clustering all of the translated sequences using CD-HIT with (-
c.75-n5-T 6 -s 0.7) settings (Li and Godzik, 2006). We used ad hoc Perl shell
scripts to call ClustalW2 to align the translated sequences, PAL2NAL to construct
codon alignments from the ClustalW2 output, and KaKs_Calculator 1.2 with the
‘YN’ approximate method to calculate Ka/Ks values for all pairwise comparisons
(Yang and Nielsen, 2000; Suyama et al., 2006; Zhang et al., 2006; Larkin et al.,

2007).
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The Sanger Institute’s Alien Hunter (default settings) was used to analyze
genome sequences for potential horizontal gene transfer (HGT) events. Alien
Hunter uses Interpolated Variable Order Motifs (IVOMSs) to identify compositional
biases and localize boundaries of predicted HGT regions (Vernikos and Parkhill,
2006).

T3E candidate discovery

We used the sequences of 30 tts-boxes from genes previously identified
as Ttsl-regulated as input for HMMer to generate a Hidden Markov Model for
rhizobial tts-boxes (HMM; (Eddy, 1998; Marie et al., 2004; Zehner et al., 2008)).
An ad hoc Perl shell script was used to identify tts-boxes with a HMMer bit score
of 5.0 or higher. We next identified ORFs on the same strand as the tts-box, either
up to 10 kb downstream or until another ORF on the opposite strand was
encountered. We used BLASTX (e-value < 1 x 10™"°) to filter out ORFs with
translated sequences homologous to components of the T3SS, proteins encoded
by organisms that lack a T3SS, or proteins with general housekeeping functions.
We used BLASTN and sequences of candidate T3E-encoding genes to identify
homologs from each of the eight genome sequences (e-value cutoff <1x10™"°).

T3Es were grouped into families based on BLASTP scores < 1x107°
across 250% the length of the protein. When all members of a family had amino
acid identity 290% as determined using clustalw a single representative family
member was chosen for testing (Larkin et al., 2007). In families of < 90% amino
acid identity, members representative of the diversity were tested.

T3E candidate cloning

Oligonucleotide primers were designed for candidate T3E-encoding genes
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to include a partial B1 and B2 sequence to the top and bottom oligonucleotide
primers, respectively (sequences available upon request; Gateway® system
(Invitrogen, Carlsbad, CA; (Chang et al., 2005)). Gene-specific primers and 1 ul of
genomic DNA were used in two-step PCR as previously described (Kimbrel et al.,
2011). PCR products were cloned into pDONR207 using BP clonase according to
the instructions of the manufacturer (Invitrogen, Carlsbad, CA). PCR products
were cloned into the destination vector pDD62-A79AvrRpt2 using LR clonase
according to the instructions of the manufacturer (Mudgett et al., 2000). Plasmids
were transformed into E. coli DH5a cells and mated into PtoDC3000 or AhrcC via
triparental mating.

In planta assay

Arabidopsis thaliana Col-0 plants were grown in a controlled growth
chamber environment (15-hour day at 22°C followed by 9-hour night at 20°C).
PtoDC3000 cells were grown overnight in KB with appropriate antibiotics. Cells
were washed and re-suspended in 10mM MgCl, at a final concentration of
ODe00=0.1. These inocula were infiltrated into the abaxial side of leaves of ~6-
week-old plants using 1-ml needle-less syringes. The hypersensitive response
(HR) was scored approximately 20-24 hpi based on comparisons to PtoDC3000
carrying an empty vector or full-length avrRpt2, negative and positive controls,
respectively. Disease symptoms were scored approximately 28 hpi. Experiments

were replicated a minimum of three times.
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Strain* Size (Mb)" | # of Contigs* | N50 (kb)® | Predicted ORFS'
S. fredii NGR234* 6.9 - - 6322
S. fredii USDA207* 6.5 291 27.8 6995
S. fredii USDA257 7.0 384 26.7 6723
B. japonicum USDAG* 8.7 788 19.6 7960
B. japonicum USDA110 9.1 - - 8317
B. japonicum USDA122 8.9 186 31 8107
B. japonicum USDA123 9.1 815 21.6 8361
B. japonicum USDA124 8.9 1285 19.3 7943

*The genome sequences of the (*) indicated strains were finished during various
stages of this study. 'Sizes were estimated based on Velvet calculated values and
included contigs from chromosomes and plasmids. *Only contigs greater than 1
kb in length were included; “-” = the finished genome sequences were used in this
study. The contigs were ranked according to length and the contigs necessary to
represent 50% of the estimated total size of the genome were identified. The size
in kilobase (kb) of the smallest contig of the subset necessary to represent 50% of
the genome is presented. Draft genome sequences were annotated using XBase
and the predicted numbers of ORFs larger than 150 bp in length are presented.
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Strain* # identified | # ORFs post | # ORFs  post | T3Es' Not
tts-boxes’ filteringi homology search® tested”

S. fredii NGR234* 13 24 24 12 2

S. fredii USDA207* 21 19 23 15 3

S. fredii USDA257 24 21 27 14 3

B. japonicum USDAG* 46 41 58 32 9

B. japonicum USDA110 | 52 51 66 36 10

B. japonicum USDA122 | 50 40 61 30 10

B. japonicum USDA123 | 47 39 60 36 7

B. japonicum USDA124 | 52 42 62 33 7

*The genome sequences of the (*) indicated strains were finished during various
stages of this study. 'A trained Hidden Markov Model (HMM) was used to identify
candidate ftts-boxes; the number of sequences with bit-scores = 5.0 are
presented. *ORFs within 10 kb and encoded on the same strand as the predicted
tts-box were identified and filtered based on results from BLASTX searches (e-
value < 1 x 10™"). $The number of candidates after using BLASTN searches to
identify additional homologies (e-value < 1 x 10™"°). 'T3E-encoding genes based
on T3SS-dependent elicitation of HR by PtoDC3000 in Arabidopsis thaliana Col-0.
*The number of candidate T3E-encoding genes that were recalcitrant to cloning.
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Supplemental Table 4.1. Detailed statistics for genome sequencing.

Strain* Sequencing # of channels | Read length Total # of
technology used PE reads
S. fredii USDA207* GAl 2 32mer 22,136,363
S. fredii USDA257 GAl 2 32mer 27,603,487
B. japonicum USDAG* GAl 3 32mer 20,995,355
B. japonicum USDA122 | GAll 0.5 72mer 19,430,723
B. japonicum USDA123 | GAl 3 32mer 27,393,134
B. japonicum USDA124 | GAl 3 32mer 14,219,973

*The genome sequences of the (*) indicated strains were finished during various
stages of this study. TAll genomes were sequenced using an lllumina
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USDA110

B. japonicum USDA123
B. japonicum USDA6

B. japonicum USDA110
EB. Jjaponicum USDA122
B. japonicum USDA124
M. loti MAFF303099

S. fredii NGR234

L S. fredii USDA207

——S. fredii USDA257

A. caulinodans ORS571

0.150

Figure 4.1. Within and between genetic diversity of S. fredii and B.

japonicum strains.

Circos visualization of rhizobial genome sequences (A). The most outer track,
based on the length of the different colored bars, represents the amount of
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orthology other genomes have to the indicated genome. Genomes are ranked
according to highest percent orthology (starting close to 0%) to lowest (ending
closer to 100%). The inner track represents the amount of orthology the indicated
genome has to the other genomes with interior ribbons connecting genomes, and
variation in width depicting the extent of orthology. Genomes were assigned
arbitrary colors (in a counter clockwise direction: NGR234 (dark blue); USDA207
(blue); USDA257 (cyan); USDA6 (maroon); USDA110 (olive); USDA122 (gray);
USDA123 (orange); and USDA124 (yellow). Orthology was determined using
reciprocal BLASTP of translated sequences between the eight rhizobia strains.
Neighbor-joining phylogenomic tree of representative strains of rhizobia (B). The
tree is based on a super alignment of 624 translated amino acid sequences. A.
caulinodans ORS571 was included as the out group. Bootstrap values for each
node are 100 (not shown); scale bar represents the number of substitutions per
site.
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PtoDC3000

PtoDC3000
AhreC

55%

Figure 4.2. PtoDC3000 delivers T3Es of rhizobia in a T3SS-dependent
manner.

Leaves of Arabidopsis Col-0 (Rps2/Rps2) were infiltrated with PtoDC3000 (top
row) and its T3SS-deficient mutant, hrcC (bottom row) carrying no gene fusion to
A79avrRpt2 or gene fusions to P. syringae T3E gene avrRpm1 or NGR234
candidate T3E genes, nopJ or nopB (A). Members of the NopB T3E gene family
all encode for functional T3Es (B). Leaves of Arabidopsis Col-0 (Rps2/Rps2) were
infiltrated with PtoDC3000 carrying no gene fusion to A79avrRpt2 or gene fusions
to P. syringae T3E gene avrRpm1 or nopB genes from NGR234, USDA207, or
USDA110. Leaves did not respond to infiltrations of hrcC (data not shown). In all
experiments, leaves were scored for the HR ~20 hpi and the percent of
responding leaves are presented (at least 20 leaves infiltrated). Experiments were
repeated at least three times.
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EE@E E Translocated Homolog in both species
BEEER B B Not Translocated All Sinorhizobium strains
Cannot resolve All Bradyrhizobium strains

Pseudogene
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Figure 4.3. Distribution and conservation of T3E families in rhizobia.

The T3Es are listed across the top with strains of S. fredii (A) and B. japonicum
(B) listed down the side. The conserved T3E-encoding genes are color-coded:
between species (green) and within all three S. fredii (purple) or all five B.
Jjaponicum strains (cyan). The boxes are color-coded according to: functional T3E-
encoding genes (blue); no evidence for T3SS-dependent delivery (red); homolog
present but sequence could not be resolved (gray); homolog present with
premature termination codon relative to other family members (brown); no
detectable homolog (white).
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Figure 4.4. Area-proportional Venn diagram of candidate and confirmed
rhizobial T3Es.

The yellow circle represents the union of 22 families of secreted and three
families of delivered T3Es, previously discovered from rhizobia. Red and blue
circles represent the 97 and 60 predicted and confirmed T3E families,
respectively, identified in this study.
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Figure 4.5. The majority of rhizobia T3Es have low Ka/Ks scores.

Synonymous (Ks) and non-synonymous (Ka) rates were plotted along the x- and
y-axes, respectively, for all possible pairwise comparisons of rhizobia T3E-
encoding genes (A), nod/fix genes (blue and green, respectively) (B), and all
genes (C). Green, blue and red data points represent pairwise comparisons of
genes within S. fredii, B. japonicum, or between species, respectively. For panel
(A), squares and triangles represent family members that had both or only one
member translocated, respectively. The dotted diagonal line indicates a ratio of 1.
The dotted vertical and horizontal lines identify the boundaries for saturation of Ks
and Ka, respectively. Comparisons between genes with identical nucleotide
sequences or genes encoding potential pseudogenes were excluded from
analyses.
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Figure 4.6. Analysis of B. japonicum genomes for evidence of HGT events.

(Top) The HGT scores as determined by Alien Hunter, are shown along the y-
axis, only scores >20 are shown. The location of genes confirmed to encode T3E
and those with Ka/Ks ratios > 1 of USDA110 are mapped according to the
genome coordinates of USDA110 (blue and red triangles, respectively). (Bottom)
BLAST Atlas showing orthology of B. japonicum genes > 100 bp in length (vertical
lines) and plotted according to the genome coordinates of USDA110. Orthology
was determined using BLASTN (e-value < 1x10"%; > 80% nucleotide identity).
Bottom histogram depicts average GC% along a sliding window of 10 kb. The
genome coordinates for USDA110 are presented along the x-axis in 100 kb
increments; major ticks indicate megabase (Mb) increments.
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Figure 4.7. Synteny of representative conserved T3E-encoding genes.

A 25 kb region syntenous between pNGR234a and pSHH103d (A) and between
USDA110 and USDA6' (B). Syntenous blocks are highlighted as gray blocks with
traces representing the amount of synteny as determined using Mauve. Thick
arrows represent ORFs with direction indicating expression from the leading or
lagging strand. Labeled and thick colored arrows depict candidate ORFs identified
based on location relative to predicted tts-box (thin red arrows). Thick green
arrows encode confirmed T3E. Thick black arrows represent syntenous ORFs,
and thick cyan arrows represent non-syntenous ORFs. Numbers at the top and
bottom indicate genome coordinates in kb or Mb for S. fredii and B. japonicum,
respectively.
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Supplemental Figure 4.1. Screenshot of Mauve alignment of T3SS-encoding
loci of the eight strains of rhizobia.

lllumina short reads were de novo assembled and contigs were ordered using
Mauve Aligner and NGR234 or USDA110 as a reference sequence (Freiberg et
al,. 1997; Kaneko et al., 2002). The T3SS-encoding loci were aligned using the
outmost located T3SS-associated gene, NGR_a00520 (y4yS) as the landmark
(thick blue line). Large blocks represent syntenous regions and are further
indicated by the thin long connecting vertical lines. The extent of synteny within
each block is depicted by the height of the colored regions. Colors are arbitrarily
assigned by Mauve Aligner. Shorter red lines show contig breaks. Coding
sequences are depicted by open boxes for NGR234 and USDA110. Coordinates
are for each of the regions depicted (bp).
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Supplemental Figure 4.2. Histogram of orthologs based on percent
nucleotide identity.

Orthologs between S. fredii (A) and B. japonicum (B) were identified using
BLASTN (e-value < 1x10°°; > 90% the length of the coding sequence). For S.
fredii ORFs from USDA207 and USDA257 were compared to the annotated ORFs
in pNGR234a, pNGR234b and NGR234 chromosome (Freiberg et al., 1997;
Schmeisser et al., 2009). For B. japonicum, the ORFs from the draft genomes of
USDAG6, USDA122, USDA123 and USDA124 were compared to the annotated
ORFs of USDA110 (Kaneko et al., 2002). The nucleotide identity was determined
for each orthologous pair, binned based on percent identity, and the numbers of
each pair (y-axis) were plotted within each bin (x-axis).
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Supplemental Figure 4.3. BLAST Atlas of S. fredii genes.

Orthologs of > 100 bp in length (vertical lines) were determined using BLASTN (e-
value < 1x10"; > 80% nucleotide identity) and plotted according to the
pNGR234a, pNGR234b, and chromosome coordinates (along the bottom).
USDA207, USDA257, and NGR234 ORFs are represented by green, blue, and
black, respectively, vertical lines. Histograms depict average GC% along a sliding
window of 10 kb. Coordinates in Mb increments are presented
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Many species of plant-associated bacteria utilize a type Il secretion
system (T3SS) to inject collections of type Il effector proteins (T3Es) into host
cells to modulate defense. The T3SS was once considered exclusive to
pathogens, but the identification of T3SS-encoding loci and demonstrable use by
strains of non-pathogenic species such as the commensal Pseudomonas
fluorescens and mutualistic Sinorhizobium, Bradyrhizobium and Mesorhizobium
as well as those that interact with non-plant hosts, has instigated a conceptual
shift for the role of the T3SS. In many of these cases, the T3SS is functional such
that loss-of-function mutations compromise the abilities of the microbe to
associate with their hosts. Undoubtedly the T3SS, regardless of the outcome of
the host-microbe interaction, functions to deliver T3Es to manipulate the host cell.

The work presented in this thesis contributed significantly to increase the
inventory and diversity of T3Es and challenged the dogma of T3E evolution. |
presented the first genome sequence from a representative strain of a poorly
characterized clade of xanthomonads (chapter 2). From this work, we identified a
T3SS-encoding cluster and many candidate T3Es. Results from this work have
direct application to agriculture for molecular diagnostics of crop plants and logical
avenues to pursue for the development of resistant crop lines. Further, we
identified new candidate T3E families for a commensal P. fluorescens and
provided genomic resources to facilitate the development of methods useful for
sustainable agriculture prac