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Symbioses between microbes and multicellular eukaryotes are found in all 

biomes, and encompass a spectrum of symbiotic lifestyles that includes parasitism and 

disease, commensalism, and mutually beneficial interdependent host-microbe 

relationships.  Regardless of outcome, these symbiotic lifestyles are governed by a 

complex molecular “courtship” between microbe and potential host.  This courtship is 

the primary determinant of the host range of a given microsymbiont.  Host immunity 

poses a formidable barrier to the establishment of host-microbe relationships, and the 

majority of microbial suitors will be thwarted by it.  Only by successfully “wooing” the 

host cell’s immune defenses with the appropriate molecular signals can a microsymbiont 

successfully colonize its host.   

A strategy common to microsymbionts across the spectrum of symbiotic lifestyles 

and host organisms is the delivery of microbial-encoded effector proteins into the 

cytoplasm of host cells to manipulate the host cell’s molecular machinery for the 

purposes of subverting host immunity.  Bacteria, in particular, have adapted a number of 

secretion systems for this purpose.  The most well-characterized of these is the type III 

secretion system (T3SS), a molecular apparatus that specializes in injecting type III 

effector (T3Es) proteins directly into host cells.  The work in this thesis focuses on T3Es of 

plant-associated bacteria, with particular emphasis on mutualistic bacteria. We present 



evidence that collections of T3Es from Sinorhizobium fredii and Bradyrhizobium 

japonicum are, in stark contrast to those of phytopathogenic bacteria, in a co-

evolutionary equilibrium with their hosts.  This equilibrium is characterized by highly 

conserved T3E collections consisting of many “core” T3Es with little variation in 

nucleotide sequence.  The T3Es of Mesorhizobium loti MAFF303099 suggest a completely 

different picture of the evolution of T3Es.  MAFF303099 recently acquired its T3SS locus, 

and the work in this thesis provides an evolutionary snapshot of a mutualist that is 

innovating a T3E collection primarily through horizontal gene transfer.  Collectively, this 

work represents the first comprehensive catalog of T3Es of rhizobia and, in the case of 

Sinorhizobium and Bradyrhizobium, the first evidence of purifying selection for T3Es. 
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INTRODUCTION 

Colonization by microbial symbionts is ubiquitous among multicellular organisms.  

These symbioses pervade every habitat and likely all branches of the phylogenetic tree of 

life.  The term “symbiosis” encompasses a variety of lifestyles resulting from specific 

host-microbe interactions with a spectrum of possible outcomes ranging from mutually 

beneficial interactions to pathogenic interactions.  Regardless of the outcome of 

symbiosis, successful colonization of a host organism by a microbe is typically governed 

by a complex molecular “courtship”, during which the microbe navigates host barriers to 

successfully establish a symbiotic relationship.  Such courtships are rarely successful, and 

many microbial suitors are potentially thwarted by the defenses of potential hosts; 

nevertheless, the infrequent successes are sufficient to account for the dizzying diversity 

of host-microbe relationships observed in nature.  This thesis examines the co-evolution 

and role of bacterial-encoded type III effector proteins in host range determination in the 

context of symbiosis with plants. 

 

PLANT BARRIERS TO SYMBIOSIS    

Plant immunity presents an imposing obstacle for potential symbionts.  While 

plants lack the adaptive immunity found in mammals, they do share with other 

multicellular eukaryotes an innate immune system that is sufficient to resist colonization 

by the majority of microbes (Nürnbeger et al., 2004; Postel and Kemmerling, 2009).  In 

plants, this basal defense is mediated by the host cell’s pattern recognition receptors 

(PRRs), which recognize conserved molecular patterns of microbes (Sanabria et al., 2010; 

Segonzac and Zipfel, 2011).  Historically, these conserved molecular patterns have been 

referred to as pathogen-associated molecular patterns, or PAMPs, reflecting the 

conventional view of plant immunity as a barrier to pathogen invasion.  It has been 

proposed that these conserved molecular patterns should receive the more general 

appellation of microbe-associated molecular patterns, or MAMPs (Ausubel, 2005).  This 

move to a more inclusive nomenclature is indicative of a shift in the understanding of 

plant immunity as a barrier against microbes irrespective of their symbiotic lifestyles. 
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Plant PRRs are plasma membrane-associated receptors that decorate the surface 

of the host cell (Sanabria et al., 2010).   Interaction between the extracellular domain of 

a PRR and its cognate ligand initiates a series of responses collectively referred to as 

PAMP- or MAMP-triggered immunity (PTI or MTI, respectively; Jones and Dangl, 2006; 

Schwessinger and Zipfel, 2008).  The pathogen-derived signal is internalized and 

transduced through a MAP kinase cascade, which results in rapid transcriptional changes, 

including induction of pathogenesis-related (PR) genes (Schwessinger and Zipfel, 2008; 

Pitzschke et al., 2009; Tena et al., 2011).  MTI also results in an immediate influx of Ca2+ 

into the cytoplasm of the plant cell.  This cytosolic Ca2+ signal is transduced through 

multiple signaling pathways, resulting in a rapid burst of reactive oxygen species via 

activation of NADPH oxidase, calmodulin-mediated production of nitric oxide (NO), and a 

calcium-dependent protein kinase (CDPK) signaling cascade (Schwessinger and Zipfel, 

2008; Segonzac and Zipfel, 2011; Ma, 2011;  Tena et al., 2011).  These immediate 

responses further transduce and amplify pathogen-derived signals into other early-

response pathways.  For instance, the MAP kinase cascade activates production of the 

phytohormone ethylene, while CDPK activity is responsible for the activation of salicylic 

acid (SA), another phytohormone (Pitzschke et al., 2009; Segonzac and Zipfel, 2011; Tena 

et al., 2011).  The phytohormones ethylene and SA, as well as jasmonic acid (JA), control 

major regulatory networks that both complement and antagonize each other (An and 

Mou, 2011; Robert-Seilaniantz et al., 2011).  The complex crosstalk between these 

regulatory networks coordinates the timing and amplitude of the physiological responses 

involved in plant immunity (Robert-Seilaniantz et al., 2011).   

Many of the regulatory pathways described above converge on cell wall 

defenses, a set of physiological responses that manifest as strengthening of the physical 

barrier between plant cell and microbes.  The ROS produced during the rapid oxidative 

burst in the early stages of MTI directly strengthen host cell walls by cross-linking 

glycoproteins (Torres et al., 2006).  ROS signaling is also implicated in the deposition of 

callose to form cell wall-reinforcing papillae.  The ROS signals initiating the callose 

response are themselves initiated via multiple pathways, including Ca2+-activated NADPH 
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oxidase production and abscisic acid (ABA), another phytohormone with a role in MTI 

(Luna et al., 2011; Cao et al., 2011).  Interestingly, ABA is also a negative regulator of the 

callose response in its role as an antagonist of SA-mediated callose deposition (Cao et al., 

2011).  Because the callose response is downstream of many earlier MTI responses, it is a 

convenient readout for perturbations of host cell defenses. 

MTI is a robust first line of defense against microbes, and is sufficient to establish 

resistance against microbial symbioses.  Symbionts must dampen or evade this response 

in order to successfully establish a host-microbe relationship.  A common strategy for 

suppression of MTI involves the deployment of effector proteins into the cytoplasm of 

the plant cell for the purpose of manipulating the cellular machinery therein (Chisholm et 

al., 2006; Jones and Dangl, 2006).  Bacteria, for example, can use several different 

secretion systems for the delivery of effector proteins into host cells.  In particular, the 

type III secretion system (T3SS) has been intensively characterized in the context of its 

role in symbioses of both plants and animals.  Each is used by plant-associated bacteria 

to deliver its respective effector proteins for the purposes of dampening MTI (Lewis et al, 

2009; Cascales and Christie, 2003).   

 

THE TYPE III SECRETION SYSTEM 

The T3SS is widely distributed among Gram-negative plant-associated bacteria, 

including many agriculturally and economically important phytopathogens, as well as the 

equally-important group of mutualistic nitrogen-fixing bacteria classified as rhizobia 

(Grant et al., 2006).  The structure of the T3SS consists of a flagellar-type ring structure 

spanning the inner and outer membrane of the bacteria, and a pilus that forms a conduit 

from the ring structure to the membrane of the host cell (He et al., 2004; Galán and 

Wolf-Watz, 2006).  Type III effector proteins (T3Es) are translocated through this 

molecular conduit into the host cell (He et al., 2004; Galán and Wolf-Watz, 2006).  In the 

case of phytopathogens, it is well established that the translocated T3Es collectively 

manipulate the host’s cellular machinery to dampen defense (Cunnac, 2009; Lewis, 

2009).  The combined perturbations of plant defense by a collection of T3Es reduce MTI 
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below the level required for effective resistance (Jones and Dangl, 2006).  In mutualistic 

rhizobia, a handful of T3Es have been identified with a demonstrable role in suppression 

of MTI.  NopE1 and NopE2 of the rhizobia species Bradyrhizobium japonicum and NopL of 

the rhizobia strain Sinorhizobium fredii NGR234 are required for full nodulation of their 

respective legume hosts (Wenzel et al., 2010; Marie et al., 2003).  Furthermore, NopL has 

been shown to suppress nodule senescence in nodules on Phaseolus vulgaris, while its 

expression in Nicotiana tabacum interferes with MAPK signaling (Zhang et al., 2011).  

Clearly, the role of T3Es in evading MTI-mediated resistance to infection is common 

across the full spectrum of symbiotic lifestyles. 

 

RHIZOBIA: HOST-SPECIFIC SYMBIOSES 

The rhizobia are a diverse collection of alpha-proteobacteria comprising over 50 

species in seven genera of the family Rhizobiaceae (Willems, 2006).  Each species is 

further divided into strains, many of which are able to form nitrogen-fixing nodules in 

compatible host genotypes.  This symbiotic relationship begins with a series of complex 

molecule exchanges between the rhizobia and host plant roots and culminates in the 

formation of root nodules.  Within these nodules, the bacteria persist in a differentiated 

form capable of reducing atmospheric nitrogen to ammonia (Spaink, 2000; Kereszt et al., 

2011).  This nitrogen fixation represents a critical component of the nitrogen cycle, 

establishing a crucial role for the rhizobia-legume relationship in both agricultural and 

natural ecosystems. 

Multiple levels of specificity dictate the compatibility of the host-microbe 

interaction between plant and rhizobia.  These levels of specificity mediate the possible 

outcomes of the interaction, only one of which is the formation of productive, nitrogen-

fixing nodules (van Rhijn and Vanderleyden, 1995).  The limited host range of rhizobia 

constitutes the first level of specificity.  Legumes produce genotype-specific 

combinations of flavonoids that function as signaling molecules in the rhizosphere.  

Detection of flavonoids produced by a compatible legume host induces the expression of 

nodulation (nod) genes in rhizobia; conversely, flavonoids from non-host legumes may 
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suppress rhizobial nod gene expression (Perret et al., 2000; Hirsch, 2001). Many 

flavonoid-induced nod genes synthesize Nod factors (NF), the lipo-chitooligosaccharides 

secreted by rhizobia during the initial stages of the plant-rhizobia interaction.  Rhizobial 

NF are perceived by cognate receptors of compatible legume hosts, resulting in induction 

of host responses (calcium spiking, root-hair curling) required for infection thread 

formation (Gage and Margolin, 2000; Spaink, 2000; Jones et al., 2007; Haney et al., 2011)    

The lipopolysaccharides (LPSs) and exopolysaccharides (EPSs) that decorate the 

rhizobial outer membrane are also hypothesized to function in host specificity (Brzoska 

and Signer, 1991; Dazzo et al., 1991; López-Lara et al., 1995; Jones et al., 2007; Hidalgo et 

al., 2010).  Legumes encode a distinct family of lectins with conserved carbohydrate 

recognition domains, which may recognize compatible rhizobial LPS and EPS (De Hoff et 

al., 2009).  Interestingly, lectins are also hypothesized to function in plant immunity, 

indicating a potential dual role in which lectins induce symbiosis responses or trigger 

defenses based on recognition of rhizobial LPS or EPS (De Hoff et al., 2009).    

Additionally, T3SS, which affect host range of pathogens, are demonstrably used 

by many strains of rhizobia, including all known strains of B. japonicum, S. fredii strains 

NGR234, USDA207, USDA257, and USDA191, and Mesorhizobium loti MAFF303099 

(Bellato et al., 1997; Freiberg et al., 1997; Viprey et al., 1998; Kaneko et al., 2000).  In 

these rhizobia, T3SS-associated genes are likely expressed early during symbiosis since 

they are co-regulated with the nod genes.  Flavonoids are perceived in rhizobia cells as 

aglycones, which bind to the LysR-type transcriptional regulator NodD1, which in turn 

activates expression of both nod genes and T3SS-associated genes (Viprey et al., 1998; 

Hirsch, 2001; Krause et al., 2002; Wassem et al., 2008).  Given the demonstrable role of 

type III effectors during pathogenesis, a parallel role has been hypothesized for 

mutualism with T3SS-related proteins and host plant defenses forming another level of 

host specificity (Fauvart and Michiels, 2008, Deakin and Broughton, 2009; Soto et al., 

2009; Zamioudis and Pieterse, 2011).   

 

  



7 
 

TYPE III EFFECTOR PROTEINS AND HOST RANGE DETERMINATION 

Individual T3Es can trigger another level of plant immunity.  Plants have disease 

resistance proteins (R proteins) that perceive microbial effector proteins.  Most R genes, 

such as RPS2, encode for proteins with nucleotide binding (NB) and leucine-rich repeat 

(LRR) motifs (Joshi and Nayak, 2011).  In incompatible interactions, a specific T3E is 

recognized by a plant cell-encoded cognate R protein, inducing effector-triggered 

immunity (ETI, aka “gene-for-gene resistance” Jones and Dangl, 2006; Zhou, 2008; 

Mansfield, 2009; Rafiqi et al., 2009).  The set of responses induced by the effector-

derived signal resembles MTI, but differs in the increased amplitude and accelerated 

timing of the induction (Jones and Dangl, 2006).  Additionally, ETI is often associated with 

a hypersensitive response (HR) that is characterized by programmed cell death 

(Greeenberg and Yao, 2004).   A T3E that elicits ETI on an incompatible host is referred to 

as an “avirulence factor” because of its role as a negative determinant of host range.  

Indeed, many T3E genes were given avr designations based on this discovery before they 

were shown to function in virulence on compatible hosts (Cui et al., 2009). 

The “gene-for-gene resistance” phenomenon has primarily been studied in the 

context of pathogenic symbioses, but has also been suggested in legume-rhizobia 

interactions.  A role for gene-for-gene resistance in host-range specificity of rhizobia is 

supported by the identification of rhizobial T3Es with potential avirulence protein-like 

behaviors.  NopP, which is delivered by S. fredii NGR234 into host plant cells, is required 

for full nodulation of Pachyrhizus tuberosus, Tephrosia vogelii, and Flemingia congesta; 

however, nopP mutants of NGR234 demonstrate increased nodulation of Vigna 

unguiculata, an incompatible host of wild type NGR234 (Schechter et al., 2010; Ausmees 

et al., 2004; Skorpil et al., 2005).  Similarly, translocation of the B. japonicum T3Es NopE1 

and NopE2 is necessary for nodulation of its host, Macroptilium atropurpureum, yet has 

been shown to restrict nodulation in non-host Vigna radiata (Wenzel et al., 2010).  The 

T3SS-secreted proteins NopT and Y4lO of NGR234 are required for full nodulation of 

Crotalaria juncea and V. unguiculata, respectively, yet mutants affected in either of their 

corresonding genes show increased nodulation in Phaseolus vulgaris and T. vogelii (Dai et 
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al., 2008; Yang et al., 2009).  Furthermore, despite differing host ranges in the S. fredii 

strains USDA257, USDA191, and HH103, loss of the T3SS-secreted protein NopX results in 

compatibility with Erythina (Bellato et al., 1997).  In soybean, two R genes, Rfg1 and Rj2, 

have been identified as loci that restrict nodulation by the rhizobial strains S. fredii 

USDA257 and B. japonicum USDA122, respectively (Yang et al., 2010).   The identification 

of nucleotide-binding leucine-rich repeat class provides tantalizing molecular data that 

these are indeed R proteins and support a gene-for-gene interaction with a recognized 

rhizobial effector as the basis for restriction of nodulation (Yang et al., 2010). 

 

CO-EVOLUTION OF T3ES AND PLANT DEFENSE 

For plant pathogens, the co-evolution of host defense and T3Es has been 

modeled as an “evolutionary arms race” (Stavrinides et al., 2008).  This model predicts 

rapid evolution of T3E collections in response to the selective pressures imposed by the 

host.  The genetic patterns of T3E genes provide strong support for this model (Ma et al., 

2006; Zhou et al., 2009; Baltrus et al., 2011; Jackson et al., 2011).  A large-scale, genome-

enabled analysis of 19 strains of the plant pathogen Pseudomonas syringae 

demonstrated considerable variation in the composition of T3E repertoires within this 

species, with little overlap between strains (Baltrus et al., 2011).  Considerable sequence 

variation was also observed within the few conserved or core T3E families, providing 

further evidence of rapid evolution compatible with the arms race model (Baltrus et al., 

2011).  Additionally, collections of T3Es are redundant, which makes individual T3Es 

dispensable, thereby allowing phytopathogenic bacteria to respond to the selective 

pressures of R gene-mediated resistance by dispensing with perceived T3Es (Stavrinides 

et al., 2008, Cunnac et al., 2009; Cunnac et al., 2011).  Thus, the loss and gain of genes 

contribute to the dynamic nature of pathogen T3E collections.  

While the evolutionary arms race between phytopathogenic bacteria and their 

plant hosts has considerable empirical support, a model for the evolution of T3Es in 

mutualistic bacteria has yet to emerge.  One possibility is that the evolutionary arms race 

model will describe the legume-rhizobia symbiosis. In this scenario, plant and 
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microsymbiont compete with each other to increase the benefits obtained from the 

mutualism while minimizing the costs of participating in the relationship (Herre et al., 

1999; Douglas, 2008; Sachs et al., 2010).  An alternative model predicts an “evolutionary 

armistice” in which the partners of the legume-rhizobia partnership are under a purifying 

selection to maintain a co-evolutionary equilibrium (Sachs et al., 2011a). 

These alternative models are informed by two contrasting narratives observed in 

rhizobial evolution of T3SS loci.  In B. japonicum, which nodulates soybean, the T3SS 

locus has been identified in all examined strains (Mazurier et al., 2006).  The degree of 

conservation of the T3SS locus within the species B. japonicum can be inferred to 

indicate an ancient acquisition of this mechanism that predates the divergence of the 

various strains (Mazurier et al., 2006).  By contrast, the lotus symbiont M. loti 

MAFF303099 is the only strain of Mesorhizobium in which a T3SS locus has been 

identified (Hubber et al., 2004).  Comparative sequence analysis of M. loti MAFF303099 

to M. loti R7A indicates that, while most or all of the genes involved in nodulation and 

nitrogen fixation are shared by both strains, they differ significantly in mechanisms likely 

important for initiating the symbiotic relationship, inasmuch as R7A encodes a T4SS 

rather than a T3SS (Sullivan et al., 2002; Uchiumi et al., 2004).  Furthermore, R7A is 

representative of other M. loti strains, all of which, with the exception of MAFF303099, 

encode a T4SS.  The fact that MAFF303099 encodes a remnant of a T4SS-related gene 

just upstream of the T3SS locus indicates that the T4SS was present in this strain but has 

been lost, possibly in the same recombination event responsible for the acquisition of 

the T3SS in MAFF303099.  These two narratives—the ancient lineage of the T3SS in B. 

japonicum and its recent acquisition in M. loti MAFF303099—have the potential to 

illuminate the selective forces driving the evolution of T3Es of rhizobia.  Sequencing and 

comparison of genomes within this diverse phylogenetic framework is an important first 

step in elucidating evolutionary trends characterizing these selective pressures and 

corresponding changes in host range. 
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CONCLUSIONS 

Chapters 2 and 3 of this thesis describe my work towards elucidating the 

evolutionary forces shaping the host range of rhizobia.  The research presented therein 

represents the first and most extensive effort to catalog the T3Es of mutualist plant-

associated bacteria.  In Chapter 2, I describe this cataloging of T3Es for three strains of S. 

fredii, chosen for their broad host range and, in the case of strains USDA207 and 

USDA257, their T3SS-dependent host-range polymorphisms.  In addition, we identified 

the T3Es of five diverse strains of B. japonicum, a species in which all analyzed strains 

encode a T3SS, making this species an ideal candidate for comparative genomics 

between strains.  Interestingly, the findings described in Chapter 2 indicate that 

collections of T3Es of S. fredii and B. japonicum are highly conserved in both content and 

sequence.  In this case, the paradigm for the co-evolution of plant host and 

microsymbiont closely corresponds to the model of an evolutionary armistice.  In 

contrast, the findings presented in Chapter 3 describe the evolutionary forces shaping 

the innovation of a new T3E repertoire in the context of a relatively recently-acquired 

T3SS.  The collections of T3Es identified using this combination of computational and 

functional approaches provide a starting point for understanding the role of the T3SS in 

host range determination, as well as a blueprint for identifying T3E repertoires in other 

plant mutualists. 

Chapter 4 describes the cloning of an exogenous T3SS locus into a non-host-

associated bacterium, P. fluorescens.  The purpose of this construction was to develop a 

system for the heterologous delivery of T3Es in isolation for the purposes of 

characterizing their individual contributions to host-range determination and 

perturbations of host cell defenses.  Using T3Es cloned from the phytopathogen P. 

syringae pv. tomato DC3000, we demonstrated the efficacy of this heterologous delivery 

system as a means of studying T3E-elicited phenotypes in plant hosts. In Appendix 2, I 

provide preliminary results that detail my first steps towards characterizing the 

sufficiency in a collection of T3Es for changing the host range of a pathogen, and for 
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converting the non-pathogenic EtHAn delivery system, described in Chapter 4, into a 

phytopathogenic bacterium.  

In Chapter 5, I discuss the findings presented in this thesis and their implications 

for future research. 
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ABSTRACT 

 The co-evolution of mutualists and their eukaryotic hosts has been modeled 

according to two opposing paradigms.  In one, mutualist and host are under conflict, with 

both maximizing fitness at the expense of the other.  In the other, mutualist and host 

have reached resolution in their conflicts and benefit by enhancing the fitness of each 

other.  We coupled the mining of eight finished and draft genome sequences to a 

functional screen to present a comprehensive cataloging of type III effectors and an 

empirical testing of the two opposing co-evolutionary frameworks in two species of 

mutualistic rhizobial species, Sinorhizobium fredii and Bradyrhizobium japonicum.  Type 

III effectors are best known as virulence factors that are essential for Gram-negative 

pathogens to infect hosts and typically present evidence for dynamic evolution.  Our 

characterizations of the confirmed type III effector genes show that rhizobial collections, 

in contrast to those of phytopathogens, are static, with strong conservation in content, 

little evidence for type III effector gain or loss, and little sequence divergence.  In all, 

these data are consistent with a framework indicative of a mutualistic environment 

where microbe and host populations have stabilized. 

 

AUTHOR SUMMARY  

Rhizobia are an important group of bacteria that can enter into mutually 

beneficial symbiotic interactions with legume plants to fix atmospheric nitrogen.  

However, in order to do so, a complex dialog involving the exchange of chemical and 

molecular signals must occur between partners.  Interestingly, some species of beneficial 

rhizobia employ a type III secretion system, a well-characterized virulence mechanism 

used by pathogens to inject bacterial-encoded type III effector proteins into hosts to 

manipulate host cells and dampen immunity.  In this study, we generated draft genome 

sequences and employed computational as well as experimental methods to identify 

type III effectors from eight strains representing two species of rhizobia.  We 

demonstrate that rhizobia have large collections of type III effectors, yet these 

collections are highly conserved in content with little diversity between strains.  This 
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work represents the first investigation, to our knowledge, of type III effector content and 

evolution in the context of mutualism and is an important step towards understanding 

the roles for type III secretion systems and their effectors in mutualistic interactions. 

INTRODUCTION 

Eukaryotes universally encounter bacteria that inhabit, infect, and often provide 

significant benefits to host fitness (Medina and Sachs, 2001).  In many cases, bacterial 

mutualist lineages likely share a deep evolutionary history with the hosts they infect, 

giving each partner opportunity to intimately shape the other’s phenotype (Currie et al., 

2006; Brock et al., 2011; Sachs et al., 2011c).  Two competing paradigms remain 

unresolved about the co-evolution of bacterial mutualists with their eukaryotic hosts 

(Sachs et al, 2011).  One paradigm models host-mutualist interactions as an antagonistic 

arms race, as is the case for host-pathogen co-evolution.  In this regard, even though 

both host and bacteria can attain net fitness benefits from host-mutualist interactions, 

natural selection is predicted to be relentless as it continuously shapes each partner to 

selfishly maximize their own gains from the interaction and minimize costs invoked by 

the other (Herre et al., 1999; Douglas, 2008; Sachs et al., 2010).  The alternative 

framework predicts beneficial co-adaptation, with each partner population stabilized to 

an evolutionary détente (Parker, 1999; Law and Lewis, 2008; Sachs et al., 2011c).  

Empirically testing these competing frameworks will help to resolve whether eukaryotic-

bacterial mutualisms represent reciprocally exploitative interactions or if conflicts 

between bacterial mutualists and hosts have mostly been resolved (Herre et al., 1999; 

Sachs et al., 2004; Sachs and Simms, 2008). 

A striking and well-studied example of arms race evolution occurs between 

Proteobacterial pathogens and plant hosts.  Plants have multiple defense systems to 

recognize and respond to bacterial infection.  One key plant defense is pattern-triggered 

immunity (PTI), in which pattern recognition receptors detect conserved microbe-

associated molecular patterns and trigger a battery of adaptive responses (Jones and 

Dangl, 2006; Schwessinger and Zipfel, 2008; Segonzac and Zipfel, 2011).  To counteract 
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host defenses, many Proteobacteria use type III secretion systems (T3SS) to deliver 

collections of bacterial-encoded type III effector proteins (T3Es) directly into host cells.  

For phytopathogens, evidence strongly indicates that T3Es are deployed to dampen host 

defenses, thereby allowing the bacteria to proliferate within host tissues and cause 

disease (Jones and Dangl, 2006; Cunnac et al., 2009; Lewis et al., 2009; Cui et al., 2009; 

Mansfield, 2009; Rafiqi et al., 2009).  A second defense of plants is effector-triggered 

immunity (ETI) in which resistance (R) proteins perceive the presence or action of 

corresponding microbial effectors (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 localized programmed 

cell death called the hypersensitive response (HR; Greenberg and Yao, 2004).  Most R 

genes encode for nucleotide binding (NB) and leucine-rich repeat (LRR)-containing 

proteins.  The perceived effectors were classically referred to as “avirulence proteins” 

(Avrs) because they betrayed the microbe to the plant. 

Under the scenario of an antagonistic arms race, collections of bacterial T3E 

genes are predicted to exhibit patterns of genetic variation that reflect rapid evolution as 

hosts evolve defenses to the most commonly encountered strains.  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 T3Es 

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 (Cunnac et al., 2009; Stavrinides et al., 2008; Cunnac et al., 2011).  

Hence, under the arms race scenario, rapid evolution of T3Es is advantageous to 

phytopathogens as novel collections of T3Es are more likely to avoid recognition while 

maintaining sufficiency in subverting host defenses. 

Functional T3SS orthologs have also been uncovered in diverse species of 

Proteobacterial commensals and mutualists, including P. fluorescens, Sodalis glossinidius, 

Sitophilus zeamais, and numerous rhizobia, including Sinorhizobium fredii strains NGR234 
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(aka Rhizobium sp. NGR234), USDA191, USDA207, and USDA257, and Bradyrhizobium 

japonicum, as well as Mesorhizobium loti MAFF303099 (Bellato et al., 1996; Freiberg et 

al., 1997; Viprey et al., 1998; Kaneko et al., 2000; Dale et al., 2001; Mazurier et al., 2006; 

Rainey, 1999; Shigenobou et al., 2000; Preston et al., 2001; Dale et al., 2002; Moran et 

al., 2005; Kimbrel et al., 2010).  Many rhizobia are able to form nitrogen-fixing nodules in 

compatible host genotype lineages.  T3SSs are known to be important for the 

establishment of bacterial mutualist infections even if the precise role of the T3SS is 

unknown.  For instance, rhizobial mutants compromised in the construction or 

expression of the T3SS are often less efficient in establishing interactions with their 

otherwise compatible hosts (Meinhardt et al., 1993; de Lyra et al., 2006; Deng et al., 

2009).  Moreover, loss-of-function mutants of rhizobial T3SS-secreted proteins and 

potential T3Es, such as NopT and NopJ (y4lO) of NGR234, are significantly compromised 

in nodulating their legume hosts (Annapurna and Krishnan, 2003; Marie et al., 2003; 

Krishnan et al., 2003; Ausmees et al., 2004; Lorio et al., 2004; Saad et al., 2005; Rodrigues 

et al., 2007; Dai et al., 2008; López-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).  

Characterizations of rhizobial T3SSs have uncovered many parallels with T3SSs of 

bacterial pathogens.  Rhizobial T3SS genes are co-regulated with the nod genes, pointing 

to an early role in host infection, as is the case with plant pathogenic bacteria (Viprey et 

al., 1998; Krause et al., 2002; Wassem et al., 2008; Haapalainen et al., 2009).  The T3Es of 

rhizobia also affect bacterial host range, as evidenced by the repeated observations that 

rhizobia mutants deleted of confirmed or putative T3E genes have expanded host ranges 

beyond that of their corresponding wild type strain (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).  Finally, legume host loci responsible for “nodulation restriction” of 

rhizobia encode for NB-LRR proteins and map to regions with clusters of other NB-LRR-

encoding genes linked to resistance against phytopathogens (Triplett and Sadowsky, 

1992; Kanazin et al., 1996; Graham et al., 2002; Graham et al. 2002b; Yang et al., 2010). 
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Here, we use whole-genome sequence data to investigate the molecular 

evolution of T3Es in mutualistic rhizobia and test the competing arms race versus 

evolutionary détente paradigms.  We cataloged T3Es from Sinorhizobium fredii NGR234, 

USDA207, and USDA257, and Bradyrhizobium japonicum USDA6, USDA110, USDA122, 

USDA123, and USDA124.  We chose these strains based on phylogenetic divergence and 

demonstrable reliance on T3SS for host infection.  At the onset of our work, the only 

available finished genome sequence was from S. fredii NGR234 and B. japonicum 

USDA110, so we therefore used Illumina sequencing to generate draft genome 

sequences for the remaining strains (Freiberg et al., 1997; Schmeisser et al., 2009; 

Kaneko et al., 2002).  The draft and finished genome sequences were mined and 

candidate T3Es were confirmed for direct delivery into plant cells using a heterologous 

system.  We used the confirmed T3Es to test the null hypothesis that collections of T3Es 

of mutualists evolve in a manner similar to collections of T3Es in lineages of 

Proteobacterial phytopathogens.  The data rejected the null hypothesis and point to an 

evolutionary stasis of T3Es in mutualistic rhizobia. 

 

RESULTS 

Draft genome assemblies  

We used paired-end Illumina sequencing to generate draft genome sequences 

for the selected strains of S. fredii and B. japonicum (Supplemental Table 2.1). Based on 

the following assessments, we determined that the assemblies and annotations were 

adequate for comprehensive mining of T3E genes (Pop and Salzberg, 2008; Klassen and 

Currie, 2012).  The estimated genome sizes and predicted numbers of open reading 

frames (ORFs) were similar within each species and to finished reference sequences 

(Supplemental Table 2.1).  Importantly, with a stringent criterion of ≥90% identity, 85.1% 

and 96.1% of the translated ORF sequences annotated in the draft USDA207 and USDA6 

genome sequence, respectively, were similarly annotated in their corresponding genome 

sequences that were finished subsequent to our efforts (data not shown; Kaneko et al., 

2011; Margaret  et al., 2011).  Analysis of aligned conserved regions, such as the T3SS-
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encoding locus, indicated that the assemblies were of high quality and the draft genome 

sequences from USDA207 and USDA6 were similar in genome order to those of 

corresponding finished genome sequences (Supplemental Figure 2.1; data not shown; 

Kaneko et al., 2011; Margaret et al., 2011).  Finally, the topology of a tree based on 624 

translated orthologous sequences was similar to those generated using 16S or 23S rRNA-

encoding regions and, in general, supported previous inferences of strain diversity 

(Supplemental Figure 2.2; van Berkum et al., 2003).  In total, these data indicate that the 

draft genome sequences were assembled and annotated to sufficient quality for a 

comprehensive investigation into the content and evolution of T3E genes in mutualistic 

bacteria. 

 

Genome mining for candidate type III effector genes  

Candidate T3E genes were identified based on their association with a tts-box, a 

cis element proposed to be recognized by TtsI, the two-component regulator-like protein 

that regulates T3SSs in rhizobia (Krause et al., 2002; Marie et al., 2004).  We used a 

hidden markov model (HMM) to search the genomes and identified a total of 305 

putative tts-boxes from the eight finished and draft genome sequences (Table 2.1).  In S. 

fredii, 13~24 putative tts-boxes were identified from each of the three genome 

sequences, whereas in B. japonicum, upwards of 52 tts-boxes were found.  In NGR234, 

other than the 11 tts-boxes previously found, we identified two additional tts-box 

sequences that were 1,345 bp and 1,119 base pairs (bp) upstream from NGR_a02270 

(y4oB) and NGR_a00810 (nodD2), respectively (Marie et al., 2004).  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, of which 

29 were previously identified (Table 2.1; Zehner et al., 2008).  Fourteen of these tts-

boxes are located upstream of 13 genes (bll1862 has two upstream tts-boxes) that 

encode proteins that are secreted in a T3SS-dependent manner (Zehner et al., 2008).  
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However, our search failed to identify the other 10 previously identified tts-boxes, but 

none of the products encoded by the downstream genes appeared to be secreted in a 

T3SS-dependent manner (Zehner et al., 2008).  

To identify candidate T3E genes, we searched up to 10 kb downstream of the 305 

tts-boxes.  The reason for this relaxed criteria stems from observations that TtsI-

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 were able to cull the 

list down to 277 (Table 2.1).  The candidate T3E genes clustered into 96 different families 

based on sequence homology.  As expected of 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).  

 

Functional testing of type III effectors for T3SS-dependent translocation 

Proteins can be secreted or directly injected into host cells by the T3SS, the latter 

trait being the one distinguishing characteristic of a T3E.  Due to the large number of 

candidates to be tested, we adopted the ∆79AvrRpt2 reporter in the -Proteobacterium 

P. syringae pv. tomato DC3000 (PtoDC3000) for high-throughput testing of candidate 

rhizobial T3E (Mudgett and Staskawicz, 1999; Guttman and Greenberg, 2001; Chang et 

al., 2005). We first selected NopB and NopJ from NGR234 (NGR_a00680 and 

NGR_a02610, respectively) for validation of heterologous T3SS-dependent translocation. 

NopB is secreted in vitro in a flavonoid- and T3SS-dependent manner from NGR234, and 

NopJ is a member of the YopJ/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 ∆79AvrRpt2.  The gene fusions were mobilized into PtoDC3000 

and its T3SS-deficient mutant, ∆hrcC.  Each of the strains were infiltrated into leaves of 

Arabidopsis ecotype Col-0 and examined for an HR approximately 20 hours post 

inoculation (hpi).  

PtoDC3000 carrying a positive control, a fusion between the full-length avrRpm1 

P. syringae T3E gene and ∆79avrRpt2, elicited a robust HR 20 hpi (Figure 2.1A; Debener 



20 
 

et al., 1991).  Although Col-0 plants 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, when co-delivered, "interferes" with AvrRpm1 perception (Dangl 

et al., 1992).  In contrast, PtoDC3000 lacking fusions to ∆79avrRpt2 failed to elicit an HR 

but showed tissue collapse approximately 28 hpi, indicative of PtoDC3000-caused 

disease symptoms (data not shown).  Importantly, PtoDC3000 carrying either the 

nopB::∆79avrRpt2 or nopJ::∆79avrRpt2 fusions elicited HRs within the same time frame 

and to the same robustness as the positive control (Figure 2.1A).  The ∆hrcC 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, to our knowledge, of heterologous T3SS-dependent delivery of rhizobial 

T3Es and confirmation of NopB and NopJ as T3Es.  These data also validated the use of 

∆79AvrRpt2 and PtoDC3000 for the rapid characterization of candidate rhizobial T3Es for 

T3SS-dependent translocation.  

  A total of 162 genes representative of the diversity of the 96 families were 

tested.  From these, 74 T3Es belonging to 55 families were confirmed for T3SS-

dependent translocation (Table 2.1; Figure 2.2). Prior to this study, 22 candidate T3E 

families had been previously predicted based on flavonoid-induced expression and T3SS-

dependent in vitro secretion and an additional four proteins had been confirmed as bona 

fide T3Es based on in vivo translocation of fusions with the cyaA reporter from rhizobia 

cells (Schechter et al., 2010; Wenzel et al., 2010).  Of the 25 candidate and confirmed 

families, we identified 22, of which 20 were validated as T3Es (Supplemental Figure 2.3).  

Forty-two of the candidate families had no evidence for T3SS-dependent translocation 

and were not considered T3Es based on the criteria used herein. 

We retained the previously assigned Nop nomenclature (Nodulation Outer 

Proteins) for 17 families that were confirmed in this study (Marie et al., 2001).  The newly 

identified T3E families were assigned the names NopY through NopBT according to rules 

previously developed for naming T3E of pathogenic bacteria (Lindeberg et al., 2005).  A 

relational table of the validated T3E genes is provided that associates Nop names, 
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aliases, nucleotide and translated amino acid sequences, as well as other supporting 

information indicative of their classification as a T3E.  Other than those previously 

identified, none of the translated sequences of the T3E genes identified in this study 

have detectable homology to proteins of known function (data not shown). 

 

Conservation in content of type III effector collections 

The draft genome sequences were distributed across many contigs, and physical 

gaps had the potential to both uncouple ORFs from their tts-box as well as fragment the 

coding sequences of T3E genes. As a consequence, the reliance on the HMM search of 

draft genome sequences could have caused us to miss some T3E genes. We therefore 

used sequences of members of confirmed T3E families in a homology-based approach to 

re-survey all draft genome sequences.  Twenty additional homologs were identified and 

confirmed using locus-specific primers and PCR to amplify across the physical gaps to 

validate in silico-predicted gap closures.  We also sequenced the PCR products of all 

fragmented T3E genes and all were considered functional based on the absence of 

premature termination codons (data not shown). 

Among the T3E families, 10 of 18 and 31 of 42 T3E were “core” to the S. fredii 

and B. japonicum species, respectively.  Furthermore, of these core T3Es, eight families 

(nopB, nopM, nopP, nolU, nolV, nopY, nopZ and nopAA) are distributed across both 

species (Figure 2.2).  Only nine families were represented in just one strain.  We used a 

reciprocal best BLAST hit approach to determine and compare the genome-wide 

orthology within and between species to that of the T3E families.  Within S. fredii, the 

percentage of orthologous genes ranged from only 54.6% to 66.3% (Figure 2.3).  Within 

B. japonicum, the percentage of orthologous genes ranged from 65.4% to 83.6%, which 

was similar to recent reports comparing the finished USDA6T and USDA110 genome 

sequences (Figure 2.3; Kaneko et al. 2011).  Therefore, the conservation in T3E content 

within the two species of rhizobia was similar to the estimated genome-wide 

conservation. 
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Low genetic diversity of rhizobial type III effectors  

We calculated and plotted non-synonymous versus synonymous substitution 

rates (Ka/Ks) for the 43 confirmed T3E families that have more than one family member 

(Figure 2.4A).  Of the 201 pairwise comparisons that could be examined, 95% had Ka/Ks 

values below 1, consistent with purifying selection on the T3E genes (Figure 2.4A).  Only 

10 pairwise comparisons within five T3E families had Ka/Ks values above 1, suggestive of 

positive selection.  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 2.4B).  Finally, we 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, pairwise comparisons were calculated for 

orthologous pairs from 13,027 clusters (Figure 2.4C).  As shown, most orthologous pairs 

had evidence for purifying selection and only 168 pairwise comparisons had Ka/Ks values 

greater than 1.0.  This was expected, given the reported and observed high levels of 

identity between orthologous gene pairs within S. fredii and B. japonicum (Supplemental 

Figure 2.4; Kaneko et al., 2011).  Data suggest that T3E-encoding genes of S. fredii and B. 

japonicum are similar to the majority of genes in their genomes with evidence for 

purifying selection. 

We also attempted to calculate Ka/Ks values for T3E genes of P. syringae for 

comparative purposes.  However, results were not informative because ~33% of the 

families had only one member and another ~37% of the families had a member that was 

considered a pseudogene (data not shown; Baltrus et al., 2011).  This was in stark 

contrast to S. fredii and B. japonicum, where more than 50% of the possible comparisons 

representing 34 families were excluded because the nucleotide sequences were 

identical; in T3Es of P. syringae this was the case for less than 5% of the comparisons.  

Thus, these data underestimate the evidence for purifying selection for rhizobia T3Es and 
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underestimate the evidence for diversifying selection for P. syringae T3Es (Figure 2.4; 

data not shown).  

For this reason, we quantified T3E sequence conservation/diversity in a different 

manner (Figure 2.5).  Within the S. fredii and B. japonicum species, ~80% of the families 

had ≥ 90% amino acid identity among all family members.  Twenty-one of the T3E 

families had all members with ≥ 99% identity and 10 families had within-family diversity 

less than 90% amino acid identity but were all nevertheless confirmed as T3Es. In the 

case of the NopB T3E family, we observed high levels of amino identity within a species, 

but low identity between species.  The translated sequences of nopB of USDA207 and 

USDA257 are 100% identical to each other and have 98% identity to its member from 

NGR234.  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::∆79avrRpt2 gene fusions were sufficient for PtoDC3000 

to trigger an HR at 20hpi (Figure 2.1B).  In contrast, no response was observed in plants 

infected with the ∆hrcC mutant carrying members of the nopB family (data not shown).  

Finally, only three families had pseudogenes as determined based on the presence of 

premature termination codons relative to other members.  We provided a similar 

analysis of T3Es from five P. syringae pathovars of group I, including PtoDC3000 (Figure 

2.5).  As shown in bacteria that exemplify the co-evolutionary arms race, their T3Es show 

patterns distinctly different from that of S. fredii and B. japonicum, with fewer core T3Es, 

higher number of single T3Es and pseudogenes, and a far greater range of within-family 

amino acid sequence diversity.  

 

Horizontal gene transfer  

Given the relative lack of evidence for diversification of T3E genes or their loss via 

pseudogenization in S. fredii and B. japonicum, we asked whether there was evidence for 

T3E gene gain via horizontal gene transfer (HGT).  Because of the challenges in using 

disjointed draft genome sequences to study HGT, we focused primarily on the finished B. 
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japonicum USDA110 genome.  Furthermore, since all T3E genes of NGR234 are located 

on a plasmid, we decided against characterizing HGT in S. fredii.  

The majority of the T3E genes clustered in the 680 kb symbiosis island that was 

previously identified in USDA110 (Kaneko et al, 2002; Göttfert et al., 2001; Figure 2.6). 

This region tends to be detected based on differences in GC content relative to the rest 

of the genome.  Nevertheless, there is no evidence for it to be mobile, unlike the 

corresponding Integrative and Conjugative element (ICE) in M. loti, and is likely a very 

“ancient” island (Kaneko et al., 2002; Kaneko et al., 2011; Göttfert et al., 2001; Sullivan 

and Ronson, 1998; Ramsay et al., 2006).  A similar clustering of T3E genes to this 

symbiosis island was also observed in the genome of USDA6T (data not shown; Kaneko et 

al., 2011).  The few remaining T3E genes outside the island did not appear to associate to 

regions with signatures of HGT except for two near the origin of replication.  In contrast, 

genes with evidence for positive selection, based on Ka/Ks values > 1, had a greater 

tendency to localize to regions with evidence for HGT (Figure 2.6).  Finally, most of the 

conserved T3E 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 2.7).  A 25-kb genomic region of 

NGR234 and HH103, encoding genes of six T3E families, is entirely syntenous with only 

one neighboring gene showing any signs of variability (Figure 2.7A).  Similarly, a large 

genomic region shared between USDA110 and USDA6T is syntenous (Figure 2.7B).  It 

therefore appears that most, if not all, T3E genes are core to the S. fredii and B. 

japonicum genomes. 

 

DISCUSSION 

Rhizobia are nitrogen-fixing bacteria comprised of nearly 100 different species.  

Many of these form mutualistic relationships with legumes that are crucial to the 

nitrogen cycle.  We cataloged collections of type III effector genes from eight different 

strains within the S. fredii and B. japonicum species selected based on phylogenetic 

diversity as well as demonstrable T3SS-dependent host changes.  We combined the use 
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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 study provides the first insights, to our 

knowledge, into the content of and selective pressures that shape collections of T3Es of 

mutualistic bacteria.  

 

Evolution of type III 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, loss via 

pseudogenization, or acquisition via horizontal gene transfer (Figures 2.2, 2.4-2.7).  

Among the translocated T3E families of rhizobia, the majority of confirmed T3Es were 

“core” to the S. fredii and B. japonicum species. More than one-half of the families had 

members with greater than 97.5% identity in amino acid sequence and one-third of all 

families had 100% identity in sequence for all of its members.  The observed evolutionary 

stasis is inconsistent with the arms race model of coevolution and therefore rejects the 

null hypothesis that collections of rhizobial T3Es evolve in a manner similar to those of 

Proteobacterial phytopathogens (Baltrus et al., 2011; Stavrinides et al., 2008; McCann 

and Guttman, 2008).  Novelty in mutualism can result in instability.  For this reason, 

mutualists may be under more pressure to limit diversification (Sachs et al., 2011c).  In 

this 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 be argued that the apparent conservation of T3E genes in rhizobia simply 

mirrors the high overall conservation of their genomes.  However, relative to plant 

pathogens, the genomes of S. fredii and B. japonicum had similar, if not lower, amounts 

of orthology among the strains characterized in this study (Figure 2.3; Baltrus et al., 

2011; Kimbrel et al., 2010; Silby et al., 2009; Kimbrel et al., 2011).  Furthermore, the T3E 

collections of pathogens are extremely diverse in spite of low genome diversity (Figure 

2.5).  For example, in P. syringae, two pairs of closely-related tomato pathovars DC3000 

and T1, and the distantly-related cucumber pathovars, lachrymans 106 and 107, share 
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~80% and ~70% genome-wide orthology, respectively, yet have less than 50% 

conservation in their collections of T3Es (Baltrus et al., 2011; Almeida et al., 2009).  Even 

when T3E family members are present, their flanking regions are not co-linear, 

suggesting that few extant T3E genes were present prior to the divergence of P. syringae 

(Chang et al., 2005). 

Many of the T3E 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 

nod and fix genes are also located.  The conservation of the T3E genes may be a 

consequence of their association with functions essential to mutualism.  Here again, a 

similar situation exists in P. syringae, but with a decidedly different outcome.  T3E genes 

in the Conserved Effector Locus that borders the T3SS-encoding locus of P. syringae have 

pronounced nucleotide and functional diversity (hopM1), evidence for pseudogenization 

(avrE1, hopM1, hopAA) and presence/absence polymorphisms (hopN; Alfano et al., 2000; 

Baltrus et al., 2011; Cai et al., 2011).  In contrast, even the rhizobial T3E genes distal to 

the symbiosis islands appear as static as those within the island with little evidence for 

HGT or sequence divergence (Figure 2.6).  Taken together, the conservation in T3E 

collection content, the low number of unique genes, and evidence for purifying selection 

are consistent with the “mutualistic environment”, where co-evolution of plant and 

rhizobia favor maintaining symbiosis (Sachs et al., 2011; Law and Lewis, 2008). 

 

Role of T3Es in mutualistic interactions 

The ability of plants to recognize rhizobia and initiate PTI has been demonstrated, 

with PTI capable of reducing the efficiency of nodulation if elicited early during infection 

(Lopez-Gomez et al., 2012).  One hypothesis therefore posits that rhizobia use T3Es to 

manipulate host cells and dampen host PTI as an early step in colonization.  The T3Es 

NopL and NopT of NGR234, for example, affect the MAPK defense signaling cascade and 

cause cytotoxic effects in transgenic plants, respectively, consistent with the idea that 

T3Es of rhizobia can perturb host defense (Yang et al., 2009; Zhang et al., 2011).  
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Additionally, candidate T3Es of rhizobia have been previously identified based on 

membership in families of T3Es of pathogens, suggesting, at the least, a similar molecular 

function (Dai et al., 2008; Kambara et al., 2009).  In the one other case in which a T3SS 

has been characterized in the context of mutualism, a T3SS mutant of Sodalis 

glossinidius, a secondary endosymbiont, was severely compromised in infecting its insect 

host (Dale et al., 2001). 

Nevertheless, the hypothesis that rhizobia use T3Es to manipulate host cells and 

dampen PTI is difficult to reconcile in light of the repeated observations that the T3SS is 

seemingly not essential for rhizobial infection of all plants (Marie et al., 2003; Dai et al., 

2008; Skorpil et al., 2005; Hubber et al., 2004).  An alternative hypothesis suggests that 

the T3SS has more of an accessory or host-specific role rather than a necessary function.  

These data, in addition to the observation that not all rhizobia species encode for T3SS, 

suggest that T3Es, in particular, evolve to optimize interactions with specific host 

lineages.  Arguing against this, however, is the observation that S. fredii NGR234 and 

USDA257 have exceptionally large host-ranges (Pueppke and Broughton, 1999).  But, the 

extent to which the T3SS is required across these diverse species of host plants has not 

been explored. 

 

T3Es and nodulation restriction 

Rfg1 and Rj2 are nodulation restriction genes of soybean that affect symbioses 

with S. fredii USDA257 and B. japonicum USDA122, respectively, in a T3SS-dependent 

manner (Yang et al., 2010).  Molecular characterization showed that both genes encode 

for NB-LRR motifs characteristic of R proteins.  Hence, it logically extends that nodulation 

restriction is the same as ETI and that evasion of ETI likely explains the observation that 

T3SS-deficient mutants of rhizobia gain incompatible plants as hosts.  In this scenario, 

loss of a functional T3SS would not only abrogate delivery of T3Es necessary for 

suppressing PTI, but also Avrs that can be perceived by R proteins to elicit ETI.  Our 

cataloging and comparisons of T3E collections within the S. fredii and B. japonicum 

strains provides a very short list of candidates for the molecular demonstration of ETI in 
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legume-rhizobia interactions (Figure 2.2).  Given the ability of S. fredii USDA207 to 

nodulate Rfg1-expressing plants, the likely Avr candidates are those polymorphic 

between the two S. fredii strains, i.e., NopBI, NopBJ, and NopBT. 

Evasion of nodulation restriction via loss of T3SS may be associated with a cost, 

that being a compromise in the ability to effectively suppress PTI and a lower efficiency 

in establishing symbiotic interactions.  In this regard, the T3SS and its delivered T3Es are 

implied as being necessary for full infection.  As such, the ability of T3SS-deficient 

mutants to gain hosts is still consistent with the hypothesis that rhizobia use T3Es to 

manipulate host cells and dampen host PTI as an early step of colonization.  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 the strains that were characterized (Mazurier et al., 2006).  

An R gene-mediated defense response that limits nodulation by restricting a 

presumably mutualistic symbiosis seems counter-intuitive.  One possible explanation is 

that ETI against rhizobia is simply due to convergence of pathogen and mutualist T3Es on 

defense proteins that are guarded by R protein(s).  This guard hypothesis predicts that R 

proteins elicit ETI upon perception of changes to their guarded host protein (Jones and 

Dangl, 2006).  Therefore, ETI against rhizobia is potentially an unfortunate consequence 

of rhizobia having to target guarded host proteins and the selective pressure for the host 

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., 2002). 

 

Heterologous T3E translocation 

Given the number of candidates tested and the length of time required for 

rhizobial-based assays, we elected to use a high-throughput heterologous system for 

testing (Schechter et al., 2010; Wenzel et al., 2010).  Our analyses contributed T3E gene 

sequences from 52 different families and is the first demonstration, to our knowledge, 
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that P. syringae pv. tomato DC3000, a γ-proteobacteria, can deliver T3Es of rhizobia 

(Figure 2.1).  We cannot exclude the possibility of false positives and false negatives, but 

the genes we classified as T3Es produced clear, robust, and repeatable HRs when 

assayed in PtoDC3000.  Most importantly, our confirmed T3Es included nearly all 

candidates previously identified by others, suggesting that the employed assay did not 

lead to many false negatives (Supplemental Figure 2.3).  On the other hand, we were 

unable to confirm the translocation of NopA and NopT, previously shown to be secreted 

in a type III-dependent manner (Deakin et al., 2006).  NopA may in fact be a structural 

component of the T3SS rather than a T3E (Deakin et al., 2006).  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 (Rodrigues et al., 2007; Hempel et al., 2009; 

Deakin et al., 2006).  

The draft genome sequences could have also contributed to missing additional 

T3E genes.  In fact, some of the predicted T3Es could not be tested as some were 

distributed across multiple contigs and recalcitrant to PCR amplification, which we 

inferred to be a result of local assembly mistakes.  For example, the candidate T3E 

bll8244 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 assemble 

(Pop and Salzberg, 2008).  Next generation sequencing technology has experienced 

tremendous advances since we initiated this work and use of newer technologies could 

contribute to finishing the genome sequences.  Regardless, given the sufficient quality of 

the draft genome sequences we used, we suspect that few TtsI-regulated T3E genes 

were missed and that their discovery would not likely impact the overall conclusions of 

this study. 
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Conclusion 

It is evident that the type III secretion system is an important mechanism for 

bacteria to establish symbioses with their hosts, regardless of the outcome of the 

interactions.  We mined eight strains from two species of rhizobia and identified a large 

number of T3E sequences, in which a substantial number were core to S. fredii and B. 

japonicum.  While the mechanisms for these T3Es remain unresolved, it is apparent that 

the outcome of the symbiosis may influence the evolution of collections of T3Es, with 

pathogens in a co-evolutionary arms race and mutualistic rhizobia in a co-evolutionary 

armistice punctuated by infrequent skirmishes with their hosts. 
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MATERIALS AND METHODS 

Bacterial strains and plasmids 

Bacterial strains used in this study were: B. japonicum strains USDA6, USDA110, 

USDA122, USDA123, and USDA124; S. fredii strains USDA207 and USDA257; Rhizobium 

sp. NGR234, Pseudomonas syringae pv. tomato DC3000 (PtoDC3000), its T3SS-deficient 

mutant (∆hrcC), and Escherichia coli DH5α.  Rhizobia strains and P. syringae were grown 

in modified arabinose gluconate media (MAG) or King’s B (KB) media, respectively, at 
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28°.  E. coli DH5α was grown in Luria-Bertani (LB) media at 37°C.  Antibiotics were used at 

the following concentrations: 50 μg/ml rifampicin (PtoDC3000), 30 μg/ml kanamycin (all 

bacterial strains), 50 μg/ml chloramphenicol (B. japonicum strains), and 25 μg/ml 

gentamycin (E. coli).  Plasmids used in this work were pDONR207 (Invitrogen, Carlsbad, 

CA), the Gateway destination vector pDD62-79AvrRpt2 (Mudgett et al., 2000), and the 

pRK2013 conjugation helper plasmid (Figurski and Helinski, 1979). 

 

Genome sequencing  

Genomic DNA was extracted from B. japonicum strains USDA6, USDA122, 

USDA123, and USDA124, and S. fredii strains NGR234, USDA207 and USDA257 using 

osmotic shock, followed by alkaline lysis and phenol-chloroform extraction.  We 

prepared 5 μg of DNA from each strain according to the instructions provided by the 

manufacturer (Illumina, San Diego, CA).  Libraries were sequenced using the paired-end 

cycle sequencing kit on the Illumina (Supplemental Table 2.1).  Sequencing was done by 

the Center for Genome Research and Biocomputing Core Labs (CGRB; Oregon State 

University, Corvallis, OR).  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., 1996; Schmeisser et al., 2009). 

 

Genome assembly and annotation 

We used Velvet 0.7.55 to de novo assemble the genomes (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 frame (ORF) 
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annotations were further refined using the NCBI conserved domain database (CDD; 

Marchler-Bauer et al., 2011; Altschul et al., 1997; Lowe, 1997; Kurtz et al., 2004; Delcher 

et al., 2007; Lagesen et al., 2007; Marchler-Bauer et al., 2009). 

 

Bioinformatic analyses 

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 2.5, black vertical lines) were used as queries against each genome, 

and hits with greater than 80% identity and an e-value ≤ 1e-15 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 10-15, alignment 

length ≥ 100 bp, and percent identity ≥ 80% [105]. 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 -n 5 -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).  

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 (IVOMs) to identify compositional biases and 

localize boundaries of predicted HGT regions (Vernikos and Parkhill, 2006).   
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T3E candidate discovery 

We used sequences of 30 confirmed functional tts-boxes from B. japonicum, S. 

fredii and M. loti MAFF303099 to train a Hidden Markov Model (Zehner et al., 2008; 

Marie et al., 2004; Eddy, 1998; Sánchez et al., 2009).  An ad hoc Perl shell script was used 

to identify tts-boxes. 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 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 10-15) 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 ≤1x10-15).  

T3Es were grouped into families based on BLASTP scores ≤ 1x10-15 across ≥50% 

the length of the protein.  When all members of a family had amino acid identity ≥90% 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 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-

79AvrRpt2 using LR clonase according to the instructions of the manufacturer (Mudgett 
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et al., 2000).  Plasmids were transformed into E. coli DH5α cells and mated into 

PtoDC3000 or ∆hrcC 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 MgCl2 at a final concentration of OD600=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 a fusion between avrRpm1 

and ∆79avrRpt2, negative and positive controls, respectively.  Disease symptoms were 

scored approximately 28 hpi.  Experiments were replicated a minimum of three times. 
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Table 2.1. Statistics for genome mining for T3E-encoding genes. 

Strain* # identified 
tts-boxes† 

# ORFs post 
filtering‡ 

# ORFS post 
homology 
search§ 

T3Es∫ Not 
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 USDA6* 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 (Schmeisser et al., 2009; Weidner et al., 2012; Kaneko et al., 2011). 
†A trained Hidden Markov Model (HMM) was used to identify candidate tts-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 we used BLASTX (e-value ≤ 1 x 10-15) 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.  
§The number of candidates after using BLASTN searches to 

identify additional homologies (e-value ≤ 1 x 10-15).  
∫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 2.1. Statistics for draft genome assemblies. 

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 USDA6* 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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Figure 2.1. PtoDC3000 delivers T3Es of rhizobia in a T3SS-dependent manner. 
(A) 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 ∆79avrRpt2 
or fusions to P. syringae T3E gene avrRpm1 or NGR234 candidate T3E genes, nopJ or 
nopB. 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 ∆79avrRpt2 or 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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Figure 2.2. 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. japonicum 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 2.3. Circos visualization of genome-wide orthology within and between S. fredii 
and B. japonicum strains.  
The most outer track, based on the length of the different colored bars, represents the 
amount of 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. 
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Figure 2.4. 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 (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 2.5. T3E gene conservation/diversity in S. fredii, B. japonicum, and Group I P. 
syringae pathovars. 
(A) The percentage of core, singlets, and pseudogene T3Es were plotted based on the 
total number of families for S. fredii (18; blue), B. japonicum, (41; green), and group I P. 
syringae pathovars (49; gold). (B) Pairwise and within-family (according to number of 
members; x-axis) amino acid conservation was calculated for each T3E and plotted 
according to percent identity (y-axis). The number of pairs of T3Es with identical percent 
amino acid identity is represented by the size of the circle with the percent identity 
demarked by the center of each circle. Circles were drawn to scale except for those 
representing a single pairwise comparison. 
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Figure 2.6. 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 ≤ 
1x1015; > 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 2.7. Synteny of representative conserved T3E-encoding genes.  
A 25 kb region syntenous between pNGR234a and pSHH103d (A) and between USDA110 
and USDA6T (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 2.1. Screenshot of Mauve alignment of T3SS-encoding loci of the 
eight strains of rhizobia.  
Illumina 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 vertical line). Large 
blocks represent syntenous regions are further indicated by the thin long connecting 
vertical lines, with the extent of synteny within each block depicted by the height of the 
colored regions.  Mauve Aligner arbitrarily assigns colors. Short red vertical lines show 
contig breaks.  Open boxes corresponding to NGR234 and USDA110 depict coding 
sequences.  Coordinates are for each of the regions depicted (bp).  
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Supplemental Figure 2.2. Neighbor-joining phylogenomic tree of representative strains 
of rhizobia. 
The tree is based on a super alignment of 624 translated amino acid sequences. 
Azorhizobium 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.  HAL (default settings) was used to generate whole-genome phylogenies of the six 
draft genome sequences and representative finished genome sequences (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), Mesorhizobium loti 
(NC_002678; Kaneko et al., 2000), and A. caulinodans ORS571 (NC_009937.1; Lee et al., 
2008). 
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Supplemental Figure 2.3. Histogram of orthologs based on percent nucleotide identity. 
Orthologs between S. fredii (A) and B. japonicum (B) were identified using BLASTN (e-
value ≤ 1x1030; > 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 USDA6, 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 2.4. 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 
96 and 52 predicted and confirmed T3E families, respectively, identified in this study. 
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Supplemental Figure 2.5. BLAST Atlas of S. fredii genes.  
Orthologs of > 100 bp in length (vertical lines) were determined using BLASTN (e-value ≤ 
1x1015; > 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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ABSTRACT 

Rhizobia are a diverse collection of bacteria that can form mutualistic 

interactions with specific host plants. One determinant that affects host range of some 

rhizobia is the type III secretion system, a specialized delivery apparatus used by many 

Gram-negative, host-associated bacteria. This apparatus functions to deliver collections 

of bacterial-encoded type III effector proteins directly into host cells to modify host cell 

machinery and establish an environment conducive for infection. Type III secretion 

system loci have been identified from several species of rhizobia and their importance 

for establishment of infection is demonstrable. Nevertheless, the identity and function of 

type III effectors in mutualism remain uncharacterized. The lotus mutualist, 

Mesorhizobium loti MAFF303099 is unique among its species as being the only strain to 

employ a type III secretion system. As such, the characterization of MAFF303099 

provides a rare opportunity to study the acquisition of type III effector genes. To this 

end, we employed a genome-enabled approach to mine the finished genome sequence 

of MAFF303099 for candidate type III effector genes. We employed a heterologous type 

III effector delivery system to catalog type III effectors based on the criterion of type III 

secretion system-dependent delivery.  A total of 16 type III effector genes were identified 

and all were located in regions indicative of genome innovation, characterized by 

association with insertion sequences. The observations suggest that type III effector 

genes were not core to Mesorhizobium and were all recently acquired via horizontal 

gene transfer or innovated from existing genes. 

 

INTRODUCTION 

The rhizobia are a diverse collection of -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. In order 

to successfully establish the interaction, the two symbiotic partners engage in a 

molecular dialog to establish the symbiotic relationship. Legume-specific flavonoids 
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induce 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 that are 

sufficient to cause morphological changes to compatible hosts, such as the formation of 

an infection thread and cortical cell activation (Spaink, 2000; Jones, 2010, Haney, 2011). 

The relationship culminates in the formation of nodules, specialized organs where 

differentiated bacteroids can fix atmospheric nitrogen. 

Some species and strains of rhizobia, including Bradyrhizobium japonicum, 

Sinorhizobium fredii, Rhizobium NGR234, and Mesorhizobium loti MAFF303099, encode a 

type III secretion system (T3SS; Jiang and Krishnan, 2000; Göttfert et al., 2001; Kaneko et 

al., 2000). The T3SS is a specialized apparatus that functions to deliver collections of 

bacterial-encoded type III effector proteins (T3Es) directly into host cells. The T3SS genes 

are co-regulated with the nod genes, pointing to an early role in the establishment of 

symbiosis (Viprey, 1998; Hirsch, 2001; Krause, 2002; Wassem, 2008). Flavonoid 

perception elicits the nodD regulatory cascade, which regulates the expression of ttsI, a 

two-component regulatory-like encoding protein (Krause et al., 2002; Marie et al., 2004). 

TtsI is proposed to bind an upstream tts-box cis regulatory element that is typically 

upstream of genes encoding for components of the T3SS, candidate T3E, and other T3SS-

associated accessory proteins (Zehner, 2008). 

T3SSs and T3Es have been intensively studied in the context of plant-pathogen 

interactions. In this framework, T3Es collectively target and dampen MAMP-triggered 

immunity (MTI). This layer of defense is elicited upon perception of conserved microbe-

associated molecular patterns (MAMPs) via plant pattern recognition receptors (PRRs), 

leading to a battery of induced immune responses (Segonzac and Zipfel, 2011). In the 

context of mutualism, the potential for MTI to limit host-rhizobial interactions has also 

been demonstrated and further supported by the inability of T3SS-deficient mutants to 

efficiently nodulate their once compatible host plants (Lopez-Gomez et al., 2012; Skorpil, 

2005, Schechter, 2010; Wenzel, 2010; Yang, 2009). As demonstrated with pathogen T3Es, 

some rhizobial T3Es also have the potential to function in dampening defense, as NopL 

and NopT of Rhizobium NGR234 affect the MAPK defense signaling cascade and cause 
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cytotoxic effects in transgenic plants, respectively (Zhang, 2011). In total, these data 

suggest host MTI and the deployment of T3Es as a countermeasure against this barrier 

are components of the molecular dialog between host and mutualistic rhizobia. 

T3Es, however, have the potential to betray the microbe to the plant through 

perception by resistance (R) proteins and their elicitation of another layer of defense 

called effector-triggered immunity (ETI). In the case of pathogens, perceived T3Es were 

classically called avirulence proteins because they rendered pathogens avirulent (Dangl 

and Jones, 2001). Striking parallels have also been observed in rhizobia, with substantial 

genetic and molecular data indicating that ETI also restricts nodulation by rhizobia in 

certain cultivars or species of plants. The ability of T3SS-deficient mutants of rhizobia to 

gain new hosts has been repeatedly observed and can be explained based on the failure 

of the T3SS mutants to deliver perceived avirulence proteins and evade R protein-

mediated detection. In particular, Rfg1 and Rj2, two nodulation restriction genes of 

soybean that affect symbioses with S. fredii USDA257 and B. japonicum USDA122, 

respectively, in a T3SS-dependent manner, encode for motifs classically associated with R 

proteins (Yang et al., 2010).  

T3E collections of plant pathogens have been modeled according to the co-

evolutionary arms race. In this framework, plant and pathogen are under conflict and 

each partner evolves to maximize fitness at the expense of the other (Herre et al., 1999; 

Douglas, 2008; Sachs et al., 2010). The genetic patterns of pathogen T3Es provide strong 

support for this model (Ma and Guttman, 2008; Baltrus et al., 2011). In the plant 

pathogen Pseudomonas syringae, for example, examined strains exhibited extreme 

diversity in T3E content and sequence and are associated with genomic characteristics 

indicative of dynamic change, including hallmarks of horizontal gene transfer (HGT) and 

pseudogenization.  The necessity to sufficiently dampen PTI, balanced by the need to 

avoid ETI, is thus a strong selective pressure that molds a microbe’s collection of T3Es 

(Stavrinides, 2008, Cunnac, 2009; Cunnac, 2011). In stark contrast, T3E collections of S. 

fredii and B. japonicum have been modeled according to the competing mutualistic 

environment paradigm wherein both partners evolve to benefit the interaction (see 
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chapter 2; Kimbrel et al., in preparation). Indeed, the genetic patterns of rhizobial T3Es 

lend strong support for this model.  The two species of rhizobia have large conserved 

core sets of T3Es with little sequence diversity and little evidence for gain via HGT or loss 

via deletion or pseudogenization (see chapter 2; Kimbrel et al., in preparation). These 

observations suggest that host and microbe are stabilized. 

Mesorhizobium loti MAFF303099 requires a functional T3SS for efficient 

nodulation of its host, Lotus spp. (Sánchez et al., 2009). Its T3SS locus is located within a 

large symbiosis island ubiquitous to M. loti strains that was potentially acquired as a 

mobile Integrative and Conjugative Element (ICE; Sullivan et al. 1995; Sullivan and 

Ronson, 1998; Kaneko, 2000; Sullivan et al., 2002). Comparisons of the symbiosis island 

between MAFF303099 and M. loti R7A suggested it to be a hotspot for genome 

innovation. The backbone of the island represents only one-half of the sequence and is 

found as noncontiguous stretches interrupted by numerous insertions and deletions. 

Evidence suggests that the T3SS loci of MAFF303099 is not part of the backbone and in 

contrast, was a recent acquisition (Hubber et al., 2004). Its integration was hypothesized 

to have resulted in the loss of the type IV secretion system locus (T4SS) from 

MAFF303099 since all other examined M. loti strains appear to encode for T4SS. 

Interestingly, one candidate T3E gene of MAFF303099, mlr6316, is a homolog of mis059 

of R7A, which appears to be secreted by the T4SS (Hubber et al., 2004; Sánchez et al., 

2009).  

MAFF303099 offers a unique opportunity to study the evolution of T3SS and, in 

particular, the evolution of T3Es. In this study, we used a genome-enabled approach to 

exhaustively catalog the T3E repertoire of MAFF303099.  We mined the genome 

sequence of MAFF303099 to identify candidates and classified T3Es based on their 

location relative to a tts-box and direct delivery into host plant cells using a heterologous 

T3SS-dependent delivery, respectively (Kaneko et al., 2000; Mudgett and Staskawicz, 

1999; Guttman and Greenberg, 2001; Chang et al. 2005). Candidate T3Es had been 

previously identified based on their flavonoid-induced and T3SS-dependent secretion in 

vitro. In addition to the four previously identified candidate T3Es, we identified and 
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confirmed thirteen new T3E genes (Sánchez et al., 2009; Sánchez et al., 2012).  All but 

two are located in the symbiosis island, and most are proximal to the T3SS locus. Two 

additional T3E genes were located outside of the symbiosis island on the pMLa plasmid. 

In all, these observations suggest that, unlike S. fredii and B. japonicum, no T3E genes are 

core to the M. loti genome and, like the T3SS loci, have also been recently acquired by 

MAFF303099 via HGT.  

  

RESULTS AND DISCUSSION 

Mining for candidate type III effector genes 

We used a hidden markov model (HMM) to search the M. loti MAFF303099 

genome for tts-boxes as a first step towards identifying candidate T3E genes.  We 

identified 10 putative tts-boxes: nine were located on the chromosome, seven of which 

were found within the 611-kb symbiosis island (Table 3.1; Krause et al., 2002; Marie et 

al., 2004; Kaneko et al., 2000).  Six of the tts-boxes were found in a ~50-kb region 

containing the T3SS locus, with four upstream of T3SS-associated operons.  The only tts-

box distal to the T3SS-locus, designated Tb-a, was found on the 352-kb plasmid pMLa 

(Kaneko et al., 2000).  We also searched the corresponding symbiosis island of M. loti 

R7A for tts-boxes and found one sequence (Sullivan et al., 2002).   

The 10 tts-boxes we identified in MAFF303099 compare favorably to previous 

reports that described between seven and 27 tts-boxes for the MAFF303099 genome 

(Sánchez et al., 2009; Okazaki et al., 2010).  The seven tts-boxes described by Okazaki et 

al. (2010) corresponded to the top seven tts-boxes found by Sánchez et al. (2009), of 

which six met our bit-score threshold of 5.0.  One of the tts-boxes detected by both 

previous studies did not meet our bit-score cutoff; nevertheless, we included it in our 

study based on evidence that it regulates a T3E (Sánchez et al., 2009; Okazaki et al., 

2010; Sánchez et al., 2012).  We did not identify the other 20 tts-boxes previously 

described, but whether they are bona fide tts-boxes remains unknown (Sánchez et al., 

2009).  Indeed, three that were not detected by our screen also did not appear to 

respond to flavonoid induction, unlike reporter gene fusions to the tts-boxes associated 
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with mlr6331, mlr6358, mlr6316, and mlr6361 (Sánchez et al., 2009).  The differences in 

the number of identified tts-boxes can be explained by the methods used as well as the 

sequences investigated.  Sánchez et al. (2009) used only the eight invariant nucleotides 

distributed throughout the 30 nt-long HMM sequence to search for putative tts-boxes.  

Okazaki et al. (2010) did not report the methods used, but appear to have only focused 

on the 47.4 kb-long region encompassing the T3SS locus.  

The number of tts-boxes present in M. loti MAFF303099 is low relative to other 

strains of rhizobia that we have screened.  We identified nearly 25 tts-boxes each in S. 

fredii USDA207 and USDA257 and upwards of 50 tts-boxes in each of the five strains of B. 

japonicum (see Chapter 2; Kimbrel et al, in preparation).  NGR234, by contrast, had only 

13 such sequences, but all were found clustered on a small replicon, the 535 kb-long 

pNGR234a symbiosis plasmid (Schmeisser et al., 2009). 

 To identify candidate T3E genes, we searched up to 10 kb downstream from each 

of the 10 tts-boxes to allow identification of candidate T3E genes potentially encoded in 

long operons (Perret et al., 2003; see chapter 2; Kimbrel et al., in preparation). Thirty-five 

ORFs were identified; however, we culled 16 ORFs based on their translated sequences 

having homology to structural proteins of the T3SS or proteins with annotated functions 

common to non-T3E-encoding bacteria (Table 3.1).  

Prior to our functional screen of candidate T3Es, there was already circumstantial 

evidence suggesting that at least half of the remaining 19 candidates were indeed T3Es.  

Seven of the MAFF303099 genes are orthologous to genes from other species of rhizobia 

confirmed to encode T3Es (see chapter 2; Kimbrel et al., in preparation). Four candidates 

unique to MAFF303099—Mlr6316, Mlr6331, Mlr6358, and Mlr6361—are secreted in 

vitro, in a flavonoid-inducible, T3SS-dependent manner (Sánchez et al., 2009; Okazaki et 

al., 2010; Sánchez et al., 2012).  Finally, MAFF303099 mutants of mlr6316, mlr6358, and 

mlr6361 show a reduction in symbiotic fitness on compatible hosts and mlr6361 has 

been demonstrated to have a role in restriction of nodulation on incompatible Lotus 

(Sánchez et al., 2009; Okazaki et al., 2010; Sánchez et al., 2012).  
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Functional testing of T3Es for T3SS-dependent translocation 

 The translocation of T3Es directly into host cells via the T3SS is the one criterion 

that distinguishes T3Es from other T3SS-associated proteins. In order to test for direct 

delivery, we used the Δ79AvrRpt2 translocation marker and heterologous delivery from 

Pseudomonas syringae pv. tomato DC3000 (PtoDC3000) into cells of Arabidopsis 

(Mudgett and Staskawicz, 1999; Guttman and Greenberg, 2001; Chang et al., 2005).  This 

system was previously validated for rhizobial T3Es using NopB and NopJ from NGR234 

(see chapter 2; Kimbrel et al., in preparation). Briefly, when fusion proteins are delivered, 

the C-terminal portion of AvrRpt2 elicits ETI in an RPS2-dependent manner with a visible 

hypersensitive response approximately 20 hours post inoculation.  

All of the 19 candidates from MAFF303099 were tested.  Sixteen were delivered 

into plant cells, including the seven that belonged to families identified from S. fredii, and 

B. japonicum (Table 3.2; Kimbrel et al., in preparation).  In addition, NopBW, which we 

confirmed in this study, is homologous to a candidate T3E of B. japonicum that we could 

not previously confirm.  The remaining nine T3Es of MAFF303099 are thus far unique to 

this strain.  The newly classified rhizobial T3Es were named in accordance with the 

Nodulation Outer Protein (Nop) designations NopBG and NopBU to NopCB, as suggested 

by Marie et al., (2004) and based on established guidelines for T3E nomenclature in 

pathogenic bacteria (Lindeberg et al., 2005).  

Some of the MAFF303099 T3Es showed interesting homologies based on BLAST 

or PSI-BLAST searches.  Both NopBV and NopBX (Mlr6331 and Mlr6361) are annotated as 

shikimate kinase-like proteins.  Both also have homology to the Ralstonia solanacearum 

T3E Skwp2, and NopBV also has homology to the T3E XopAD found in two species of 

Xanthomonas (Bogdanove et al., 2011). The rhizobial T3E NopBB (Mlr8765) contains a 

tetratricopeptide repeat (TPR) domain, which was described in the transcription 

activator-like (TAL) effectors of Xanthomonas (Scholze and Boch, 2011).   PSI-BLAST 

searches identified an MlrC domain and a DUF1485 domain in NopBY, which is one of the 

two T3Es encoded within the symbiosis island but distal from the T3SS (Marchler-Bauer 

et al., 2011).  Interestingly, these two domains are also found in a protein of unknown 
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function, whose gene is located on the S. fredii NGR234 plasmid pNGR234b (Streit et al., 

2004).  Finally, NopBZ shares a domain with the transcriptional regulator RpiR in E. coli, 

which regulates phosphosugar isomerases in that organism (Martinez-Cruz et al., 2002; 

Marchler-Bauer et al., 2011).  It will be insightful to test whether these are functional 

domains and necessary for T3E function. 

The genes we classified as T3Es produced clear, robust, and repeatable HRs when 

assayed in PtoDC3000.  These confirmed T3Es included all four of the candidate T3Es 

predicted in previous work based on flavonoid-inducible, T3SS-dependent secretion 

(Sánchez et al., 2009; Okazaki et al., 2010; Sánchez et al., 2012).  Finally, in our cataloging 

of T3Es from eight species of S. fredii and B. japonicum, we convincingly showed that we 

identified and confirmed 20 out of 25 previously predicted candidate T3E families (see 

chapter 2; Kimbrel et al., in prepation).  Nonetheless, given our reliance on a 

heterologous bacterium to deliver T3Es of rhizobia, we cannot exclude the possibility for 

false positives and false negatives.  

 

T3E genes of MAFF303099 were likely acquired via horizontal gene transfer  

 Fourteen of the T3E genes clustered in the symbiosis island, while two were 

found on the 352-kb pMLa plasmid.  In light of the evidence for the recent acquisition of 

the T3SS locus in MAFF303099, we asked whether there was evidence for horizontal 

gene transfer (HGT) events that led to the acquisition of T3E genes.  We analyzed the 

entire chromosome and pMLa plasmid for signatures of HGT and correlated the 

signatures to the locations of the T3E genes (Figure 3.1).  Furthermore, because of the 

high prevalence of insertion sequences in the MAFF303099 symbiosis island and their 

potential in shaping microbial genomes, we also correlated the location of these 

insertion sequences to the signatures of HGT and T3E genes (Figure 3.1).  

Much of the 611-kb coding sequence of the symbiosis island was associated with 

many segmented areas with strong signatures for HGT. As such, it was difficult to 

associate evidence for HGT to any given T3E-encoding gene.  This was not surprising 

given previous observations regarding the apparent dynamic nature of the symbiosis 
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island (Sullivan et al., 2002).  It is thus possible that the overall evidence for HGT masked 

any evidence for horizontal acquisition of T3E genes.  Alternatively, the prevalence of 

HGT signatures may indicate an ongoing, persistent acquisition of new genes throughout 

most of the symbiosis island, in which the high incidence of insertion sequences may 

make it an evolutionary “cradle” for acquisition of new genes, including those encoding 

T3Es.  

While four T3E genes were likely acquired by MAFF303099 en bloc with the T3SS 

locus as evidenced by their intimate association with the T3SS locus, eleven other genes 

may have been separately and independently acquired. Indeed, the mapping of insertion 

sequences provides support for such a model.   A striking example of this is the nopBY-

nopBZ operon, which is flanked by seven consecutive insertion sequences downstream 

and fifteen insertion sequences and five phage integrase/recombinases upstream of the 

operon. The acquisition of T3E genes through insertion sequence-mediated 

recombination events is common in pathogens; for instance, in the extreme case of the 

human pathogen Shigella flexneri 5a, over half of the ORFs present on a 210-kb virulence 

plasmid were related to insertion sequences, creating a mosaic of horizontally-acquired 

genes, including multiple T3E-encoding genes (Venkatesan et al., 2001).  The fish 

pathogen Aeromonas salmonicida subsp. salmonicida carries a small 18.5-kb plasmid 

with 20 ORFs, eight of which code for insertion sequences.  Two of these insertion 

sequences flank a T3E gene and its cognate chaperone gene (Najimi et al., 2009).  

Interestingly, two pathovars of the typically commensal bacterium Pantoea agglomerans 

appear to have recently acquired a plasmid-borne pathogenicity island carrying both a 

T3SS locus and a collection of T3E genes, all of which are associated with insertion 

sequences (Barash and Manulis-Sasson, 2007).  Like MAFF303099, the P. agglomerans 

T3E genes associated with these insertion sequences have different origins: three of the 

six T3E genes have homologs in P. syringae, while the other three are unique to P. 

agglomerans (Barash and Manulis-Sasson, 2007). 

Only two of the T3Es confirmed here are encoded outside of the symbiosis island.  

NopCA and NopCB are part of a putative short operon immediately downstream of the 
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tts-box designated Tb-a and found on the pMLa plasmid (Table 3.1).  The NopCA-NopCB 

operon is found within a large cluster of hypothetical and unknown protein-coding 

genes.  Interestingly, there is some evidence of recombination in this general region of 

the plasmid, as the operon is situated ~26 kb upstream of a cluster of 

integrase/recombinases, and ~28 kb downstream of an integrase/recombinase that 

appears to have disrupted a T4SS locus, leaving only virD4 and virB11. 

 

NopBG 

NopBG (Mlr6316) is homologous to Msi059 of M. loti R7A, a protein that can be 

delivered by the type IV secretion system (Hubber et al., 2004). Previous comparative 

analyses of the MAFF303099 and R7A symbiosis islands provided evidence that the loss 

of the T4SS in MAFF303099 either preceded or was caused by the acquisition of the T3SS 

(Sullivan et al., 2002). This resulted in the deletion of the T4SS-encoding locus, as well as 

the nod-box upstream of the gene coding for the T4SS two-component regulator VirA. 

Interestingly, this recombination event inverted the sequence just downstream of the 

main T4SS-encoding locus, which included the msi059 homolog mlr6316 and a small 

piece of the T4SS-related gene virD4, such that mlr6316 was relocated immediately 

upstream of the newly-acquired T3SS (Figure 3.2; Sullivan et al., 2002). This relocation is 

particularly striking in the context of T3E innovation because it of the proximity of 

mlr6316 to the tts-box designated Tb-1, located ~300 bp upstream of this gene (Table 

3.1).  It is unclear at this time whether the tts-box was already present or was later 

acquired through horizontal gene transfer, possibly mediated by the insertion sequence 

encoded just upstream of the tts-box; in either case, this represents a very complex 

instance of genetic innovation.  Moreover, the T3E-encoding gene mlr6316 of 

MAFF303099 and the T4E-encoding gene msi059 of R7A show evidence of purifying 

selection based on our Ka/Ks analysis, despite their association with different secretion 

systems.  Interestingly, our analysis indicates that a tts-box is present immediately 

upstream of the T4SS in the symbiosis island of R7A; indeed, it is the only tts-box we 

identified in the available R7A sequence.  It will be interesting to test whether the tts-box 
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in R7A can be recognized by TtsI of MAFF303099 and whether msi059 can be delivered in 

a T3SS-dependent manner. 

 

Concluding remarks 

 Using a genome-enabled computational screen for tts-boxes coupled with a 

functional screen for T3SS-dependent translocation, we identified 16 T3Es of 

MAFF303099, eight of which represent novel Nop families.  All but two of the T3Es 

identified in this study were associated with the 611-kb symbiosis island encoded on the 

chromosome.  This symbiosis island appears to be an evolutionary hot spot in which an 

unusually high concentration of diverse and active insertion sequences mediates HGT via 

integration of exogenous DNA (Uchiumi, 2004).  HGT appears to be responsible for the 

acquisition of a T3SS locus by MAF303099 relatively recently in comparison to other 

T3SS-encoding rhizobia such as S. fredii and B. japonicum.  Based on the work herein, it 

appears that four T3E genes were acquired along with the T3SS locus.  It is likely that 11 

other T3E genes were acquired independent of the T3SS loci, also likely a result of HGT 

given the high incidence of flanking IS sequences.  Finally, one T3E gene, nopBG may 

have been present prior to the divergence of MAFF303099 from other M. loti species, 

and as suggested by Sullivan et al. (2002), potentially a T4E.  

In pathogenic bacteria, collections of T3Es have been modeled as a co-

evolutionary arms race with their hosts, as opposed to T3Es of S. fredii and B. japonicum, 

which we have modeled according to the mutualistic environment model of a co-

evolutionary armistice.  Although the genetic patterns of the T3Es of MAFF303099 

contrast with the patterns we observed in other rhizobia, and are more similar to the 

genetic patterns of pathogen T3Es, we do not believe that MAFF303099 is in a co-

evolutionary arms race.  Rather, given the potential that MAFF303099 recently acquired 

its T3SS locus, we hypothesize that this strain is still relatively early in the molding of its 

collection of T3E genes and over time will evolve to have a stable collection of T3Es. 
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MATERIALS AND METHODS 

Bacterial strains and plasmids 

Bacterial strains used in this study were: Mesorhizobium loti MAFF303099, 

Pseudomonas syringae pv. tomato DC3000 (PtoDC3000), its T3SS-deficient mutant 

(∆hrcC), and Escherichia coli DH5α.  Rhizobia strains and P. syringae were grown in 

modified arabinose gluconate media (MAG) or King’s B (KB) media, respectively, at 28°.  

E. coli DH5α was grown in Luria-Bertani (LB) media at 37°C. Antibiotics were used at the 

following concentrations: 50 μg/ml rifampicin (PtoDC3000), 30 μg/ml kanamycin (all 

bacterial strains), 50 μg/ml chloramphenicol (B. japonicum strains), and 25 μg/ml 

gentamycin (E. coli). Plasmids used in this work were pDONR207 (Invitrogen, Carlsbad, 

CA), the Gateway destination vector pDD62-79AvrRpt2 (Mudgett et al., 2000), and the 

pRK2013 conjugation helper plasmid (Figurski and Helinski, 1979). 

 

Bioinformatic analyses 

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 (IVOMs) to identify compositional biases and 

localize boundaries of predicted HGT regions (Vernikos and Parkhill, 2006).   

 

T3E candidate discovery 

We used sequences of 30 confirmed functional tts-boxes from B. japonicum, S. 

fredii and M. loti MAFF303099 to train a Hidden Markov Model (Zehner et al., 2008; 

Marie et al., 2004; Eddy, 1998; Sánchez et al., 2009).  An ad hoc Perl shell script was used 

to identify tts-boxes.  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 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 10-15) to filter out ORFs with translated 
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sequences homologous to components of the T3SS, proteins encoded by organisms that 

lack a T3SS, or proteins with general housekeeping functions.  

 

T3E candidate cloning 

Oligonucleotide primers were designed for candidate T3E-encoding genes 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-

79AvrRpt2 using LR clonase according to the instructions of the manufacturer (Mudgett 

et al., 2000).  Plasmids were transformed into E. coli DH5α cells and mated into 

PtoDC3000 or ∆hrcC 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 MgCl2 at a final concentration of OD600=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 a fusion between avrRpm1 

and ∆79avrRpt2, negative and positive controls, respectively.  Disease symptoms were 

scored approximately 28 hpi.  Experiments were replicated a minimum of three times. 
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Table 3.1. tts-boxes identified in M. loti MAFF303099 

tts-
box 

Sequenceʊ Bit 
score* 

Coordinatesǂ ORFs₱ 

Tb-1 ccGTCAGcTtgtCGtaAGCcaacccgcctA 
 

20.1 5125449…5125478 mlr6316, 
mlr6318 

Tb-2 tcGTCAGtTtacCGaaAGCtaaaccgctcA 
 

18.4 5153852…5153881 mll6337 

Tb-3 caGTCAGcTtgtCGtcAGCtcggccacctA 
 

21.8 5154733…5154762 nopB§, nolT§, 
nolU§, nolV§, 
hrcN₡, nopZ§, 
hrcQ₡, hrcR₡, 
hrcS₡, hrcT₡, 
hrcU₡ 

Tb-4 tcGTCAGgTtctCGaaAGCtcctgctcgtA 18.7 5164112…5164141 nopC, nopA, 
nopY§, hrcV₡, 
mlr8765 

Tb-5 gcGTCAGcTcacCGtcAGCtcgttcgagtA 14.9 5172394…5172423 mlr6358 

Tb-6 ccGTCAGcTaatCGtcAGCcaagcgatctA 12.6 5176483…5176512 mlr6361 

Tb-7 tgGTCtGcTtgtCGacAGCctggtccatgA 7.2 619821…619850 mll0786, 
mll0787, 
mll0788 

Tb-8 tcGCCAGcTggtCGacgGCaaagccgatcA 10.1 3937148…3937177 mlr4966, 
mlr4967, 
mlr4968 

Tb-9 ccGTCAGcagatgGaccGgttggctttctA 6.0 4844156…4844185 mlr5988, 
mlr5989, 
mlr5990,  

T-10 agGTCAGagtcaCGtcAGgtgaaggggatA 2.7₹ 5139478…5139507 mll6331 

Tb-a* ccGcCAGcTtgtCGgcAGCcgccctcgatA 7.0 264871…264900 mlr9294, 
mlr9295, 
mlr9297, 
mlr9300 

*Sequences with bit scores >5 were called tts-boxes 
ʊInvariant nucleotides are capitalized 
ǂChromosomal location of tts-box (with the exception of Tb-a, located on pMLa plasmid 
₱Underlined ORFs are candidate T3Es tested for translocation 
§Confirmed T3E in other rhizobia species (see Chapter 2; Kimbrel et al., in preparation) 
₡T3SS structural protein 
₹Bit-score did not meet criterion, but was considered a hit based on literature (Sánchez 
et al., 2009; Okazaki et al.2010) 
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Table 3.2. Confirmed T3Es of M. loti MAFF303099. 

Nop family Gene ID tts-box Homologs 

nopB mlr8763 Tb-3 S. fredii, B. japonicum 

nolU mlr8764 Tb-3 S. fredii, B. japonicum 

nolV mlr6341 Tb-3 S. fredii, B. japonicum 

nopX mll6337 Tb-2 S. fredii, B. japonicum 

nopY mlr6347 Tb-4 S. fredii, B. japonicum 

nopZ mlr6343 Tb-3 S. fredii, B. japonicum 

nopBB mlr8765 Tb-4 S. fredii* 

nopBG mlr6316 Tb-1  

nopBU msr6318 Tb-1  

nopBV mlr6331 Tb-10 skwp2, skwp3, skwp4, xopAD; 
shikimate kinase-like 

nopBW mlr6358 Tb-5 B. japonicum*, hlk1, hlk2 

nopBX mlr6361 Tb-6 skwp2, skwp3, skwp4; shikimate 
kinase-like 

nopBY mlr5988 Tb-9 DUF1485, MlrC C-terminal 

nopBZ mlr5989 Tb-9 RpiR-like protein 

nopCA mlr9295 Tb-a  

nopCB mlr9300 Tb-a DUF2130 superfamily 

*Translocation has not been confirmed in this species 
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Figure 3.1. Analysis of M. loti MAFF303099 genome for evidence of HGT events. 
HGT scores as determined by Alien Hunter are shown on the y-axis, plotted against the 
coordinates of the genome (bottom) and the pMLa plasmid (top left).  The inset at top 
right represents the region encoding the symbiosis island.  The location of confirmed 
T3E-encoding genes and insertion sequences are indicated on the x-axis with green and 
red dots, respectively, while the T3SS is designated by the blue bar. 
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Figure 3. 2. Comparison of T4SS- and T3SS-encoding regions in M. loti MAFF303099 and 
R7A. 
The regions including the T4SS (yellow line) and T3SS (blue line) loci of M. loti R7A and 
MAF303099 are shown along the top and bottom, respectively. Syntenous regions are 
indicated by the gray blocks and demarked by vertical hashes. Coding sequences are 
presented as open boxes with directions indicated.  Green filled boxes represent 
candidate T4E or confirmed T3E genes and red filled boxes represent insertion 
sequences.  The tts-boxes are indicated by red arrows.  The sequence of the 
MAFF303099 region shown is reversed. 
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SUMMARY 

Many Gram-negative bacteria use a type III secretion system (T3SS) to establish 

associations with their hosts. The T3SS is a conduit for direct injection of type III effector 

proteins into host cells where they manipulate the host for the benefit of the infecting 

bacterium. For plant-associated pathogens, the variations in number and amino acid 

sequences of type III effectors as well as their functional redundancy make studying type 

III effectors challenging. To mitigate this challenge, we developed a stable delivery 

system for individual or defined sets of type III effectors into plant cells. We used 

recombineering and Tn5-mediated transposition to clone and stably integrate, 

respectively, the complete hrp/hrc region from Pseudomonas syringae pv syringae 61 

into the genome of the soil bacterium Pseudomonas fluorescens Pf0-1. We describe our 

development of Effector-to-Host Analyzer (EtHAn) and demonstrate its utility for 

studying effectors for their in planta functions. 

 

INTRODUCTION 

Pathogens must overcome plant defenses in order to successfully infect their 

hosts. One defense mechanism that plant pathogens encounter is basal defense, or 

PAMP-triggered Immunity (PTI). PTI relies on pattern recognition receptors (PRRs) to 

perceive microbes by their conserved molecular patterns (pathogen- or microbial-

associated molecular patterns; PAMPs or MAMPs, respectively, Ausubel, 2005; Jones and 

Dangl, 2006; Schwessinger and Zipfel, 2008). Perception results in the induction of plant 

responses that include the deposition of callose into the cell walls (Schwessinger and 

Zipfel, 2008). From hereafter for the sake of simplicity, we use the terms PAMPs in 

reference to both PAMPs and MAMPs and PTI in reference to basal defense regardless of 

the source of the molecular pattern being perceived by the plant.  

Many Gram-negative phytopathogenic bacteria deliver type III effectors into host 

cells through a type III secretion system (T3SS) as countermeasures against PTI (Cunnac 

et al., 2009). The more than 20 genes encoding the regulatory elements and structural 

components of the T3SS are often clustered together in bacterial genomes (Galan and 
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Wolf-Watz, 2006). In Pseudomonas syringae the T3SS-encoding genes of the hrp/hrc 

region are located in a 26-kilobase pathogenicity island (Huang et al., 1988; Alfano et al., 

2000; Oh et al., 2007). Central to its expression is the alternative sigma factor HrpL (Xiao 

et al., 1994). HrpL is a member of the extracytoplasmic function (ECF) family of sigma 

factors and activates expression of the T3SS-encoding genes and type III effector genes 

by recognizing a cis-regulatory element, the hrp-box (Fouts et al., 2002; Innes et al., 

1993). Their expression is usually low or repressed when cells are grown in rich media 

but induced to high levels when grown in planta or in vitro in hrp-inducing media (Huynh 

et al., 1989; Rahme et al., 1992; Xiao et al., 1992).  

Type III effectors of phytopathogens are collectively necessary for the bacteria to 

cause disease. A T3SS-deficient mutant is incapable of causing disease on its normally 

compatible host (Lindgren et al., 1986; Niepold et al., 1985). Moreover, studies of 

transgenic plants expressing individual type III effectors provide strong evidence that 

their functions are to dampen host PTI (Hauck et al., 2003; Nomura et al., 2006; Fu et al., 

2007; Underwood et al., 2007; Shan et al., 2008; Xiang et al., 2008).  

Some type III effectors can also betray the presence of the infecting bacterium to 

the host. Plants encode disease resistance proteins (R) that can perceive a single or 

limited number of cognate type III effector proteins (DeYoung and Innes, 2006; Jones and 

Dangl, 2006). Perception triggers a defense response that can be viewed as amplified PTI. 

This effector-triggered immunity (ETI) is frequently associated with visual evidence of a 

programmed cell death response called a hypersensitive response (HR; Greenberg and 

Yao, 2004).  

Germane to the work described herein are three ETI-elicitors, AvrRpt2, AvrRpm1, 

and HopQ1-1. AvrRpt2 and AvrRpm1 are type III effectors of P. syringae that perturb the 

Arabidopsis protein RIN4. The R proteins RPS2 and RPM1, respectively, perceive their 

corresponding modifications to RIN4 to elicit ETI (Mackey et al., 2002; Axtell and 

Staskawicz, 2003; Mackey et al., 2003). HopQ1-1 of P. syringae pv tomato DC3000 

(PtoDC3000) elicits ETI in tobacco and is a negative host range determinant; its deletion 
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from the genome enables PtoDC3000 to grow significantly more than the wild-type 

strain in tobacco (Wei et al., 2007).  

Type III effectors are challenging to study for many reasons. There is a great 

diversity of effectors even between strains of the same species. A draft genome 

sequence of the pathogen P. syringae pv tomato T1 (PtoT1) was completed and 

compared to the completed genome sequence of PtoDC3000 (Almeida et al., 2009). Both 

are pathogens of tomato and their inventories of genes had a high degree of 

conservation. In striking contrast, the number of homologous type III effector genes 

common to both strains was much lower. This diversity in type III effector collections is 

likely in response to the selective pressures host defenses impose on pathogens (Jones 

and Dangl, 2006).  

Deletion or overexpression of type III effector genes in pathogens does not often 

result in changes in phenotype (Chang et al., 2004). This reflects the observation that 

pathogens have collections of type III effectors with overlapping functions (Kvitko et al., 

2009). The overlap in functions of homologous and especially non-homologous type III 

effectors is thus a significant impediment in genetic-based studies of their functions. 

P. fluorescens 55 carrying the pHIR11 cosmid or its derivatives, has been a 

workhorse heterologous delivery system and a valuable resource for studying type III 

effectors (Kim et al., 2002; Jamir et al., 2004; Schechter et al., 2004; Fujikawa et al., 

2006). This cosmid clone has the entire T3SS-encoding region of P. syringae pv syringae 

61 (Psy61) and also a chaperone and its cognate type III effector gene, shcA and hopA1 

(aka hopPsyA) as well as 1.6 kb of the type III effector gene avrE1 (Huang et al., 1988). 

HopA1 elicits effector-triggered immunity (ETI) in tobacco and the Ws-0 cultivar of 

Arabidopsis (Jamir et al., 2004; Gassmann, 2005). The presence of hopA1 complicates the 

characterization of defined sets of type III effectors and it has been disrupted via marker-

exchange mutagenesis (Fouts et al., 2003; Jamir et al., 2004).  

One limitation to pHIR11 or its variants is that bacterial cells do not stably 

maintain them in the absence of antibiotic selection. After 24 hours of growth in planta, 

only 50% of a derivative of PtoDC3000 still carried pCPP2071, a derivative of pHIR11 
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(Fouts et al., 2003). By four days, only 4% of the cells still had the cosmid. We have 

observed ~90% loss from P. fluorescens grown overnight in culture in the absence of 

selection (Unrath and Chang, unpublished). This rapid loss of the T3SS-encoding locus 

potentially limits the utility of pHIR11 and its derivatives for studying type III effectors in 

planta.  

To address the limitations in stability and potential conflict with antibiotic 

resistance markers, we have developed a new system to deliver individual or defined 

sets of type III effector proteins directly into host cells. We used recombineering to 

transfer the hrp/hrc region from Psy61 cloned in a cosmid vector, into a mini-Tn5 Tc 

plasmid (de Lorenzo et al., 1990; Court et al., 2002; Jamir et al., 2004; Oh et al., 2007). 

Recombineering is catalyzed by bacteriophage-encoded systems that inhibit bacteria 

RecBCD nucleases from degrading double-stranded linear DNA fragments and can be 

used to precisely delete, insert, or alter a DNA sequence (Court et al., 2002; Sharan et al., 

2009). We then stably integrated the hrp/hrc region directly into the genome of P. 

fluorescens Pf0-1 to ensure a robust delivery system (Silby et al., 2009). We present our 

development of Effector to Host Analyzer (EtHAn) and validate its use for characterizing 

type III effectors.  

 

RESULTS 

Development of a stable type III effector delivery system  

We used a variety of PCR methods and recombineering to clone the hrp/hrc 

cluster from cosmid clone pLN18 into a mini-Tn5 Tc vector (Fig. 4.1; de Lorenzo et al., 

1990; Court et al., 2002; Jamir et al., 2004). The genes we cloned spanned hrpK to hrpH 

and we will refer to this as the T3SS-encoding region. Despite evidence that HrpH may be 

injected directly into host cells, we purposefully included hrpH because its product is 

necessary for efficient translocation of other type III effectors (Oh et al., 2007). Our 

design avoided inclusion of genes encoding shcA-hopA1 and included <300 bp of the avrE 

coding region. We further modified the mini-Tn5 Tc by replacing the TetR gene with a 
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KanR gene flanked by site-specific recombinase recognition sequences (FRT) to facilitate 

excision of the antibiotic marker from the genome.  

We used Tn5 to mediate the direct and stable integration of the T3SS-encoding 

region into the genome of the soil bacterium P. fluorescens Pf0-1. We selected this strain 

for two reasons. The genome sequence of Pf0-1 has been completed and searches have 

failed to confidently identify a T3SS-encoding region or candidate type III effector genes 

(Ma et al., 2003; Grant et al., 2006; Silby et al., 2009). Secondly, Pf0-1 is a soil bacterium 

not adapted for survival within a plant and is therefore expected to elicit PTI and be 

incapable of dampening PTI or eliciting ETI when injected directly into plants (Compeau 

et al., 1988).  

We also used the site-specific recombinase FLP to excise the KanR gene from the 

genome of Pf0-1. Through these manipulations, we developed EtHAn (Effector to Host 

Analyzer), an unmarked, PTI-eliciting bacterium capable of delivering individual or 

defined sets of type III effector proteins directly into cells of plants.  

 

P. fluorescens Pf0-1 and the modified EtHAn cannot grow in planta  

To validate our selection of Pf0-1 as the recipient strain for the T3SS-encoding 

region, we first determined its growth behavior in planta (Fig. 4.2). We infiltrated 1.0 x 

106 cfu/ml of wild-type Pf0-1 and EtHAn into leaves of Arabidopsis and enumerated their 

growth. The compatible pathogen PtoDC3000 grew extensively in planta and its T3SS 

mutant (DhrcC) failed to grow significantly. Pf0-1 and EtHAn failed to grow even to levels 

comparable to the DhrcC mutant. EtHAn expressing the T3SS appears to grow even less 

than Pf0-1, but we note that this is more likely a reflection of differences in infiltrated 

bacterial concentrations (at day 0, EtHAn had lower cfu than Pf0-1). We also enumerated 

growth of EtHAn following inoculation with higher concentrations of bacteria and had 

similar results to those presented (data not shown). These results validated our selection 

of Pf0-1 as the recipient for the T3SS-encoding region and show that the T3SS is, by itself, 

insufficient to confer virulence.   
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EtHAn carries a functional T3SS  

To demonstrate that EtHAn encodes a functional T3SS, we tested its ability to 

deliver type III effectors in planta. Delivery is easily detected through elicitation of ETI 

where perception of a type III effector protein by a corresponding R protein leads to a 

rapid hypersensitive response (HR). We tested whether EtHAn carrying either avrRpm1 

or avrRpt2 would elicit an HR in Arabidopsis Col-0. Their protein products are perceived 

by corresponding R proteins, RPM1 and RPS2, leading to a visible HR approximately 6 hpi 

and 20 hpi, respectively (Kunkel et al., 1993; Yu et al., 1993; Bisgrove et al., 1994).  

We infiltrated 1.0 x 108 cfu/ml of EtHAn carrying avrRpm1 or avrRpt2 into leaves 

of Arabidopsis (Fig. 4.3a). At 6 hpi, the majority of leaves infected with PtoDC3000 or 

EtHAn carrying avrRpm1, showed visible HR phenotypes. By 20 hpi, the majority of the 

leaves infected with PtoDC3000 or EtHAn carrying avrRpt2 had collapsed. By 28 hpi, with 

the exception of EtHAn carrying an empty vector, all infected leaves had collapsed. This 

latter observation emphasizes one additional advantage of using EtHAn as opposed to 

wild-type PtoDC3000 for studying ETI. Because Pf0-1 is not adapted for survival within a 

plant, it is unable to elicit any visible symptoms in Arabidopsis, unlike wild-type 

PtoDC3000, which causes massive tissue collapse because of disease.  

We next asked whether EtHAn carrying a single type III effector gene would gain 

virulence. The type III effector AvrPto has global effects on perturbing host PTI because it 

interacts with PAMP receptors to dampen plant defense responses (Shan et al., 2008; 

Xiang et al., 2008). Transgenic plants overexpressing AvrPto support more growth of the 

DhrcC mutant of PtoDC3000 (Hauck et al., 2003). These transgenics are also severely 

compromised in responding to PAMPs as assayed by enumerating callose deposition 

(Hauck et al., 2003). Finally, analysis of microarray data for host transcriptional changes 

suggested that the changes caused by AvrPto account for the majority of changes caused 

by wild-type PtoDC3000 delivering its entire set of type III effectors (Hauck et al., 2003). 

We therefore determined if expression of AvrPto in EtHAn would be sufficient to confer 

virulence to a soil bacterium (Fig. 4.2). EtHAn carrying avrPto did not have any significant 

increase in growth relative to EtHAn carrying an empty vector. Thus, our growth 
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enumeration studies not surprisingly indicated that a single type III effector protein was 

not sufficient to confer virulence to a soil bacterium. 

 

EtHAn expresses the T3SS and type III effectors to high levels  

Our design of EtHAn relied on HrpL-controlled expression of the T3SS and its type 

III effector genes. Because proteins encoded by Pf0-1 are necessary to activate proteins 

upstream of HrpL, there is potential that EtHAn will not express type III effector genes to 

native levels as in P. syringae. We used quantitative real-time PCR (qRT-PCR) to measure 

the relative expression levels of a T3SS-encoding gene, hrcV and the type III effector gene 

avrPto. To ensure that expression levels were reflective of transcriptional regulation and 

not copy number of the type III effector gene, we used Tn7 to integrate a single copy of 

full-length avrPto into an intergenic region of the genome of Pf0-1 (Chang et al., 2005; 

Peters and Craig, 2001).  

 As expected, hrcV and avrPto were expressed to high levels in PtoDC3000 seven 

hours after shift to hrp-inducing media but were not significantly expressed in the DhrpL 

mutant (Fig. 4.4a). EtHAn and EtHAn + avrPto expressed hrcV and avrPto in the latter 

strain, to higher levels than wild-type PtoDC3000 (Fig. 4.4b). Note that expression is 

presented as relative to PtoDC3000; i.e., we would have expected a normalized fold 

expression value of one if EtHAn expressed the HrpL-regulated genes to levels similar to 

PtoDC3000. By 24 hours after shift, expression of both genes in PtoDC3000 was still 

detectable and significant but far less than their levels at seven hours after shift to hrp-

inducing media. In contrast, expression of both genes continued to increase in EtHAn and 

EtHAn + avrPto, respectively. We also noticed that expression of both genes was higher 

in cells grown in KB media than in PtoDC3000 (data not shown). Together, these results 

indicate that HrpL-regulated genes are not under the same negative control as they are 

in P. syringae. Regardless of this observation, results indicate that EtHAn expresses HrpL-

regulated genes to sufficient levels as compared to P. syringae. 
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Type III effectors delivered by EtHAn are sufficient to dampen PTI  

Next, we determined whether EtHAn is suitable for studying the virulence 

functions of type III effector proteins. Several type III effectors, including AvrPto and 

HopM1 have demonstrable roles in significantly suppressing the deposition of callose 

when expressed directly in transgenic plants (Hauck et al., 2003; Nomura et al., 2006; Fu 

et al., 2007; Underwood et al., 2007). We therefore infiltrated leaves of Arabidopsis with 

EtHAn carrying avrPto or hopM1 and enumerated the number of callose deposits (Fig. 

4.5). We also enumerated the number of callose deposits in leaves infiltrated with 

PtoDC3000, its ΔhrcC mutant, and EtHAn carrying an empty vector as controls. 

Representative leaf pictures are presented (Fig. 4.5b).  

As expected, the ΔhrcC mutant that is incapable of delivering type III effectors 

was unable to suppress callose deposition whereas PtoDC3000 significantly suppressed 

callose deposition. Infiltration of leaves with EtHAn without any type III effector genes 

resulted in even more callose deposits than the ΔhrcC mutant. In contrast, EtHAn 

carrying avrPto or hopM1 significantly and reproducibly suppressed the deposition of 

callose as compared to EtHAn carrying an empty vector. These results indicate that 

EtHAn by itself elicits PTI and that type III effectors delivered by EtHAn are sufficient to 

dampen PTI.  Thus, EtHAn is a suitable system for studying the virulence functions of type 

III effector proteins in planta. 

 

Delivery of type III effectors can be generalized  

The possibility that Pf0-1 cannot deliver all P. syringae type III effectors is unlikely 

given the observation that P. fluorescens 55 carrying pLN18 was sufficient to deliver all 

tested type III effectors (Jamir et al., 2004; Schechter et al., 2004). Regardless, we tested 

approximately one half of the type III effectors from PtoDC3000 for delivery by EtHAn. 

The type III effectors were expressed as single copy genes integrated via Tn7, and from 

their native promoters as translational fusions to Δ79AvrRpt2 (Guttman et al., 2002; 

Chang et al., 2005). The tested type III effectors AvrE1, AvrPto1, HopAF1, HopAB2, 

HopAM1-1, HopC1, HopE1, HopI1, HopP1, HopQ1-1, HopX1, HopY1, (ShcA1)-HopA1, 
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(SchF2)-HopF2, and (SchO1)-HopO1 were all sufficient for EtHAn to elicit an HR in 

Arabidopsis encoding the corresponding R gene, Rps2. For type III effectors expressed 

from operons, we also included their upstream genes (included in parentheses). We 

therefore concluded that EtHAn can deliver most if not all type III effectors of P. syringae.  

 

EtHAn by itself elicits a defense response in species other than Arabidopsis  

Because wild-type Pf0-1 does not encode any of its own type III effector genes, 

we reasoned that EtHAn has potential applications for studying effectors in hosts other 

than Arabidopsis. We assayed the effects of EtHAn in leaves of tomato and N. tabacum. 

EtHAn by itself elicited a response in leaves of tomato (data not shown) and a spotty, 

inconsistent response in leaves of N. tabacum (Fig. 4.3b). This response was specific to 

EtHAn; tomato or tobacco infiltrated with P. fluorescens Pf0-1 had no responses (data 

not shown). These results suggest the T3SS-encoding locus encodes a protein that may 

elicit a defense response in tomato or tobacco.  

Nevertheless, we asked if EtHAn could deliver type III effectors into leaves of N. 

tabacum. PtoDC3000 is not compatible with tobacco because it delivers the perceived 

type III effector HopQ1-1 and elicits ETI (Wei et al., 2007). We therefore mobilized 

hopQ1-1 into EtHAn and infiltrated the strain into leaves of tobacco. After ~24 hpi, 

PtoDC3000 elicited a robust HR. The compatible pathogen P. syringae pv tabaci 11528, in 

contrast elicited strong tissue collapse due to disease whereas its corresponding T3SS 

mutant (DhrcV) did not elicit a phenotype (data not shown). EtHAn carrying hopQ1-1 

elicited a strong HR similar to PtoDC3000 and more robust as compared to EtHAn alone.  

 

DISCUSSION 

 Our goal is to understand the mechanisms by which a single pathogen uses its 

entire collection of type III effector proteins to dampen host defenses. One difficulty is 

that pathogens can deliver more than thirty different type III effectors, of which many 

share overlapping functions (Kvitko et al., 2009). The redundancy within a collection of 

type III effectors is likely a consequence of the need to ensure robustness so that loss of 
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single type III effectors will not compromise virulence. However, this redundancy is 

clearly a significant challenge that we must overcome in order to understand the 

contributions of each type III effector during host-association. 

To address this hurdle, we developed a stable system for delivering type III 

effector proteins into host cells. We moved a defined fragment of ~26 kb spanning a 

region necessary to regulate and assemble the T3SS, into a modified mini-Tn5 Tc vector. 

We used Tn5-mediated transposition to stably integrate the T3SS-encoding region 

directly into the genome of the soil bacterium, P. fluorescens Pf0-1 to make EtHAn. We 

show that when lacking type III effector genes, EtHAn elicits PAMP-triggered immunity 

and is non-pathogenic on Arabidopsis.  

Potentially, EtHAn may be less efficient in delivering type III effector proteins into 

host cells than pathogenic PtoDC3000 as was the case for P. fluorescens 55 carrying 

pLN18 (Schechter et al., 2004). We did observe variability in the robustness of the HR 

between different type III effector-Δ79AvrRpt2 fusions (data not shown). This however, 

is consistent with previous results using PtoDC3000 to deliver fusions with Δ79AvrRpt2 or 

P. fluorescens carrying pLN18 to deliver type III effector fusions to adenylate cyclase 

(Schechter et al., 2004; Chang et al., 2005). Furthermore, our reliance on native 

promoters may have contributed to variable expression. Nevertheless, when carrying 

type III effector genes, EtHAn expressed and translocated sufficient amounts of their 

proteins into host cells to elicit ETI or dampen the PTI-associated deposition of callose. 

Therefore, EtHAn is a sufficient elicitor of PAMP-triggered immunity that can 

subsequently be engineered to study the roles of delivered type III effectors in 

perturbing host defenses. 

EtHAn offers several advantages over currently used methods for studying plant-

pathogen interactions. Because EtHAn is decorated with molecular patterns and can be 

injected into the apoplastic space of plants, it can be used directly to study host defenses 

without the need to introduce additional PAMPs. We selected P. fluorescens Pf0-1 for 

modification because it appears to be devoid of any endogenous type III effector genes 

as determined by surveying its completed genome sequence for homologous DNA 
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sequences (Grant et al., 2006). Further, Pf0-1 appears to lack most, if not all, necessary 

virulence factors required for growth in planta. Thus, any observed phenotypes can be 

attributed to the delivered type III effector protein of interest. Additionally, because the 

T3SS-encoding region is stably integrated and the type III effector genes can be as well, 

EtHAn can be used to characterize type III effector proteins in planta over the course of 

days.  

EtHAn has applications beyond characterizing type III effector proteins of P. 

syringae. Fusions between oomycete effectors and the amino-terminal domain of 

AvrRps4 or AvrRpm1 are delivered by PtoDC3000 directly into plant cells via its T3SS 

(Sohn et al., 2007; Rentel et al., 2008). However, in most cases the virulence functions of 

the oomyete effector will be masked by the functions conferred by the collection of type 

III effectors normally delivered by PtoDC3000 (Sohn et al., 2007). In contrast, since EtHAn 

is apparently devoid of virulence factors, the functions for effectors are more apt to be 

observed. EtHAn has been successfully used to deliver the Hyaloperonospora parasitica 

effectors ATR1 and ATR13 fused to AvrRpm1 directly into Arabidopsis (Brian Staskawicz, 

personal communication). Furthermore, P. fluorescens 55 carrying pHIR11 can deliver 

type III effectors from Xanthomonas spp (Fujikawa et al., 2006). Though we did not 

explicitly reconfirm this finding we expect EtHAn should behave similarly. EtHAn 

therefore has potential applications for characterizing virulence functions of other 

bacterial as well as fungal and oomycete effectors. 

EtHAn has strong potential for studying type III effector functions in Arabidopsis. 

EtHAn by itself does not elicit any symptoms in 88 different accessions of Arabidopsis 

(Qingli Lu, Marc Nishimura, and Jeffery Dangl, personal communication). Most notably, 

EtHAn does not elicit an HR in the Ws-0 accession, which is further evidence that our 

recombineering of the T3SS-encoding locus avoided inclusion of the type III effector gene 

hopA1 (Gassmann, 2005).   

In contrast, however, in its current form, EtHAn may have limited use in other 

plant species. Our results suggest that a factor encoded by the T3SS-encoding locus 

elicits a weaker non-host defense response in tomato or tobacco. Alternatively, but less 
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likely is the possibility that the phenotype elicited by EtHAn is a consequence of the Tn5-

mediated integration event into the genome of Pf0-1. Regardless of the cause, our 

observations are not in agreement with published reports showing that P. fluorescens Pf-

55 carrying pHIR11 elicits an HR in tobacco, while the same strain carrying pLN18 

(disruption in hopA1), does not (Jamir et al., 2004; Schechter et al., 2004). Therefore, we 

speculate that EtHAn elicits a defense response in tobacco because the T3SS is stably 

integrated and expressed at higher levels than in pathogenic P. syringae.   

Our results highlight the utility of recombineering for manipulating DNA 

fragments. This method has been used to delete genes directly from the genome of the 

plant pathogen, Erwinia amylovora but we have not had success with recombineering 

directly in P. syringae (Zhao et al., 2009; Chang, unpublished). Nevertheless, we 

demonstrate that recombineering can be used to alter large and otherwise challenging 

to manipulate fragments of DNA in E. coli. Other potential applications include modifying 

large genomic clones or plasmids such as binary vectors (Rozwadowski et al., 2008).  

  To request EtHAn, please visit our webpage at: 

http://changlab.cgrb.oregonstate.edu/. 

 

EXPERIMENTAL PROCEDURES 

Bacterial strains, plant lines and growth conditions  

The bacterial strains used in this study are P. syringae pv tomato DC3000, its T3SS 

structural mutant (DhrcC; Yuan and He, 1996), its T3SS regulatory mutant, (DhrpL; 

Zwiesler-Vollick et al., 2002), and P. fluorescens Pf0-1 (Silby et al., 2009), Escherichia coli 

DH5a and HB101lpir. Pseudomonads were grown at 28°C in King’s B (KB) liquid media 

with shaking or on KB agar plates. For in vitro induction of HrpL-regulated genes, 

Pseudomonads were grown overnight in KB media, washed, and resuspended at OD600 = 

0.1 in hrp-inducing media and grown for 7 or 24 hours (Huynh et al., 1989). E. coli were 

grown at 37°C in Luriae-Bertani (LB) liquid media with shaking or on LB agar plates. 

Antibiotics were used at the final concentrations of: 25 mg/ml rifampicin, 30 mg/ml 

http://changlab.cgrb.oregonstate.edu/
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kanamycin (100 mg/ml for Pf0-1), 30 mg/ml chloramphenicol, 5 mg/ml tetracycline (50 

mg/ml for Pf0-1), 25 mg/ml gentamycin (100 mg/ml for Pf0-1) and 100 mg/ml ampicillin. 

Concentrations listed were for P. syringae and E. coli unless otherwise noted. 

Arabidopsis thaliana accession Col-0 and Nicotiana tabacum were grown in a 

controlled-environment growth chamber (9 hrs of day at 22°C, 15 hrs of night at 20°C) 

for 5~6 weeks. 

 

Plasmid constructions  

Plasmids used were pBBR1-MCS1, -MCS2, and -MCS5 (Kovach et al., 1994; 

Kovach et al., 1995), pRK2013 (Figurski and Helinski, 1979), mini-Tn5 Tc (de Lorenzo et 

al., 1990), pKD4 and pKD46 (Datsenko and Wanner, 2000), pBH474 (House et al., 2004), 

pME3280a (Zuber et al., 2003), pUX-BF13 (Bao et al., 1991), and pLN18 (Jamir et al., 

2004). Oligonucleotides used are listed in supplementary table 1. All restriction enzymes 

were purchased from New England Biolabs (NEB; Ipswich, MA). 

We first used recombinant and sticky-end PCR to fuse together two 0.5 kb-sized 

fragments flanking the T3SS-encoding region carried on pLN18 (Jamir et al., 2004). A 0.5 

kb fragment immediately downstream of hrpK was amplified in two separate reactions 

using Pfu and primer pairs JHC124 + JHC125 or JHC148 + JHC150 (fragments 1 and 1’ of 

Figure 4.1, respectively). A 0.5 kb fragment immediately upstream of hrpH (aka ORF1 of 

Conserved Effector Locus; Alfano et al., 2000) was amplified in two separate reactions 

with primer pairs JHC126 + JHC128 or JHC151 + JHC128 (fragments 2 and 2’, 

respectively). The products were gel-purified. Fragments 1 + 2 and 1’ + 2’ were mixed in 

approximately equal ratios, and each amplified in two separate reactions using Pfu and 

primer pairs JHC123 + JHC125 and JHC124 + JHC127, or JHC148 + JHC128 and JHC149 + 

JHC152, respectively. Recombined products carried an inserted unique XbaI or Acc65I 

site, respectively. Corresponding ~1.0 kb products were mixed in approximately equal 

ratios, incubated at 95°C for 5 minutes, and slowly cooled to room temperature leading 

to a proportion of the PCR products with overhanging ends compatible to recipient 

vectors.   



82 
 

Sticky-end products derived from the 1 + 2 fusion were gel-purified and cloned 

into pBBR1-MCS5 cleaved with EcoRI + XhoI and subsequently subcloned into pBBR1-

MCS1 cleaved with SacI + XhoI (Kovach et al., 1994; Kovach et al., 1995). Sticky-end 

products from the 1’ + 2’ fusion were gel-purified and cloned into mini-Tn5 Tc cleaved 

with NotI and treated with calf-intestinal phosphatase (CIP).  

 

Recombineering  

We digested pBBR1-MCS1 carrying the 1 + 2 fusion with XbaI and transformed 

the gel-purified, linear fragment into electrocompetent cells made from arabinose-

induced (10 mM) DH5a cells carrying pKD46 and pLN18 (de Lorenzo et al., 1990; Jamir et 

al., 2004). Transformants were selected on chloramphenicol. Successful transfer of the 

entire ~26 kb T3SS-encoding region was confirmed by restriction digestion and PCR with 

pairs of primers that amplified different fragments along the length of the T3SS-encoding 

region.  

 We next cleaved mini-Tn5 Tc carrying the 1’ + 2’ fusion with Acc65I and 

transformed the gel-purified, linear fragment into electrocompetent cells made from 

arabinose-induced (10 mM) HB101lpir cells carrying pKD46 and pBBR1-MCS1 with the 

T3SS-encoding region. Transformants were selected on tetracycline. Successful transfer 

of the T3SS-encoding region was confirmed by restriction digestion and PCR with pairs of 

primers that amplified different fragments along the length of the T3SS-encoding region.  

We also used recombineering to replace the TetR gene of mini-Tn5 Tc vector with KanR 

flanked by site-specific recombinase FRT sequences. We used a two-step PCR to amplify 

KanR flanked by FRT sites from pKD4 with CAT0001 and CAT0002 and subsequently with 

CAT0003 and CAT0004 to include 50 bp of homology to either side of the TetR gene of 

mini-Tn5 Tc (de Lorenzo et al., 1990). Recombineering was done as described above. 

Transformants were selected on kanamycin and successful recombineering was 

confirmed via PCR and lack of growth on LB + Tet.  
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Plasmid mobilization  

Plasmids were mobilized into recipients as previously described (Chang et al., 

2005). For mobilizing Tn7-based vectors, cells were mixed at a ratio of 10:1:1:1 with the 

latter being E. coli carrying pUX-BF13 (Bao et al., 1991). Integration of genes into the 

genome of P. fluorescens Pf0-1 was confirmed using PCR. Eviction of KanR was mediated 

by pBH474, which encodes the FLP site-specific recombinase and confirmed by replica 

plating on KB agar plates with and without kanamycin (House et al., 2004). Finally, cells 

resistant to 5% sucrose were selected to identify those that lost pBH474.   

 

Quantitative Real Time PCR (qRT-PCR)  

Cells were collected and immediately suspended in RNAprotect (Qiagen, 

Valencia, CA), and stored at -80C. RNA was extracted using RNeasy according to the 

instructions of the manufacturer (Qiagen, Valencia, CA), and subsequently treated with 

DNase I (NEB, Ipswich, MA). Qualities of each RNA preparations were assessed on 1.0 X 

FA, 1.2% agarose gels. We measured the quantity of RNA using a Nanodrop ND-1000 

(Thermo Scientific, Wilmington, DE).  

One mg of total RNA from each sample was used to synthesize single stranded 

cDNA according to the instructions of the manufacturer (Superscript III; Invitrogen, 

Carlsbad, CA). We used reverse transcriptase PCR to determine the quality of the cDNA. 

We used oligonucleotides 23S-T and 23S-B to amplify 23S rRNA from 1.0 ng of each 

sample. We also used hrpEF-T and hrpEF-B oligonucleotides in separate reactions to 

confirm the complete removal of DNA from each sample. These oligonucleotides span 

the intergenic region of separately transcribed genes hrpE and hrpF (Rahme et al., 1991).  

One ng of single-stranded cDNA was used in SYBR-Green qRT-PCR on a CFX96 real-time 

machine (BioRad, Hercules, CA). Oligonucleotides hrcV-T and hrcV-B as well as avrPto-T 

and avrPto-B were used to amplify portions of hrcV and avrPto, respectively. All reactions 

were done in triplicate and normalized to 23S rRNA. To calculate efficiencies for each 

primer pair, we did qRT-PCR on 1.0 ng, 0.1 ng, and 0.01 ng of single-stranded cDNA made 
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from PtoDC3000 grown in hrp-inducing media for 24 hrs. Efficiency-corrected 2-Ct 

values were determined using the CFX Manager software (Biorad; Pfaffl, 2001). 

 

In planta assay  

Bacterial cells were grown overnight in KB with appropriate antibiotics, washed 

and resuspended in 10 mM MgCl2. For in planta growth assay, we resuspended P. 

syringae and P. fluorescens to an OD600 of 0.002 (1.0 x 106 cfu/ml). We used 1.0 ml 

syringes lacking needles to infiltrate bacterial suspensions into the abaxial side of leaves 

of 5 ~ 6 week-old plants. We used a number 2 cork borer to core four discs for each 

triplicate of each treatment at 0 and 3 days post inoculation (dpi). Leaf discs were ground 

to homogeneity in 10 mM MgCl2, serially diluted, and plated on KB with appropriate 

antibiotics. Colonies were enumerated once visible. Experiments were repeated at least 

three times. For HR assays, cells were infiltrated in leaves at an OD600 of 0.2 (equivalent 

to 1.0 x 108 cfu/ml). Phenotypes were scored starting at six hours post inoculation (hpi) 

and examined up until disease symptoms were visible. 

 

Callose Staining  

We collected leaves 7 hpi, and cleared them of chlorophyll by heating at 65°C in 

70% EtOH. Leaves were then rinsed and stained in aniline blue staining solution (150 mM 

K2HPO4, 0.1% aniline blue, pH 8.4) overnight. Leaves were placed in 70% glycerol 

containing 1.0% of the aniline blue staining solution and mounted onto microscope 

slides. We viewed the leaves using a light microscope (BX40, Olympus) with a filter under 

ultraviolet 10X magnification. Digital images of 10 fields per leaf were taken (Magnafire, 

Optronics) and 15 leaves were imaged per treatment. We used a custom Perl script to 

enumerate callose deposits. 

 

ACKNOWLEDGEMENTS 

 We thank Mark Silby and Stuart Levy for P. fluorescens Pf0-1, Brenda Schroeder 

and Michael Kahn for pBH454, Dieter Haas for pME3280a and pUX-BF13, Sheng Yang He 



85 
 

for ΔhrcC, Brian Staskawicz for ΔhrpL, and Alan Collmer for pLN18 and the ΔhrcV mutant 

of Pta 11528. We thank Jeffery Dangl, Jason Cumbie, Rebecca Pankow, and Philip 

Hillebrand for their assistance and critical reading of this manuscript. We gratefully 

acknowledge Jim Carrington for use of his light microscope. Finally, we thank Ethan S. 

Chang for his assistance and inspiring the naming of the type III effector delivery system. 

This research was supported in part by start-up funds from Oregon State University to 

JHC and a grant from the National Research Initiative of the USDA Cooperative State 

Research, Education, and Extension Service (Grant 2008-35600-18783).  

  



86 
 

 

 
Figure 4.1. Construction of EtHAn. 
The top bar represents the cloned insert of pLN18. Boxes represent protein-coding 
regions and triangles indicate their direction of transcription. Black vertical discs 
represent hrp-boxes. Some protein-coding regions are labeled for landmarks; 
abbreviations are: A1 = shcA1-hopA1, K = hrpK, R = hrpR, H = hrpH, and E = avrE1. The 
avrE1 gene is truncated in pLN18 (broken line). Step a: Two 0.5 kb fragments (black 
boxes; 1, 1’, 2 and 2’) flanking the T3SS-encoding region were amplified and recombined. 
The 1 + 2 and 1’ + 2’ recombined products were cloned into pBBR1-MCS1 (MCS1) or 
mini-Tn5 Tc, respectively. Steps b and c: Vectors containing recombined flanking DNA 
fragments were linearized by restriction digestion and used to sequentially capture the 
T3SS-encoding region by recombineering, first into pBBR1-MCS1 (step b) then to mini-
Tn5 Tc (step c). Step d: Recombineering was used to replace the TetR gene with the KanR 
gene flanked by FRT sites (gray bars with a horizontal dashed line). The resulting DNA 
fragment between the Tn5-repeats (I and O-ends) is shown at the bottom. The 
orientation of the T3SS-encoding region relative to the Tn5 repeats is unknown and 
arbitrarily presented in one direction. The entire fragment was stably integrated into the 
genome of P. fluorescens Pf0-1 via Tn5 transposition and the KanR gene was excised 
using the site-specific recombinase FLP (not shown).  
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Figure 4.2. Enumeration of bacterial growth in planta. 
Wild-type PtoDC3000, a DhrcC mutant, Pf0-1, EtHAn carrying an empty vector (E.V.), and 
EtHAn carrying avrPto were assessed for growth in Arabidopsis over a period of 3 dpi. 
Each time point was measured in triplicate; standard errors are presented. Experiments 
were repeated at least three times with similar results.   
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Figure 4.3. EtHAN has a functional type III secretion system. 
a) EtHAn and PtoDC3000 carrying avrRpm1 and avrRpt2 elicited a strong HR in 
Arabidopsis Col-0. Twenty-four leaves were infiltrated for each strain and the 
percentages of responding leaves are presented at the bottom of each panel. 
Experiments were repeated at least three times with similar results. Black lines denote 
infiltrated leaves. b) EtHAn carrying full-length hopQ1-1 elicited an HR in N. tabacum. 
EtHAn by itself elicited a spotty and inconsistent HR. Eighteen leaves were infiltrated for 
each strain and the percentages of responding leaves are shown. This experiment was 
repeated three times with similar results.  
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Figure 4.4. Expression of HrpL-regulated genes in EtHAn. 
a) Normalized fold expression of hrcV and avrPto in PtoDC3000 and DhrpL were 
measured using the efficiency corrected 2-DDCt qRT-PCR method. Gene expression was 
normalized to 23S rRNA and calculated relative to corresponding genes of cells grown in 
KB media. Expression was assessed at 7 (gray bars) and 24 (white bars) hours after shift 
to hrp-inducing media. b) Normalized fold expression of hrcV and avrPto in EtHAn or 
EtHAn carrying avrPto were measured at 7 (gray bars) and 24 (white bars) hours after 
shift to hrp-inducing media. Expression was normalized to 23S rRNA and calculated 
relative to corresponding genes in PtoDC3000 grown in hrp-inducing media (a). All genes 
were measured in triplicate. Standard error is shown.         
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Figure 4.5. EtHAn carrying avrRpm1 or hopM1 dampens the callose response. 
a) Average number of callose deposits per field of view (1.5 mm2). Fifteen leaves were 
photographed per treatment with ten fields photographed per leaf. Significance of 
differences between averages were determined using Student’s t-test (PtoDC3000 versus 
hrcC or EtHAn carrying avrPto or hopM1 versus empty vector control,). *,+ Denotes a p-
value < 0.05; ++denotes a p-value < 0.01. This experiment was repeated multiple times 
with similar results. b) Representative gray-scaled images of Arabidopsis leaves stained 
with aniline blue for callose deposition.  
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The type III secretion system (T3SS) is used by many host-associated bacteria of 

agricultural importance to establish host-microbe relationships.  The T3SS and its 

associated type III effector (T3E) proteins function in the suppression of immunity in host 

cells, a role traditionally characterized as “virulence”.  Given this association with 

virulence and its ubiquity among many devastating phytopathogenic bacteria, it is 

perhaps not surprising that decades of T3SS-related research were primarily pathogen-

driven.  However, mounting evidence of the prevalence of this mechanism in host-

associated bacteria with other symbiotic lifestyles, especially in the critically important 

nitrogen-fixing rhizobia, has led to a re-conceptualization of the implications of T3E-

mediated manipulations of immunity.  In the case of rhizobia, T3Es are demonstrably 

necessary for efficient nodulation of the host legume, and loss of even one or two T3Es 

can change the host range of a microsymbiont.  The importance of T3Es to the entire 

spectrum of host-bacteria symbioses underscores the need for characterization of this 

important class of proteins in mutualist as well as pathogenic bacteria. 

 The work presented in this thesis contributes to this process of characterization 

by significantly expanding the inventory of T3Es identified as having roles in mutualist 

interactions.  The first study presented herein describes the development of a genome-

enabled search for T3E-encoding genes specific to rhizobia and its application to 

elucidating the T3E repertoires of two species with T3SSs of ancient lineage.  This work 

yielded the surprising finding that collections of T3Es were highly conserved between 

phylogenetically disparate strains within a species, and that there was even significant 

overlap in T3E repertoire content between the two species examined, Sinorhizobium 

fredii and Bradyrhizobium japonicum.  These findings represent a departure from the 

“dogma” of the co-evolution between T3Es and plant immunity as modeled in 

phytopathogenic bacteria, which proposes an evolutionary arms race between host and 

microsymbiont.  While there is considerable empirical evidence for this model for 

pathogenic bacteria, our findings indicate that the selective pressures involved in the co-

evolution between collections of T3Es in bacteria and immunity in plants exist on a 

spectrum that mirrors the spectrum of symbiotic lifestyles.  The T3E collections of 
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mutualist rhizobia experience purifying selection, resulting in static T3E repertoires in 

equilibrium with host immune proteins, representing an evolutionary “armistice”.   

 We also employed the same genome-enabled T3E search to Mesorhizobium loti 

MAFF303099.  We selected this strain because based on current knowledge, it appears 

to be the sole strain of this species that relies on a T3SS to infect its host plant and is thus 

hypothesized to have recently acquired its T3SS locus.  Our results generated a picture of 

a nascent T3E repertoire, assembled both from conserved T3Es found in other rhizobia 

that are associated with the T3SS and from T3Es unique to Mesorhizobium loti 

MAFF303099.  The latter group is of particular interest, as it appears illustrative of the 

innovation of T3Es in the context of a newly-acquired T3SS locus, mediated by an 

unusually high concentration of insertion sequences in a recombination “hot spot”.  In a 

particularly tantalizing example of T3E innovation, our analyses, when taken in the 

context of previous studies, indicate that at some point during or following the 

recombination event that resulted in the acquisition of its T3SS, a sequence of DNA in 

MAFF303099 symbiosis island that coded for a type IV effector protein homolog was 

inverted in such a way as to bring it under the regulation of a tts-box immediately 

upstream of the newly-acquired T3SS locus.  This is made even more noteworthy by the 

fact that the homolog of this tts-box in R7A is the only one detected in the symbiosis 

island sequence of that organism.  Furthermore, despite the apparent recent acquisition 

of the T3E collection in MAFF303099, several of these proteins are demonstrably 

necessary for efficient nodulation of host legumes (Sánchez et al., 2012).  Taken as a 

whole, the two rhizobia studies describe an evolutionary process beginning with the 

acquisition of the T3SS, the innovation and acquisition of T3Es to form a repertoire, and 

ending with a stable collection of T3Es in evolutionary equilibrium with host immunity. 

 In total, our studies added over 50 new families to the inventory of T3Es of 

rhizobia.  This cataloging of T3Es is a necessary prelude to characterizing the role of T3Es 

in symbioses and how they shape the host range of microsymbionts.  Future challenges 

include the elucidation of molecular functions and host targets of individual T3Es from 

these repertoires in order to dissect their respective contributions to the manipulations 
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of host cellular machinery for the benefit of the microsymbiont.  With that in mind, we 

developed the effector protein delivery system described in this thesis, the Effector-to-

Host Analyzer, or EtHAn.  We used recombineering and traditional cloning methods to 

capture the entire 26-kb T3SS locus of a phytopathogenic bacterium and integrate it into 

the genome of a non-host-associated plant commensalist bacterium that lacked a native 

T3SS and T3Es.  We demonstrated the utility of this system for interrogating phenotypes 

associated with individual T3Es of phytopathogenic bacteria, which future work can 

extend to the characterization of effector proteins with other symbiotic lifestyles.  

Indeed, this work has already been extended beyond its initial applications to T3Es of 

phytopathogenic bacteria to effector proteins of non-bacterial plant pathogens.  Several 

studies have demonstrated the efficacy of EtHAn in characterizing effector proteins of 

the phytopathogenic oomycete Hyaloperonospora parastica (Krasileva et al., 2011; Fabro 

et al., 2011; Goritschnig et al., 2012).  While the γ-Proteobacterial EtHAn has not yet 

been shown to translocate T3Es of rhizobia, I propose that rhizobial T3Es could be 

delivered by this system if EtHAn is used in concert with the effector detector vector 

described in these studies (Krasileva et al., 2011; Fabro et al., 2011; Goritschnig et al., 

2012).  In this manner, we may extend the significance of this work to the 

characterization of effectors from many types of microorganisms with a wide range of 

symbiotic lifestyles. 
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INTRODUCTION 

Computational methods are essential to any genomicist’s toolkit. With the 

continual advances in sequencing technology, there are demands for computational 

approaches that can keep pace with the different data structures. It is with these in mind 

that we have developed software programs to further enable integration of genomics 

with plant-pathogen research. In this chapter, we describe AutoSPOTs, one of the 

programs that we developed to facilitate high-throughput characterization of bacteria-

plant interactions.  

The type III secretion system (T3SS) is used by many Gram-negative bacteria to 

establish interactions with their hosts (Grant et al., 2006). The T3SS is a conduit that 

deploys bacterial encoded type III effector proteins directly into host cells where they 

function to manipulate the host for the benefit of the infecting bacterium. In the case of 

plant pathogenic bacteria, type III effectors are necessary to engage and dampen one 

layer of plant defense called PAMP-triggered immunity (PTI; Jones and Dangl, 2006). A 

number of events have been associated with PTI, including the deposition of callose in 

cell walls (Zipfel, 2009). Callose, a β-1,3 linked glucan, along with cellulose, pectin, lignin, 

and hydroxyproline-rich proteins, are deposited as an agglomeration believed to function 

as an apposition to infecting bacteria located in the apoplastic space and to other 

penetrating-type microbes (Bestwick et al., 1995; Bestwick et al., 1998).  

Pseudomonas syringae is an excellent model pathogen of plants. The genome 

sequences for several strains of P. syringae have been completed and mined for 

candidate type III effector genes (Buell et al., 2003; Feil et al., 2005; Joardar et al., 2005; 

Almeida et al., 2009; Reinhardt et al., 2009; Studholme et al., 2009). Functional 

approaches that relied on the availability of the genome sequence have also been used 

(Chang et al., 2005). One strain in particular, P. syringae pv tomato race DC3000 

(PtoDC3000), is intensively studied because of its ability to infect the model host plant, 

Arabidopsis thaliana. PtoDC3000 has approximately 30 type III effector genes (Schechter 

et al., 2006). The challenge now is to understand the functions of all type III effector 



118 
 

proteins and how a system of deployed type III effectors is coordinated in the host cell to 

dampen PTI for the benefit of the infecting bacterium. 

  

AUTOSPOTS – FOR AUTOMATED BATCH ENUMERATION OF CALLOSE 

 Enumerating the deposition of callose is an often-used assay for quantifying PTI 

and perturbations to PTI. The wet-lab manipulations for this assay are relatively 

straightforward. The robustness of the assay, however, is affected by the variable host 

response to pathogen challenge and the obvious solution is to simply increase the 

number of samples. But, this simple solution is often outweighed by the onerous nature 

of the callose assay and its analyses.  

We have therefore developed AutoSPOTs to mitigate the labor-intensive steps 

associated with image analyses and their potential associated biases. With user-defined 

criteria based on size and color, AutoSPOTs automates and batch enumerates aniline-

stained callose deposits from JPEG images. AutoSPOTs will also automatically execute a 

series of standard statistical analyses. We have used AutoSPOTs to analyze thousands of 

images on a laptop computer. AutoSPOTs is an open-source Graphical User Interface 

(GUI) written in Perl and C. The software program and user’s manual can be downloaded 

from our website at: http://changlab.cgrb.oregonstate.edu/.  

 

Requirements for AutoSPOTs 

Methods for sample preparation have been described (Kim and Mackey, 2008). 

Yet, some simple steps taken during sample preparation and microscopy can greatly 

improve the quality of the images for more accurate identification and enumeration of 

callose deposits. It is important to clear leaves as completely as possible subsequent to 

sample collection because autofluorescence of the chlorophyll will lead to background 

fluorescence. Insufficient staining can result in weakly fluorescent callose deposits. We 

have found that the simple act of staining leaves in aniline blue overnight improves the 

clarity of callose fluorescence. Proper mounting of leaves is another crucial step in 

sample preparation; wrinkling of leaves or bubbles in the mounting medium can result in 

http://changlab.cgrb.oregonstate.edu/
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multiple focal planes in a single field of view, making resolution of the entire field 

difficult. Finally, it is important to use an appropriate exposure time for capturing high-

quality images (this may require some trial and error). While the customizable color filter 

settings make AutoSPOTs functional over a range of exposures, extremes in exposures 

pose potential problems. Exposure settings that are too low will result in faint or dim 

callose deposits whereas exposure settings that are too high will wash out fluorescent 

spots. Both result in a reduction in the accuracy of AutoSPOTs.   

We typically take ten JPEG images per leaf and sample fifteen leaves per 

treatment. A minimum of two treatments is required. For fully automated batch analysis, 

AutoSPOTs requires the user to properly name and store JPEG images in a recognizable 

manner. The two recognized formats are as single numbers (e.g., sample1.jpg, 

sample2.jpg), or as number-number (e.g., treatment1-1, treatment1-2). Additionally, 

there must be the same number of JPEG images per sample (leaf) per treatment group. 

JPEG images should be saved in directories labeled according to treatment groups. If 

these conditions are not met then some of the automated functions of AutoSPOTs 

cannot be used. 

 

Defining filters 

AutoSPOTs requires the user to define a size filter and one of two types of color 

filters. In a subsequent section of this chapter, we show the effects that different color 

filters have on results. AutoSPOTs will apply the filters on a pixel-by-pixel basis to identify 

callose deposits for each JPEG image to be analyzed. It is therefore important for the 

user to capture high quality JPEG images and to establish the proper filter settings for the 

most uniform, sensitive and accurate identification of aniline-blue stained callose 

deposits across an experiment.  

 For the size filter, we recommend starting with minimum and maximum sizes of 

20 and 100, respectively, and to refine as needed (see discussion on previewing below). 

We have included two types of color filters: the RGB and ratio filters. To simplify 

selection, we have included a ‘color selection assistance’ feature. By selecting pixels of 
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callose deposits from several representative images, the color selection assistance 

feature will provide the user with the values for each of the criteria required of the RGB 

or ratio filters. Other criteria include ‘Trip’ and ‘Drop’ thresholds. The former is used by 

AutoSPOTs to determine which pixels will be considered as part of a stained callose 

deposit and ‘trips’ AutoSPOTs into expanding a callose deposit. The latter is used by 

AutoSPOTs to exclude pixels from a stained callose deposit and forces AutoSPOTs to 

‘drop’ the pixel from expanding the callose deposit. The user can then determine the 

average values from multiple pixels of multiple images and set the color filters 

accordingly.   

In most cases, AutoSPOTs performs better with grayscale JPEG images; this may 

depend on the camera and staining/de-staining of leaves. We have added a feature that 

enables all images to be automatically converted to grayscale. When defining the color 

filter, note that the red, green, and blue channels will have the same value so the ratio 

filter cannot be used. In contrast, the RGB filter must be used and simply becomes an 

RGB intensity filter.  

AutoSPOTs allows the user to preview the sensitivity and accuracy of the filters. A 

screenshot of a preview and the GUI is presented (Fig. A1.1). The image will be displayed 

and each identified callose deposit will be demarked. The total number of callose 

deposits identified will also be displayed. It is strongly recommended that the user 

carefully examine several images and adjust the filter settings to find the desired level of 

sensitivity and accuracy. It is important to preview images with few and many callose 

deposits (see Fig. A1.3). We caution the user to pay close attention to identification of 

leaf features such as veins or trichomes as callose deposits as well as incomplete 

demarcation or over-extension of callose deposits. Incorrect identification of leaf 

features as callose deposits suggests the filters are too sensitive, whereas inaccurate 

demarcation of callose suggests the Trip and Drop distances are not correctly set.  

It cannot be stressed enough that the successful use of AutoSPOTS will depend 

on consistent, high-quality images, control treatments to assess the accuracy of filters, 

application of filters uniformly on all samples of all treatments being compared, and a 
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sufficient number of JPEG images and samples to obtain good statistical power for 

analysis. Not all callose deposits will be identified, especially those in different focal 

planes, but as along as all leaves were prepared in a similar manner and JPEG images 

were photographed under similar settings, there will not be any biases in the results.  We 

have provided a detailed step-by-step Users Manual available by download from our 

website. 

 

Image analysis 

  Once the user has identified a satisfactory filter setting, AutoSPOTs can 

automatically batch process all images. Analysis begins by examining each pixel of each 

image individually to identify those that pass the ‘Trip’ threshold for a color filter. Once 

the pixels that pass the ‘Trip’ threshold are located, all adjoining pixels are analyzed using 

a ‘Drop’ threshold, which is usually a more relaxed threshold allowing for spot fading 

near the edges. Pixels are then continually counted outward until no more adjoining 

pixels can be found that match the ‘Drop’ threshold criteria. The number of pixels in a 

given ‘spot’ is tallied, and then analyzed using the size threshold. Those that are within 

the minimum and maximum values set by the user are counted as a single callose 

deposit.  

 AutoSPOTs calculates the average number of callose deposits by averaging per 

JPEG image per leaf per treatment. AutoSPOTS has built-in statistical analysis tools and 

will generate a statistical report for all treatments against the user-defined control 

treatment. AutoSPOTs will also plot the data for visual representation. At each step of 

analysis all the data is saved to text files and directories specified by the user. Copies of 

every image analyzed with their demarked callose deposits are also stored so the user 

can inspect the sensitivity and accuracy of the filters.  

 

DEMONSTRATION OF AUTOSPOTS 

We used one size filter setting and six different color filter settings in AutoSPOTs 

to demonstrate their effects on sensitivity and accuracy in enumerating callose deposits 
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from JPEG images (Fig. A1.2). Four of the tested color filter settings used RGB (intensity) 

values to identify callose deposits from JPEG images that were converted to grayscale. In 

these cases, the color filter setting was set from least sensitive to overly sensitive by 

using different values – we noted the drop and trip values had the largest effect on 

sensitivity. Two of the color filter settings used a ratio or RGB filter to analyze the original 

color JPEG images. 

The treatments we tested were Arabidopsis infected with PtoDC3000, a T3SS-

deficient mutant of PtoDC3000 (hrcC), a soil bacterium with an integrated T3SS-encoding 

region (EtHAn), and EtHAn carrying the type III effector gene, hopM1. PtoDC3000 

deploys 30 type III effector proteins into Arabidopsis and sufficiently dampens PTI to 

cause disease. Its ability to dampen the deposition of callose has been repeatedly 

demonstrated (Hauck et al., 2003; DebRoy et al., 2004; Nomura et al., 2006; Ham et al., 

2007). In contrast, since the hrcC mutant is incapable of delivering type III effectors, it 

cannot dampen the deposition of callose or PTI, nor cause disease on Arabidopsis 

(Niepold et al., 1985; Lindgren et al., 1986; Roine et al., 1997; Hauck et al., 2003; 

Thilmony et al., 2006). EtHAn was engineered from P. fluorescens Pf0-1 and is devoid of 

any endogenous type III effectors (Thomas et al., 2009). EtHAn therefore elicits PTI. The 

type III effector, HopM1, is sufficient to dampen the deposition of callose (DebRoy et al., 

2004; Nomura et al., 2006; Thomas et al., 2009). A total of fifteen leaves were challenged 

per treatment, and ten images were randomly taken from each leaf. AutoSPOTs took less 

than 45 minutes to automatically analyze the 600 JPEG images. 

 In general, the trends were similar for each of the six filter settings (Fig. A1.2). 

However, when the automatically generated statistics were analyzed, it is clear that the 

filter settings do indeed affect interpretation of data. Based on previous findings, we 

expected significant differences between PtoDC3000 versus the hrcC mutant and EtHAn 

+ hopM1 versus EtHAn treatments. The color filter settings 1-3 resulted in no differences 

in the conclusions – both comparisons within each of the three settings were statistically 

significant. However, the color filter setting 1 was clearly the poorest of the three in 

terms of sensitivity. In contrast, increasing the sensitivity of grayscale analysis (setting 4) 
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or use of color JPEG images (setting 5 and 6) resulted in less desirable results. Thus, 

increased sensitivity to identify the highest number of callose deposits is not necessarily 

the most recommended approach. 

 We visually examined the analyzed JPEG images to understand the results of the 

different color filter settings (Fig. A1.3). In general, most of the color settings performed 

fairly well in analyzing areas with few callose deposits. Color filter settings 2, 3 and 6 

were the more accurate. In contrast, the different color filter settings resulted in 

dramatic differences in the analysis of areas in which callose deposits were abundant. 

Settings 2 and 3 performed fairly well. However, very few callose deposits were 

identified in JPEG images with dense staining spots when AutoSPOTs used color filter 

settings 4 - 6. This was a consequence of AutoSPOTs failing to drop pixels and 

categorizing several callose deposits as one larger spot. These large spots would exceed 

the maximum of 100 as defined by the size filter and not be counted. Changing the size 

filter could potentially alleviate this problem to a certain extent. We have analyzed JPEG 

images provided by another research group and results from analysis of the color images 

were superior to grayscale images. This could be a consequence of differences in 

staining/de-staining of leaves or in the microscope camera. It is recommended to try 

different combinations of filters.  

The differences in performance when analyzing JPEG images with sparse and 

dense callose deposits can lead to very misleading results. For example, we could not 

detect a significant difference between treatments with PtoDC3000 and its hrcC mutant 

under color filter setting numbers 4 and 5. This is because AutoSPOTs was sufficiently 

accurate in identifying the sparse callose deposits resulting from infection with 

PtoDC3000 but was inadequate in identifying densely distributed callose deposits 

resulting from infection with the hrcC mutant.  

 

CONCLUSION 

We developed AutoSPOTs a simple, user-friendly, and open-source software 

program to facilitate the high-throughput analysis of JPEG images. AutoSPOTs mitigates 
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labor-intensive data analysis by automating and batch analyzing large sets of JPEG 

images for callose deposits and comparing results between treatments. AutoSPOTs 

therefore provides the opportunity to examine larger numbers of type III effectors or 

host genetic backgrounds for their effects on PTI.  

 We purposefully developed AutoSPOTs to be a simple program. As a 

consequence, the filtering scheme that AutoSPOTs uses relies on the user to identify the 

most suitable combination of filters through careful visual examination of their JPEG 

images. It is therefore expected that the user will design a properly controlled 

experiment and capture high-quality and uniform JPEG images for analysis.  

AutoSPOTs was developed for identification and enumeration of aniline-stained 

callose deposits but it has potential uses in other applications in studying plant-pathogen 

interactions, such as enumerating GFP-expressing bacteria.  
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Figure A1.1. Screenshot of the Graphical User Interface of AutoSPOTs. 
The AutoSPOTs GUI divides its various functions into four tabs. This screenshot of the 
Filter Settings tab illustrates the Preview Filters functions. Filters are defined and added 
in the top right section of the tab (settings for the Size filter are shown here). The desired 
filters are then selected from the Existing Filters menu (note that both color and size 
filters must be selected). The Use Grayscale option has been selected. Once a set of 
images has been loaded and an image selected in the lower left portion of the screen, 
the selected image will be displayed in the lower right display window. Callose deposits 
identified by the Preview Filters function will be indicated with a box and the total 
number of deposits identified will be displayed above the JPEG image.  
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Figure A1.2. Enumeration of callose deposits by AutoSPOTs using different color filter 
settings. 
We infected leaves of Arabidopsis with four different strains of bacteria. We used 
AutoSPOTs to identify and quantify callose deposits with six different color filter settings. 
For filters 1 – 4, JPEG images were converted to grayscale. The RGB, Trip, and Drop 
values respectively, were 130, 40, and 100 for color filter 1; 100, 80, and 100 for filter 2; 
90, 50, and 80 for filter 3; and 90, 100, and 100 for color filter 4. For color filters 5 and 6, 
JPEG images were analyzed as color images using the color ratio and RGB filters, 
respectively. Fifteen leaves were infected per treatment and ten images were taken per 
leaf. Standard errors are shown. For each color filter setting, we compared results of 
PtoDC300 versus the hrcC mutant and EtHAn + hopM1 versus EtHAn. Significant 
differences are denoted; *p-value ≤ 0.05; **p-value ≤ 0.01. 
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Figure A1.3. Effects of different color filter settings on the accuracy of AutoSPOTs. 
Each set of panels represents the same section of the same two JPEG images analyzed 
using the six different color filter settings (1-6) described previously. One JPEG image had 
few callose deposits (A) while the other image was dense with callose deposits (B). 
Callose deposits identified by the program are indicated with a box. The analyses for 
color filters 5 and 6 used color images, which we have converted to grayscale for 
publication purposes. 
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INTRODUCTION 

Plant-associated bacteria face formidable barriers to establishing symbioses with 

their host organisms.  Like other multicellular eukaryotic organisms, plants possess 

innate immunity that programs host cells to detect and respond to microbial attack 

(Nürnberger et al., 2004; Postel and Kemmerling, 2009).  Recognition of microbe-

associated signals induces expression of defensive responses that provide an effective 

barrier to symbioses with most microbes.  Many successful microsymbionts circumvent 

these barriers through the delivery of microbe-encoded effector proteins into host cells, 

where they manipulate the host’s cellular machinery to dampen immune responses 

(Postel and Kemmerling, 2009; Jones and Dangl, 2006).  Typically, this suppression of 

host immunity requires the activity of multiple effector proteins; for this reason, 

microsymbionts that use a secretion system for effector delivery typically encode a 

collection of compatible effector proteins (Galán and Wolf-Watz, 2006).  The size and 

makeup of these effector protein collections varies depending on the lifestyle of the 

microsymbiont, which may range from mutualism to parasitism, and the biology of the 

host organism.  Thus, although effector repertoires may overlap to some degree, a given 

microsymbiont will have a unique collection suited to establishing a specific host-

microbe interaction (Grant et al., 2006).   

 Many Gram-negative bacteria encode a set of effectors that are delivered via the 

type III secretion system (T3SS).  Among plant-associated bacteria, T3SSs have been 

identified in the nitrogen-fixing mutualist rhizobia, as well as many environmentally and 

agriculturally important phytopathogens.  Previous published work has primarily focused 

on the distribution of T3Es of the latter group, wherein they are widely distributed 

among many species of economically important agricultural pests.  In this context, T3E 

repertoires have proven to be staggeringly diverse between species of phytopathogenic 

bacteria, with enormous variation even between strains of the same species (Baltrus et 

al., 2011).   The content of these repertoires appears to be influenced by the pathogenic 

lifestyle of a given bacterium; ranging from collections of T3Es with as few as three 

effectors in necrotrophic Erwinia amylovora, to large collections of dozens of T3Es in 
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hemibiotrophic Ralstonia solanacearum  and Pseudomonas syringae (Oh and Beer, 2005; 

Cunnac et al., 2004; Chang et al., 2005). 

 In phytopathogenic bacteria that encode T3E repertoires, the T3Es are 

collectively necessary for full virulence on host plants (Cunnac et al., 2009; Lewis et al., 

2009).  T3Es are hypothesized to suppress the innate immunity of host plant cells below 

the threshold required for resistance to infection (Jones and Dangl, 2006).  In plants, 

innate immunity is mediated by the recognition of conserved microbe-associated 

molecular patterns (MAMPs) via host-encoded pattern recognition receptors (PRRs; 

Sanabria et al., 2010; Segonzac and Zipfel, 2011).  MAMP-derived signals are transduced 

by their cognate PRRs into a battery of immune responses collectively referred to as 

MAMP-triggered immunity, or MTI (Jones and Dangl, 2006; Schwessinger and Zipfel, 

2008).  MTI initiates with responses that include a MAP kinase cascade that culminates in 

changes to transcriptional regulation, Ca2+ influx, rapid oxidative burst, and nitric oxide 

signaling (Schwessinger and Zipfel, 2008; Pitzschke et al., 2009; Tena et al., 2011; 

Segonzac and Zipfel, 2011; Ma, 2011).  Subsequent responses involve activation of 

regulatory phytohormones including salicylic acid, ethylene, and jasmonic acid, which 

regulate cellular and systemic responses to microbial invasion (Pitzschke et al., 2009; 

Segonzac and Zipfel, 2011; Tena et al., 2011; An and Mou, 2011; Robert-Seilaniantz et al., 

2011).  These outputs of MTI are sufficient for resistance to most microsymbionts; 

however, bacteria with a compatible collection of T3Es are able to circumvent these 

barriers to infection (Grant et al., 2006; Lewis et al., 2009). 

 Although collections of T3Es serve as positive determinants of host range in their 

role as suppressors of MTI, individual T3Es may function as negative host-range 

determinants due to their potential to elicit another layer of plant immunity (Jones and 

Dangl, 2006; Zhou, 2008; Mansfield, 2009; Rafiqi et al., 2009).  Plants have specialized 

resistance (R) proteins that perceive specific T3Es, eliciting a battery of responses that 

resembles an accelerated, amplified MTI, which frequently culminates in programmed 

cell death, referred to in this context as hypersensitive response (HR).  T3Es that are 

recognized by R proteins have historically been designated as avirulence (Avr) proteins 
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because of their limiting effect on host range.  Therefore, in the context of T3E-mediated 

symbioses, a compatible host-microbe interaction requires a collection of T3Es that is 

sufficient to dampen MTI while avoiding induction of ETI. 

 In a paradigm in which T3E repertoires are the primary host-range determinants 

in plant-microbe interactions, two important hypotheses arise.  If a collection of T3Es is 

sufficient to dampen MTI below the threshold of effective resistance, one can 

hypothesize that the transfer of an entire collection of T3E from a phytopathogen to a 

non-pathogenic bacterium will convert the non-pathogen into a host-associated 

microsymbiont specific to the host of the phytopathogen from which the T3Es were 

derived.  Secondly, a collection of T3Es from a phytopathogen will have the potential to 

upset the host range of another T3SS-encoding phytopathogen and expand it to include 

the host plant that is compatible with the pathogen from which the T3Es were derived.   

 Here, I describe the initial steps to test these two hypotheses.  To address the 

hypothesis that a complete set of T3Es is necessary and sufficient for pathogenesis, I 

transferred a near-complete T3E gene repertoire of the tomato and Arabidopsis 

pathogen Pseudomonas syringae pv. tomato DC3000 (PtoDC3000) into Pseudomonas 

fluorescens Pf0-1 that had been previously modified to encode an exogenous T3SS from 

another P. syringae strain (EtHAn, see Chapter 4; Thomas et al., 2009).  If a T3E 

repertoire was sufficient for pathogenesis, then the modified EtHAn would gain the 

ability to infect a compatible host of PtoDC3000.  To test the second hypothesis, I also 

cloned the same collection of 28 PtoDC3000 T3E genes into P. syringae pv. phaseolicola 

1448a (Pph1448a). Pph1448a is a pathogen of beans but is not adapted to Arabidopsis, 

and triggers PTI and a so-called weak ETI (Ham et al., 2007).  Nonetheless, when co-

inoculated with PtoDC3000, but not its T3SS-deficient mutant, Pph1448a could achieve 

high levels of growth in planta.  This observation suggests the T3E collection of 

PtoDC3000 could sufficiently dampen both PTI and weak ETI caused by Pph1448. 

 In this appendix, I describe the cloning of a collection of 28 T3E genes from 

PtoDC3000 into EtHAn and Pph1448a, as well as preliminary investigation into the 
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sufficiency of this set of T3S in changing their host ranges.  The experiments described 

here were knowingly high risk/high reward. 

 

RESULTS 

The PtoDC3000 T3E repertoire is not sufficient for EtHAn to be pathogenic on 
Arabidopsis 

 To test the hypothesis that a full repertoire of T3Es from a phytopathogen would 

suffice to enable a non-pathogenic strain to be pathogenic, I quantified the ability of 

EtHAn carrying the T3E genes of PtoDC3000, to grow in planta. PtoDC3000, in a T3SS- 

and T3E-dependent manner, can grow to high levels in planta within 3 days post-

inoculation (dpi) and elicit disease, characterized by visible tissue collapse and necrosis, 

approximately 28 hours post-inoculation (hpi).  I infiltrated three variants of EtHAn 

carrying the PtoDC3000 T3E repertoire (EtHAnPtoDC3000), in which each clone had been 

integrated independently of the other variants, into Col-0 leaves at a concentration of 

1.0 x 108 cfu/ml.  After ~28 hpi, 100% of the leaves inoculated with wild-type PtoDC3000 

exhibited tissue collapse characteristic of disease, while none of the variants of 

EtHAnPtoDC3000 had responded, a phenotype indistinguishable from EtHAn without T3E 

genes (Figure A2.2).  At 72 hpi, the observed phenotypes remained unchanged, with the 

T3E-equipped EtHAnPtoDC3000 strains still exhibiting an identical phenotype to the negative 

control. 

 I also quantified the growth of EtHAnPtoDC3000 in planta.  I infiltrated Arabidopsis 

Col-0 leaves with EtHAnPtoDC3000 at a lower dose and assessed growth over a seven-day 

period.  No increased growth was evident in EtHAnPtoDC3000-treated leaves compared to 

those treated with unmodified EtHAn (Figure A2.3). 

 

The PtoDC3000 T3E repertoire is not sufficient for Pph1448a to be pathogenic on 
Arabidopsis 

 To test the hypothesis that the T3E repertoire of PtoDC3000 would modify the 

host range of the bean pathogen, Pph1448a, I carried out parallel experiments as 

described above. After infiltrating Arabidopsis Col-0 leaves with high-dose inocula of 
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Pph1448a equipped with the PtoDC3000 T3E repertoire (Pph1448aPtoDC3000), control 

leaves treated with PtoDC3000 exhibited the tissue collapse characteristic of disease, 

while leaves infected with Pph1448aPtoDC3000 showed no visible phenotype, mirroring the 

phenotype observed in leaves treated with wild type Pph1448a (Figure A2.4).  When 

assessed at 72 hpi, both wild type Pph1448a- and Pph1448aPtoDC3000-treated leaves 

remained identical in phenotype, with neither treatment eliciting disease symptoms. 

 Enumeration of in planta growth of Pph1448aPtoDC3000 in Arabidopsis leaves 

infiltrated with low-dose inocula showed no evidence of increased growth of 

Pph1448aPtoDC3000 compared to wild type Pph1448a (Figure A2.5). 

 

SUMMARY 

 The current paradigm of T3E-mediated host-bacteria interactions predicts that a 

collection of T3Es encoded by a bacterium is sufficient to dampen MTI below the 

threshold of effective resistance to infection (Grant, 2006).  Implicit in this paradigm is 

the assumption that an organism that dampens MTI can successfully establish a host-

microbe relationship with the immune-suppressed plant cell.  Based on this, we first 

tested the null hypothesis that collection of T3Es, which is sufficient for a phytopathogen 

to cause disease in its host, will be sufficient to enable a non-pathogenic bacterium to 

suppress MTI in the original phytopathogen’s host and proliferate in its tissue.  An 

alternative, and more likely, prediction is that pathogens require additional virulence 

factors to successfully pathogenize its host. Thus, we also tested the hypothesis that a 

T3E collection from one phytopathogen will confer its host specificity to another non-

adapted pathogen.  To test these hypotheses, we cloned a 28-T3E gene repertoire from 

the tomato and Arabidopsis pathogen PtoDC3000 into the modified soil bacterium EtHAn 

and the bean pathogen Pph1448a. 

 The project described in this appendix was inherently risky. However, it has the 

potential to make a significant contribution to our understanding of the role of T3Es in 

mediating host-microbe relationships.  Unfortunately, the T3E genes of PtoDC3000 were 

insufficient to confer virulence to either EtHAn or Pph1448.  However, the results 



137 
 

described herein are far from complete and significant work remains.  At this point, it is 

unclear whether the transferred T3Es are expressed in the heterologous strains.  

Translocation of the heterologous T3Es has not yet been demonstrated; this could be 

inferred from HR assays dependent on delivery of exogenous Avr proteins from 

EtHAnPtoDC3000 and Pph1448aPtoDC3000.  Furthermore, to address the possibility of 

disruption of one or more important genes by the Tn5-mediated integration of the 

PtoDC3000 T3E repertoire, additional alternate versions of Pph1448aPtoDC3000 should be 

completed, in which each Tn5-mediated integration has occurred independently of other 

versions. 

 Given the high-risk nature of this large undertaking, it is perhaps understandable 

that I undertook the “high-reward” experiments that, if successful, would have offered 

immediate support for the hypotheses being investigated.  While these very preliminary 

results are only the very beginnings of the answer to our research questions, they offer a 

hint of what might be learned about the role of collections of T3E effectors in plant-

bacterial symbioses. 

 

MATERIALS AND METHODS 

Bacterial strains, plant lines and growth conditions 

The bacterial strains used in this study are PtoDC3000, Pph1448a, and P. 

fluorescens Pf0-1 modified with a stably integrated P. syringae pv. syringae 61 T3SS locus 

(Silby et al., 2009; see Chapter 4; Thomas, et al., 2009), Escherichia coli DH5a and 

HB101lpir. Pseudomonads were grown at 28°C in King’s B (KB) liquid media with shaking 

or on KB agar plates. Antibiotics were used at the final concentrations of: 25 mg/ml 

rifampicin, 30 mg/ml kanamycin (100 mg/ml for Pf0-1), 30 mg/ml chloramphenicol, and 

25 mg/ml gentamycin (100 mg/ml for Pf0-1). Concentrations listed were for P. syringae 

and E. coli unless otherwise noted. 

Arabidopsis thaliana accession Col-0 plants were grown in a controlled-

environment growth chamber (9 hrs of day at 22°C, 15 hrs of night at 20°C) for 5~6 

weeks. 
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Plasmid constructions  

Plasmids used were pBBR1-MCS1 (Kovach et al., 1994), pRK2013 (Figurski and 

Helinski, 1979), mini-Tn5 (de Lorenzo et al., 1990), pKD4 and pKD46 (Datsenko and 

Wanner, 2000), pBH474 (House et al., 2004), pME3280a (Zuber et al., 2003), pUX-BF13 

(Bao et al., 1991), and pLN18 (Jamir et al., 2004). Sequences of oligonucleotides used are 

available upon request.  All restriction enzymes were purchased from New England 

Biolabs (NEB; Ipswich, MA). 

 

Clone 1: 

We used recombinant and sticky-end PCR to fuse together two 50 bp-sized 

fragments encoding the 5’ and 3’ regions of the full-length genes hopAB2, hopI1, avrE1, 

shcM-hopM1, and avrE, respectively.  The 50-bp fragments from the 5’ end and 3’ end of 

each gene were amplified in separate reactions using Pfu (a list of primers used is 

available upon request).  The products were gel-purified.  Upstream and downstream 

fragments were mixed in approximately equal ratios and each amplified using the top 

primer from the reaction that generated the 5’ fragment, combined with the bottom 

primer from the reaction that produced the 3’ fragment. Recombined products carried 

inserted unique restriction sites: hopAB2 flanking regions were separated by and XbaI 

restriction site, hopII by an NheI restriction site, avre1 by an Acc65I restriction site, shcM-

hopM1 by an XhoI restriction site, and shcE by a SpeI restriction site.  The products of this 

PCR were gel-purified.  The 100-bp products of hopAB2 and hopI1 were mixed in 

approximately equal ratios and amplified using the top primer for the 5’ end of hopAB2 

and the bottom primer from the 3’ end of hopI1.  The 100-bp products of avrE1 and 

shcM-hopM1 were mixed in approximately equal ratios and amplified using the top 

primer for the 5’ end of avrE1 and the bottom primer from the 3’ end of shcM-hopM1.   

We also used recombinant and sticky-end PCR to fuse together the full-length 

genes hopAM1-1 and avrPto1.  Both genes were amplified in separate reactions using 

Pfu, and the products were gel-purified.  The gel-purified products were mixed in 
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approximately equal ratios and amplified using the top primer for hopAM1-1 and the 

bottom primer from avrPto1.   

All products were gel-purified, and the sticky-end products from the fused 

flanking regions of hopAB2 and hopI1 cloned into pBBR1-MCS1 cleaved with BamHI and 

XbaI.  This vector was then cleaved with Acc65I and XhoI and the fusion of full-length 

hopAM1-1 and avrPto1 with sticky ends was ligated in.  We then cleaved this vector 

using XhoI and EcoRV and cloned in the sticky-end products from the fused flanking 

regions of avrE1 and shcM-hopM1-1.  Finally, we cleaved the vector again with EcoRI and 

HindIII and cloned the sticky-end product from the fused flanking regions of shcE. 

 

Clone 2: 

We used recombinant and sticky-end PCR to fuse together two 50 bp-sized 

fragments encoding the 5’ and 3’ regions of the operons shcF2-hopF2-hopU1 and shcO1-

hopO1-1-hopT1, and the full-length genes hopH1, hopAO1, and hopH1, respectively.  The 

recombinant sticky-end PCR products were generated as described for clone 1 above. 

Recombined products carried inserted unique restriction sites: hopH1 flanking regions 

were separated by an EcoRV restriction site, hopAO1 by a BamHI restriction site, hopD1 

by a SmaI restriction site, shcF2-hopF2-hopU1 by a ClaI restriction site, and shcO1-

hopO1-1-hopT1 by an Acc65I restriction site.  The products of this PCR were gel-purified.  

The 100-bp products of shcF2-hopF2-hopU1 and shcO1-hopO1-1-hopT1 were mixed in 

approximately equal ratios and amplified using the top primer for the 5’ end of shcF2-

hopF2-hopU1 and the bottom primer from the 3’ end of shcO1-hopO1-1-hopT1.  The 

100-bp products of hopH1 and hopAO1 were mixed in approximately equal ratios and 

amplified using the top primer for the 5’ end of hopH1and the bottom primer from the 3’ 

end of hopAO1 .   

We also used recombinant and sticky-end PCR to fuse together the full-length 

genes hopG1 and hopC1.  Both genes were amplified in separate reactions using Pfu, and 

the products were gel-purified.  The gel-purified products were mixed in approximately 
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equal ratios and amplified using the top primer for hopG1 and the bottom primer from 

hopC1.   

All products were gel-purified, and the sticky-end products from the fused 

flanking regions of shcF2-hopF2-hopU1 and shcO1-hopO1-1-hopT1 were cloned into 

pBBR1-MCS1 cleaved with Acc65I and HindIII.  This vector was then cleaved with BamHI 

and XbaI and the sticky-end product from the fused flanking regions of hopD1 was 

ligated in.  We then cleaved this vector using HindIII and EcoRV and cloned in the fusion 

of full-length hopG1 and hopC1 with sticky ends.  Finally, we cleaved the vector again 

with EcoRV and BamHI and cloned the sticky-end product from the fused flanking regions 

of hopH1 and hopAO1. 

 

Clone 3: 

We used recombinant and sticky-end PCR to fuse together two 50 bp-sized 

fragments encoding the 5’ and 3’ regions of the full-length genes hopAA1-1, and hopR1, 

respectively.  The recombinant sticky-end PCR products were generated as described for 

clone 1 above.  Recombined products carried inserted unique restriction sites: hopR1 

flanking regions were separated by a BamHI restriction site and hopAA1-1 by an XbaI 

restriction site.  The products of this PCR were gel-purified.  The 100-bp products of 

hopAA1-1 and hopR1 were mixed in approximately equal ratios and amplified using the 

top primer for the 5’ end of hopAA1-1 and the bottom primer from the 3’ end of hopR1.     

We also used recombinant and sticky-end PCR to fuse together the full-length 

genes hopP1 and hopY1, and to fuse together the full-length genes hopE1 and hopAM1-

2.  Genes were amplified in separate reactions using Pfu, and the products were gel-

purified.  The gel-purified products of hopP1 and hopY1 were mixed in approximately 

equal ratios and amplified using the top primer for hopP1 and the bottom primer from 

hopY1.  The gel-purified products of hopE1 and hopAM1-2 were mixed in approximately 

equal ratios and amplified using the top primer for hopE1 and the bottom primer from 

hopAM1-2.  Sticky-end PCR was used to generate sticky-end products for full-length 

hopK1 and shcN1-hopN1. 
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All products were gel-purified, and the full-length fusion of hopE1 and hopAM1-2 

were cloned into pBBR1-MCS1 cleaved with Acc65I and XhoI.  This vector was then 

cleaved with XhoI and HindIII and the sticky-end product of full-length shcN1-hopN1 was 

ligated in.  We then cleaved this vector using HindIII and EcoRV and cloned in the sticky 

end product of full-length hopK1.  Next, we cleaved the vector with EcoRV and BamHI 

and cloned in the sticky-end product from the fused full-length hopP1 and hopY1.  

Finally, we cleaved the vector again with BamHI and XbaI and cloned in the sticky-end 

products from the fused flanking regions of hopAA1-1 and hopR1. 

 

Clone 4: 

We used recombinant and sticky-end PCR to fuse together two 50 bp-sized 

fragments encoding the 5’ and 3’ regions of the operons shcV1-hopV1 and shcA1-hopA1, 

and the full-length gene hopQ1-1, respectively.  The recombinant sticky-end PCR 

products were generated as described for clone 1 above.  Recombined products carried 

inserted unique restriction sites: shcV1-hopV1 flanking regions were separated by an 

XbaI restriction site, hopQ1-1 by a SmaI restriction site, and shcA1-hopA1 by a BglII 

restriction site.  The products of this PCR were gel-purified.  The 100-bp products of 

shcV1-hopV1 and hopQ1-1 were mixed in approximately equal ratios and amplified using 

the top primer for the 5’ end of shcV1-hopV1 and the bottom primer from the 3’ end of 

hopQ1-1.     

We also used recombinant and sticky-end PCR to fuse together the full-length 

genes hopAF1 and hopX1.  Both genes were amplified in separate reactions using Pfu, 

and the products were gel-purified.  The gel-purified products were mixed in 

approximately equal ratios and amplified using the top primer for hopAF1 and the 

bottom primer from hopX1.  Sticky-end PCR was used to generate sticky-end products for 

full-length hopAA1-2. 

All products were gel-purified, and the sticky-end products from the fused 

flanking regions of shcV1-hopV1 and hopQ1-1 were cloned into pBBR1-MCS1 cleaved 

with BamHI and XbaI.  This vector was then cleaved with HindIII and BamHI and the 
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sticky-end product of full-length hopAA1-2 was ligated in.  We then cleaved this vector 

using Acc65I and XhoI and cloned in the fused flanking regions of hopAF1 and hopX1.  

Finally, we cleaved the vector again with XhoI and HindIII and cloned the sticky-end 

product from the fused flanking regions of shcA1-hopA1. 

 

Recombineering  

 Sequential recombineering steps for each clone were done in the order indicated 

in Figure A2.1.  To recombineer a full-length gene, the pBBR1-MCS1 clone was digested 

at the unique restriction site separating the flanking regions of that gene.  The linearized 

pBBR1-MCS1 clone was then transformed into electrocompetent cells made from 

arabinose-induced (10 mM) HB101λpir cells carrying pKD46 and the full-length gene 

encoded on pDONR207 (Invitrogen).  Transformants were selected on chloramphenicol. 

Successful transfer of the full-length gene was confirmed by PCR.  

 We next cleaved the modified mini-Tn5 with FRT-flanked Kanr encoding flanking 

regions from pBBR1-MCS1 (see chapter 4; Thomas et al., 2009) with Acc65I and 

transformed the gel-purified, linear fragment into electrocompetent cells made from 

arabinose-induced (10 mM) HB101λpir cells carrying pKD46 and pBBR1-MCS1 with the 

T3E-encoding region.  Transformants were selected on kanamycin. Successful transfer of 

the T3SS-encoding region was confirmed by PCR.  

 

Plasmid mobilization  

Plasmids were mobilized into recipients as previously described (Chang et al., 

2005).  Clones 1-4 were integrated into the target genomes sequentially, necessitating 

eviction of the Kanr cassette subsequent to each Tn5-mediated integration that preceded 

the integration of another set of T3Es. Eviction of KanR was mediated by pBH474, which 

encodes the FLP site-specific recombinase, and was confirmed by replica plating on KB 

agar plates with and without kanamycin (House et al., 2004). Finally, cells resistant to 

10% sucrose were selected to identify those that lost pBH474.   
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In planta assay  

Bacterial cells were grown overnight in KB with appropriate antibiotics, washed 

and resuspended in 10 mM MgCl2. For in planta growth assay, we resuspended P. 

syringae and P. fluorescens to an OD600 of 0.002 (1.0 x 106 cfu/ml).  We used 1.0 ml 

syringes lacking needles to infiltrate bacterial suspensions into the abaxial side of leaves 

of 5 ~ 6 week-old plants. We used a number 2 cork borer to core four discs for each 

triplicate of each treatment at 0 and 3 days post inoculation (dpi).  Leaf discs were 

ground to homogeneity in 10 mM MgCl2, serially diluted, and plated on KB with 

appropriate antibiotics. Colonies were enumerated once visible.  Experiments were 

repeated at least three times. For HR assays, cells were infiltrated in leaves at an OD600 of 

0.2 (equivalent to 1.0 x 108 cfu/ml). Phenotypes were scored starting at six hours post 

inoculation (hpi) and examined up until disease symptoms were visible. 
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Table A2.1. Allocation of 28 PtoDC3000 T3E genes to clones 1-4. 
 

 T3E gene* Size 
(kb) 

C
lo

n
e 

1
 

hopAB2 1.8 

hopI1 2.5 

hopAM1-1 1.0 

avrPto1 0.6 

avrE1 5.8 

shcM-hopM1 2.8 

shcE 0.4 

C
lo

n
e 

2
 

shcF2-hopF2-hopU1 2.3 

shcO1-hopO1-1-hopT1-1 2.8 

hopD1 2.3 

hopG1 1.6 

hopC1 1.0 

hopH1 1.0 

hopAO1 1.5 

C
lo

n
e 

3
 

hopE1 0.7 

hopAM1-2 0.9 

shcN1-hopN1 1.7 

hopK1 1.2 

hopP1 1.2 

hopY1 1.0 

hopAA1-1 1.8 

hopR1 6.1 

C
lo

n
e 

4
 

shcV1-hopV1 1.8 

hopQ1-1 1.5 

hopAA1-2 1.7 

hopAF1 1.2 

hopX1 1.3 

shcA1-hopA1 1.7 

*Full-length genes include hrp-box, cognate chaperone (if applicable), and other T3E 

genes present in operon, if any. 
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Figure A2.1. Construction of four clones carrying the T3E repertoire of PtoDC3000. 
For each set of PtoDC3000 T3Es, a combination of recombinant and sticky-end PCR was 
used to amplify full-length effector-encoding genes or 100-bp regions from the 5’ and 3’ 
ends of the full-length effector-encoding genes respectively, adding restriction sites in 
the process.  Amplified products were sequentially cloned into pBBR1-MCS1 via 
sequential restriction enzyme digests/ligations.  Step A above represents one such set of 
T3Es, consisting of full-length hopE1 and hopAM1-2, full-length shcN1-hopN1 (encoding 
HopN1 and its cognate chaperone, ShcN1), and full-length hopK1, hopP1, and hopY1, as 
well as 100-bp regions from the 3’ and 5’ ends of the full-length T3E-encoding genes 
hopAA1-1 and hopR1.  In Step B, the full-length T3E-encoding genes hopAA1-1 and hopR1 
were sequentially recombineered into pBBR1-MCS1.  The plasmid is linearized at the 
restriction sites between the flanking regions and subsequently captures the full-length 
gene from the donor plasmid pDONR207.  Step C represents the final recombineering 
step, in which a mini-Tn5 vector is linearized at an Acc651 restriction site located 
between two 200-bp regions of homology to sequences flanking the set of full-length 
T3E-encoding genes in pBBR1-MCS1.  The set of full length genes is captured by the mini-
Tn5 vector and subsequently integrated into the genome of either EtHAn or Pph1448a 
via two-way mating and Tn5-mediated transposition.  This process was repeated for four 
unique sets of T3Es, representing 29 T3Es of PtoDC3000. 
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Figure A2.1. Construction of four clones carrying the T3E repertoire of PtoDC3000. 
 

A 
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Figure A2.1. Construction of four clones carrying the T3E repertoire of PtoDC3000 
(Continued). 
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Figure A2.2. The PtoDC3000 T3E repertoire does not alter the EtHAn phenotype in 
Arabidopsis. 
EtHAn encoding the PtoDC3000 T3E repertoire does not elicit a disease phenotype within 

72 hpi.  Each leaf pictured represents the phenotype observed in 100% of the leaves 

receiving the indicated treatment.  This experiment was repeated twice with similar 

results. 

 

 
 
 

  



149 
 

 

Figure A2.3. Enumeration growth in planta for EtHAn carrying PtoDC3000 T3E 
repertoire.   
Wild-type PtoDC3000, EtHAn without T3Es, and three independently cloned variants of 
EtHAn encoding the PtoDC3000 repertoire were assessed for growth at 3 dpi and 7 dpi.  
Data points represent three biological replicates and standard error is shown. 
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Figure A2.4. The PtoDC3000 T3E repertoire does not alter the EtHAn phenotype in 
Arabidopsis.   
Pph1448a encoding the PtoDC3000 T3E repertoire does not elicit a disease phenotype 
within 72 hpi.  Each leaf pictured represents the phenotype observed in 100% of the 
leaves receiving the indicated treatment.  This experiment was repeated three times 
with similar results. 
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Figure A2.5. Enumeration growth in planta for EtHAn carrying PtoDC3000 T3E 
repertoire. 
Wild-type PtoDC300, the T3SS-deficient PtoDC3000 mutant ΔhrcC, wild-type Pph1448a, 
and Pph1448a encoding the PtoDC3000 repertoire were assessed for growth at 3 dpi.  
Data points represent three biological replicates and standard error is shown. 
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