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SUMMARY 

Many Gram-negative bacteria use a type III secretion system (TTSS) to establish a 

relationship with a host. Pathogens can use the secretion system as a way to deliver 

proteins known as type III effectors (TTEs) into a host cell and block host defense.  

The variation and redundancy of the type III effectors makes studying them a 

challenge. To address this challenge, we developed a stable delivery system for 

individual type III effectors into plant cells (EtHAn). The functionality of EtHAn was 

validated and later EtHAn was used to characterize individual type III effectors from 

the phytopathogen Pseudomonas syringae pv. tomato DC3000. 

 

INTRODUCTION 

Plants use an immune system to protect themselves from disease-causing 

agents. Unlike mammalian systems, plants do not have adaptive immunity; they 

only have innate immunity. The plant immune system consists of two branches, 

PAMP-triggered immunity and effector-triggered immunity. PAMP-triggered 

Immunity (PTI), also known as “basal defense,” relies on transmembrane pattern 

recognition receptors (PRRs) to perceive extracellular microbes. PRRs recognize 

molecules associated with pathogens, known as PAMPs (pathogen- or microbial-

associated molecular patterns; PAMPs or MAMPs, respectively). PAMPs are 

slowly evolving, highly conserved molecules; one example is flagellin, a structural 

protein of bacterial flagella (Aushbel, 2005; Jones and Dangl, 2006; 

Schwessinger and Zipfel, 2008; Zipfel, 2008). Perception of a PAMP induces a 



basal immune response. Deposition of callose into the host cell wall is one of 

many responses induced by PTI (Schwessinger and Zipfel, 2008). Callose 

deposition can be visualized and used as a way to measure PTI response. 

(Hauck et al., 2003)  

To avoid PTI detection, many Gram-negative phytopathogenic bacteria 

employ a type III secretion system (TTSS). The TTSS delivers proteins known as 

type III effectors directly into a host cell (Cunnac et al., 2009). A TTSS-deficient 

mutant is incapable of causing disease in a normally compatible host (Lindgren et 

al., 1986; Niepold et al., 1985). This suggests that type III effectors play an important 

role in virulence. Pseudomonas syringae pv. tomato DC3000 (PtoDC3000) is an 

example of a phytopathogen that uses a TTSS. One of PtoDC3000’s hosts is 

Arabidopsis. PtoDC3000 and Arabidopsis are commonly used as a model for 

studying type III effectors and the type III secretion system (Fu et al., 2007; Hauck et 

al., 2003; Nomura et al., 2006; Shan et al., 2008; Underwood et al., 2007; Xiang et 

al., 2008).  

Studies of transgenic plants expressing individual type III effectors have 

provided strong evidence that type III effectors dampen host PTI. Furthermore, some 

specific effectors have been shown to be involved with PTI. HopM1 has been found 

to destabalize host proteins that are involved with vesicle trafficking, such as ARF 

GEF proteins. Vesicle trafficking is important for a functional immune system, and 

disruption can lead to plant susceptibility (Nomura et al., 2006). AvrPtoB is another 

type III effector that has been studied. It has been found to have E3 ligase activity, 

and targets host proteins for degradation by the proteasome. Targeting important 



PTI related proteins for degradation compromises the plant’s basal defense 

(Janjusevic et al., 2006).   

Despite their role in blocking PTI, some type III effectors betray the presence 

of the infecting bacterium to the host. The second branch of plant immunity, known 

as effector triggered immunity (ETI), detects the presence of type III effectors. 

Disease resistance proteins (R proteins) can perceive a variety of type III effectors 

(DeYoung and Innes, 2006; Jones and Dangl, 2006). R proteins can detect effectors 

by either directly interacting with the effector, or by perceiving a modification to a 

target protein by a TTE.  Perception triggers a defense response that can be viewed 

as “amplified PTI”. ETI is frequently identified by visual evidence of programmed cell 

death, also known as the hypersensitive response (HR) (Greenberg and Yao, 2004).  

Two important ETI-elicitors for Arabidopsis are AvrRpt2 and AvrRpm1. 

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 and elicit ETI (Axtell and Staskawicz, 

2003; Mackey et al., 2003; Mackey et al., 2002). Because of their perception, 

avrRpt2 and avrRpm1 can be used to test for TTE expression and delivery into 

Arabidopsis. 

Unlike genes for the type III effectors, genes encoding the regulatory 

elements and structural components of the TTSS are often clustered together in 

bacterial genomes (Galan and Wolf-Watz, 2006). In Pseudomonas syringae the 

TTSS-encoding genes, known as the hrp/hrc region, are located in a 26-kilobase 



pathogenicity island (Alfano et al., 2000; Huang et al., 1988; Oh et al., 2007). Central 

to expression of the genes in the TTSS pathogenicity island is the alternative sigma 

factor HrpL (Xiao et al., 1994). HrpL activates expression of the TTSS-encoding 

genes and type III effector genes by recognizing a hrp-box (Fouts et al., 2002; Innes 

et al., 1993). 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).  

It is a challenge to study type III effectors for many reasons. First of all, 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 compared 

to the genome sequence of PtoDC3000 (Almeida et al., 2009). Despite both strains 

being pathogens of tomato and the overall high degree of conservation within the 

genomes, the number of homologous type III effector genes was surprisingly low. 

The diversity found in type III effector collections is likely to be a response to the 

selective pressures host defenses impose on pathogens (Jones and Dangl, 2006).  

Secondly, type III effectors are difficult to study due to a redundancy in 

function. Studies have shown that deletion or overexpression of type III effector 

genes in a pathogen does not often result in a change of 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 function 

allows proteins to complement each other when one is missing. Therefore, 

redundancy in homologous and especially non-homologous type III effectors is a 

significant impediment in genetic-based studies of their functions.  



P. fluorescens 55 carrying the pHIR11 cosmid (or its derivatives) has thus far 

been a valuable resource for studying type III effectors (Fujikawa et al., 2006; Jamir 

et al., 2004; Kim et al., 2002; Schechter et al., 2004). This cosmid clone has the 

entire TTSS-encoding region of P. syringae pv syringae 61 (Psy61); a chaperone 

with its cognate type III effector gene, shcA and hopA1 (aka hopPsyA); and 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 (Gassmann, 2005; 

Jamir et al., 2004). The presence of hopA1 complicates the characterization of 

defined sets of type III effectors. Therefore, to make the system more dynamic, 

hopA1 has been disrupted via marker-exchange mutagenesis (Fouts et al., 2003; 

Jamir et al., 2004).  

One limitation to the use of pHIR11 (or its variants) is that bacterial cells do 

not stably maintain these cosmids in the absence of antibiotic selection. After 24 

hours of growth in planta, only 50% of a PtoDC3000 derivative still carried 

pCPP2071, a derivative of pHIR11 (Fouts et al., 2003). By four days, only 4% of the 

cells still contained the cosmid. We have observed ~90% loss in cosmids from P. 

fluorescens grown overnight in culture due to a lack of selection (Unrath and Chang, 

unpublished). This rapid loss of the TTSS-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 of Psy61 from a pHIR11 derivative into 



a mini-Tn5 Tc plasmid (Court et al., 2002; de Lorenzo et al., 1990; Jamir et al., 2004; 

Oh et al., 2007). Furthermore, we utilized recombineering to replace the tetracycline 

resistance gene in the Tn5 vector with a “removable” kanamyacin gene. 

Recombineering is catalyzed by a bacteriophage-encoded system that inhibits 

bacterial RecBCD nucleases from degrading double-stranded linear DNA fragments. 

It 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). Post integration, the kanamyacin gene was removed to eliminate any conflict 

with antibiotic resistance markers. We present our development of Effector to Host 

Analyzer (EtHAn) and validate its use for characterizing type III effectors.   

RESULTS 

Section One: Development of a single effector delivery system 

 

Development of the EtHAn 

A variety of PCR and recombineering methods were employed to clone the 

type III secretion system (TTSS) encoding gene cluster (hrp/hrc cluster) from pLN18 

into a mini-Tn5 Tc vector. The TTSS encoding region spans from hrpK to hrpH. The 

cloned cluster included all the necessary structural genes for a TTSS, and lacked 

any type III effectors (TTEs) which are unnecessary for construction of the TTSS. 

After the TTSS was cloned in, the mini-Tn5 was further modified by replacing the 

TetR gene with a KanR gene flanked by sequences (FRT sites) that are recognized 



by a site specific recombinase (FLP). FLP would be later used to facilitate the 

excision of the KanR gene (Figure 1).   

Tn5 mediated integration was used to insert the TTSS encoding gene cluster 

into the genome of the soil bacterium P. fluorescens (Pf0-1). Pf0-1 was selected for 

two reasons. First of all, its genome has been sequenced and analyzed, confirming 

that Pf0-1 has no TTSS or TTEs. The lack of a TTSS means that it should not be 

capable of suppressing PTI or eliciting ETI when infiltrated into a plant. Secondly, 

Pf0-1 is non-host associated, meaning it does not naturally infect Arabidopsis. On 

the contrary, Pf0-1 is a soil bacterium that is not suited for survival in any plant.  

After the TTSS was inserted into the genome of Pf0-1, the site specific 

recombinase FLP was used to remove the KanR gene from the genome of Pf0-1. 

The end product was an unmarked, PTI-eliciting bacterial strain capable of delivering 

type III effectors into plant cells. It was named the Effector to Host Anaylzer (EtHAn). 

 

EtHAn carries a functional TTSS 

 The ability of EtHAn to deliver TTEs in planta was validated by using hyper 

sensitive response (HR) assays. An HR occurs when effector triggered immunity 

(ETI) perceives a type III effector by a plant R-protein. EtHAn’s ability to deliver 

TTEs was tested by moving in a plasmid carrying a TTE recognized in Arabidopsis 

(Col-0). Two perceived TTEs were used to confirm delivery, AvrRpm1 and AvrRpt2. 

AvrRpm1 and AvrRpt2 are recognized by Arabidopsis R-proteins RPM1 and RPS2, 



respectively. Elicitation of an HR response was used to confirm that the TTE was 

being delivered into the plant cell (Figure 2). 

 Infiltrations of EtHAn carrying avrRpm1 and avrRpt2 into leaves of 

Arabidopsis were carried out at a concentration of 1.0 x 108 CFU/mL. Controls 

included wild-type PtoDC3000 carrying avrRpm1 and PtoDC3000 carrying avrRpt2. 

By 20hpi, leaves that had been inoculated with PtoDC3000 or EtHAn carrying 

avrRpt2 or avrRpm1 showed visible HR phenotypes. As expected, EtHAn carrying 

an empty vector did not show an HR phenotype.  

 

EtHAn can deliver integrated TTEs from PtoDC3000 

 In the absence of antibiotic selection, plasmids are lost over time. Selection 

cannot be maintained once a culture is infiltrated into a plant. Therefore, if all of 

PtoDC3000’s TTEs were being tested in EtHAn on a plasmid, the TTE could 

potentially be lost. In order to eliminate the instability of using a plasmid, the TTEs 

were integrated into the genome of EtHAn using a Tn7 vector. (Bacteria cannot 

“lose” genomic DNA.) 

 All known TTEs from WT PtoDC3000, a set of about 30 type III effectors, 

were cloned into pDONR207 using 2-step PCR. PDONR207 is an entry vector for 

the Gateway cloning system and can be used to move genes from one vector to 

another.  



 The set of TTEs in pDONR207 was moved into a Tn7 destination vector 

containing a Δ79avrRpt2 tag. Tn7 is a “transposon vector” and mediated the 

integration of the TTEs into the genome of EtHAn. The Δ79avrRpt2 tag contains the 

AvrRpt2 domain that is recognized by R-protein RPS2 in Arabidopsis. Normally, a 

TTE from PtoDC3000 would not elicit ETI because there are no (known) R-proteins 

that recognize any of PtoDC3000’s effectors. The Δ79AvrRpt2 tag allows all of 

PtoDC3000’s effectors to be perceived by RPS2. If a tagged effector is delivered into 

the plant cell by EtHAn, it will now elicit ETI and cause an HR.   

 Infiltrations of EtHAn carrying individual effectors into leaves of Arabidopsis 

were done at a concentration of 1.0 x 108 CFU/mL. Controls included EtHAn with 

empty vector (negative) and EtHAn carrying full length avrRpt2 (positive). All tested 

effectors showed positive results for delivery, although the degree of the HR varied.  

Acknowledgements: Jeff Chang for cloning the TTSS into mini-Tn5 Tc vector. Bill 

Thomas for contributing to the Δ79AvrRpt2 clone preparation. 

 

Section Two: Characterization of TTEs 

 

TTEs are capable of blocking callose response in Arabidopsis 

 Callose deposition is an event that happens as a result of PTI response. 

Callose deposition is a downstream event of PTI, and hence can be used as a way 

to measure PTI response. Previous studies have shown that some individual TTEs 



are capable of dampening callose deposition, notably AvrPto1 and HopM1. To 

investigate whether other effectors from PtoDC3000 were also capable of 

dampening callose, the entire set of TTEs from PtoDC3000 was tested (Figure 3; 

Figure 4).  

 All of the TTEs in pDONR207 were moved using Gateway technology into a 

Tn7 vector containing an HA tag. The tag is not necessary for the callose assays, 

but it does not interfere with the delivery or function of the TTEs.   

 Leaves of Arabidopsis were infiltrated with EtHAn carrying individual TTEs as 

well as the controls, WT PtoDC3000, ΔhrcC (TTSS mutant of PtoDC3000), and 

EtHAn with an empty vector. To measure callose deposits, infiltrated leaves were 

stained, prepared on a slide, and viewed under the microscope. The spots of callose 

deposition were counted and compared to the controls to determine PTI response.  

As expected, the ΔhrcC mutant, which is incapable of delivering type III 

effectors, was unable to suppress callose deposition. PtoDC3000 contains a 

functional TTSS with all necessary effectors and was able to significantly 

suppressed callose deposition. EtHAn carrying an empty vector resulted in slightly 

more callose deposits than the ΔhrcC mutant of PtoDC3000. In contrast, 28/32 TTEs 

carried by EtHAn 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 TTEs 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. 



 

Phenotypes of TTE 

 We were also interested in any potential phenotypes produced by any of the 

TTEs. No phenotypes were expected for two reasons. First of all, there are no 

known R-proteins to detect TTEs from PtoDC3000; therefore an ETI response 

should not occur. Secondly, adding one TTE to EtHAn is not sufficient to increase 

virulence; therefore neither growth nor disease should occur.  

 EtHAn carrying each effector was infiltrated into Arabidopsis at a 

concentration of 1.0 x 108 CFU/mL. Controls included EtHAn with an empty vector 

and WT Pf0-1. After 7 days, any observable phenotypes were recorded. EtHAn and 

Pf0-1 expressed very similar phenotypes, resulting in minimal chlorosis. As 

expected, most effectors showed no difference as compared to the controls. 

However, 10 effectors produced “disease-like” symptoms with increased chlorosis 

and necrosis. Currently, the phenotypes cannot be classified as a result of the TTEs 

themselves, or as a result of plant defense (Figure 5). 

  

TTE localization 

 We were also interested in where each TTE localizes in the plant cell. 

Fluorescently tagged TTEs were used to determine the localization. In order to 

receive a strong enough fluorescent signal, the TTEs were constitutively expressed 

in the plant cells. Bacterial DNA is not typically expressed in a eukaryotic cell due to 



differences in transcription and translation. To overcome this problem, we used a 

binary vector that contained viral DNA to induce constitutive expression of the TTEs 

in the plant cell as well as a fluorescent tag for the effectors. Each TTE was moved 

into the binary vector using Gateway technology. 

 The binary constructs were sent to the Day lab at Michigan State University, 

where they moved the binary vectors into a strain of Agrobacterium (Agro) and 

performed the localization assays. Agro is capable of inserting bacterial DNA into the 

genome of plant cells. Once integrated, the viral DNA insured expression of the 

fluorescently labeled TTEs. Infiltrated leaves were examined under the microscope 

to determine where the TTEs localized to in the plant cell.  

 

Acknowledgements: Bill Thomas for performing the callose assays and related 

microscopy work. Rebbecca Pankow for developing AutoSpots, a program used to 

quantify callose deposits. Elizabeth Savory and Brad Day for TTE localization.  

 

DISCUSSION  

 My goal was to characterize individual type III effectors (TTEs) from 

PtoDC3000. One challenge with this goal is that PtoDC3000 secretes over thirty 

type III effectors, some of which have overlapping function. Due to the redundant 

nature of PtoDC3000’s TTEs, when one effector is knocked out the others 

compensate for the loss. Therefore, knocking out one TTE does not affect 



PtoDC3000’s ability to cause disease. This makes it impossible to study individual 

effectors by observing a “loss of function” when knocking out one gene.  

 To address this challenge, we developed a tool for delivering individual type 

III effector proteins into host cells. The ~26 kb TTSS encoding gene cluster of P. 

syringae was moved into a modified mini-Tn5 Tc vector. We used Tn5-mediated 

transposition to stably integrate the TTSS-encoding region directly into the genome 

of the soil bacterium, P. fluorescens (Pf0-1) to make EtHAn. When lacking type III 

effector genes, EtHAn is able to elicit PAMP-triggered immunity and is non-

pathogenic in Arabidopsis.  

Pf0-1 was selected for modification because it seems to lack any wild-type 

TTEs (Grant et al., 2006) and it 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. EtHAn offers several 

other advantages over currently used methods for studying plant-pathogen 

interactions as well. For one, EtHAn is capable of eliciting PTI when infiltrated into 

the apoplastic space of plants. Also, because the TTSS-encoding region is stably 

integrated, EtHAn can be used to characterize type III effector proteins in planta over 

the course of days (subsequently, TTEs tested in plants were also integrated into the 

genome to avoid loss that can happen from plasmids).    

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) and is capable of delivering all of PtoDC3000’s effectors. Thus far, 

EtHAn has been used successfully for HR, callose, and phenotype assays.  The HR 

assays were used to confirm delivery of each TTE while the callose and phenotype 

assays were used to characterize individual effectors. We found that most TTEs 

were capable of dampening host PTI by using callose as a read out. We also found 

that some TTEs were capable of eliciting unexpected “disease-like” symptoms in 

Arabidopsis.  

Characterization of the type III effectors from PtoDC3000 was also expanded 

outside the realm of EtHAn mediated delivery. Constructs of each effector in a binary 

vector was sent to a collaborating lab at Michigan State University. The binary 

constructs were used to look at the localization of effectors in a host cell. Currently, 

the data is preliminary but supports localization of effectors to specific plant 

organelles.  

Our results highlight the utility of EtHAn in characterizing the type III effectors 

from PtoDC3000. EtHAn is a useful tool because it has a stably integrated TTSS, it 

elicits PTI, and it can deliver TTEs.  Our results so far show that most individual 

effectors can suppress PTI and some can elicit a phenotype in Arabidopsis. In the 

future, we would like to further look at effector localization and response to effectors 

from PTI compromised Arabidopsis.  

 

 

 



EXPERIMENTAL PROCEDURES 

Bacterial strains, plant lines and growth conditions. Bacterial strains used in this 

study include P. syringae pv tomato DC3000 (PtoDC3000), PtoDC3000’s TTSS 

structural mutant (hrcC; (Yuan and He, 1996), PtoDC3000’s TTSS regulatory 

mutant, (hrpL; (Zwiesler-Vollick et al., 2002), P. fluorescens Pf0-1 (Silby et al., 

2009), Escherichia coli DH5 and HB101pir. 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 was 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 g/ml rifampicin, 30 g/ml kanamycin (100 g/ml for Pf0-1), 30 

g/ml chloramphenicol, 5 g/ml tetracycline (50 g/ml for Pf0-1), 25 g/ml 

gentamycin (100 g/ml for Pf0-1) and 100 g/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., 1995; Kovach et al., 1994), 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). 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 TTSS-encoding region carried on pLN18 (Huang et al., 

1988; 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 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.   

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., 1995; Kovach et al., 



1994). 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) DH5 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 TTSS-encoding region 

was confirmed by restriction digestion and PCR with pairs of primers that amplified 

different fragments along the length of the TTSS-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) HB101pir cells carrying pKD46 and pBBR1-MCS1 with 

the TTSS-encoding region. Transformants were selected on tetracycline. Successful 

transfer of the TTSS-encoding region was confirmed by restriction digestion and 

PCR with pairs of primers that amplified different fragments along the length of the 

TTSS-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.  

 

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.   

 

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. Chlorophyll was cleared from the 

leaves 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: Experimental procedure as published in Plant J (Thomas et al., 
2009).  
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Figure 1. Construction of EtHAn. The top bar represents the TTSS pathogenicity 

island cloned in pLN18. Boxes represent protein-coding regions and triangles 

indicate their directions 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). 

 



 

 

 

 

 

 

 

 

 

 

 



Figure 2. EtHAn can deliver type III effectors. EtHAn and PtoDC3000 carrying 

avrRpm1 and avrRpt2 both show a strong HR response. Percentages below the 

leaves correspond to the percentage of leaves responding with an HR. Empty vector 

EtHAn (E.V.) shows no HR response.  

 

 

 

 

 

 

 

 

 



Figure 3: Type III effectors delivered by EtHAn are capable of suppressing 

callose deposition. ΔHrcC is incapable of suppressing PTI and therefore is also 

incapable of suppressing callose deposition. PtoDC3000 is capable of suppressing 

PTI and subsequently callose deposition is also suppressed. EtHAn with an empty 

vector (E.V.) is incapable of suppressing PTI or callose deposition. EtHAn carrying 

hopM1 is able to suppress PTI and callose deposition. 

 

 

 

 

 

 



Figure 4: Most type III effectors are capable of blocking callose deposition. X-

axis shows all 32 type III effectors from PtoDC3000; the blank spot represents an 

effector that has not been tested. Colored bars denote significant callose 

suppression (P-value<0.01). White bars denote insignificant suppression. 28/32 

TTEs show significant suppression of callose.  

 

 

 

 

 

 

 

 



Figure 5: Some type III effectors are capable of eliciting a phenotype in 

Arabidopsis. The leaves represent 13 TTEs being delivered by EtHAn, EtHAn with 

an empty vector, and Pf0-1. Phenotypes varied in severity, as shown in the table 

below. 
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